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Editorial on the Research Topic

Avian Muscle Development and Growth Mechanisms: Association With Muscle Myopathies
and Meat Quality

INTRODUCTION

The Research Topic Avian Muscle Development and Growth Mechanisms: Association with
Muscle Myopathies and Meat Quality is the first comprehensive treatise associating the basic
biology of muscle growth with the incidence of breast muscle myopathies including the influence of
genetics, effect on meat quality, and the development of new detection methods with more accuracy
than standard phenotypic palpation. For this special Research Topic, a total of 20 manuscripts were
accepted for publication: 13 original research contributions; 4 hypothesis and theory; and 3 reviews.

A couple of review papers explore different aspects of early and late muscle development
which can be related to the occurrence of breast muscle myopathies in fast-growing broilers.
Velleman summarizes recent findings on how the Wooden Breast myopathy is associated with
fibrosis and re-assembling of extracellular matrix proteins with special emphasis on the fibril-
forming collagens (namely type I and III) and its implications on breast muscle functionality and
resulting meat quality in different fast-growing commercial hybrids with varying occurrence of
phenotypically detectable wooden breast condition. Halevy presents a mini-review on how satellite
cell proliferation and differentiation as well as prenatal muscle development and postnatal pectoral
muscle growth, are dramatically affected by environmental conditions during chicken embryonic
development and initial stages after hatching. This paper further reveals the extreme importance
of duration and extent of the change in environmental thermal load and its timing during these
stages in determining muscle development and growth in poultry, even in the occurrence of muscle
myopathies. This topic is also explored by Oviedo-Rondoén et al. who showed that metabolic
disorders in avian species can start very early in life, and suboptimal incubation conditions may
trigger some of the key alterations on muscle metabolism and be associated with the onset of
myopathies. Zampiga et al. reviewed the current understanding of the breast myopathies and
possible implications on the quality of turkey meat. Overall, it was clearly stated that the relevance
and practical importance of emerging growth-related breast abnormalities in the turkey is limited if
compared to the broiler chickens. Therefore, the occurrence of PSE-like condition is still the major
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issue for the turkey industry. On the same species, Horton et al.
explored for the first time the role of a specific group of proteins
involved in cellular apoptosis in the early stages of muscle
growth and development. It was demonstrated that decreased
expression of death-associated proteins significantly affects the
transcriptome profile of satellite cells in turkey pectoral muscles,
thus impairing its proliferation and differentiation ability.

Most of the original research covers several key topics in
the growth of the breast and modifications in the growth
process as it relates to incidence of breast muscle myopathies
in broilers. Ferreira et al. describe alterations in the satellite
cell population, macrophage population, and collagen content
in wooden breast affected muscle. Satellite cells are responsible
for post-hatch muscle growth and the repair of muscle with
damage like that which occurs in fibrotic myopathies. In
Wooden breast affected muscle, the number of proliferative
satellite cells increased as did macrophage and collagen
content. The wooden breast myopathy has been associated
with hypoxia induced by rapid growth. Hosotani et al.
describe how altered mitochondrial clearance induced by chronic
hypoxia and injury to mitochondria are associated with the
pathological features of wooden breast. Furthermore, Baldi et
al. report that the elevated ultimate pH in wooden breast
meat involves reduced glycolytic potential and impaired ATP
energy generation which would impact the degree of muscle
fiber contraction.

Thus, research contributions addressing how muscle
myopathies affect the structure of the breast muscle which
will ultimately alter meat quality were also included in this
special Research Topic. In research addressing the cellular
cytoarchitecture proteins desmin and vimentin by Soglia et al.
affected breast muscles from wooden breast, white striping, and
spaghetti meat myopathies were compared to normal breast
muscle. It was found that wooden breast and white striping
affected tissue differentially undergoing severe regeneration,
and vimentin may be associated with the development of
the spaghetti meat phenotype. With regard to sarcomere
structure, the physiological properties of single muscle fibers
from wooden breast affected muscle were compared to normal
muscle by Liu et al. They found that calcium sensitivity
was significantly decreased in wooden breast muscle and
wooden breast muscle fibers had 50% larger sarcomeric
volume compared to normal muscle. However, the content
of myosin and actin, and maximal shortening velocity were
unchanged suggestive of the synthesis of new sarcomeres with
unaltered kinetics.

To further a mechanistic understanding into the cause
of breast muscle myopathies, cutting edge genomic and
transcriptome research were included in this treatise. Bailey
et al. present the first reported estimates of the genetic basis
for breast muscle defects in broilers including deep pectoral
myopathy, wooden breast, white striping, and spaghetti breast.
They present evidence showing that breast muscle myopathies
have a low genetic relationship with performance and that it is
also important to understand non-genetic effects on myopathy
incidence. Transcriptional profiling studies by Malila et al. on
white striping severity in commercial broilers demonstrated

intracellular ion imbalance, particularly calcium, oxidative stress,
and impaired programmed cell death on the progression of
white striping. Praud et al. report on molecular phenotyping of
the white striping and wooden breast myopathies to potentially
identify biomarkers for diagnostic purposes and to improve
our understanding of the physiology of wooden breast and
white striping. Wooden breast also has a differential occurrence
between the sexes in broiler chickens. In male birds, the
cranial region of the breast muscle tends to be more severely
affected compared to females. Through RNA-Seq, Brothers
et al. describe the increased expression of fat metabolism,
oxidative stress response, antiangiogenesis, and connective tissue
proliferation genes in male broilers. Thus, these data begin
to demonstrate why male broilers are more susceptible to
wooden breast.

A couple of the original research contributions propose
advanced tools to detect wooden breast which poses significant
meat quality issues and consumer complaints in the poultry
industry. In the first, Morey et al. investigated the potential
use of bioelectrical impedance analysis. Very promising results
were obtained when normal and wooden breast samples
were compared, while it was not possible to differentiate
between varying severity levels of wooden breast myopathy.
In addition, the accidental outcome on the interference of
spaghetti breast meat opens new research areas to investigate
the ability of this analytical approach to also identify this
condition. On the other hand, Phillips et al. explored for
the first time the application of machine learning tools for
extracting critical information contained in gene expression
data obtained from pectoralis major muscle and liver of
chickens exhibiting wooden breast condition and those that
were normal. This innovative approach allows to establish
that evolution of wooden breast involves many molecules and
pathways thus suggesting that the etiology of this condition
is associated not only to muscle activity but altered systemic
pathology. These findings were also indirectly supported by
the study of Lake et al. which reveals that the influence of
wooden breast is not limited to the pectoral muscles. Indeed,
it was evidenced that wooden breast is coupled with blood
gas disturbances characterized primarily by the accumulation
of carbon dioxide and acidification of venous blood which
can be likely associated with impairment of pulmonary gas
exchange. Consequently, there is good evidence to suggest
that birds affected by wooden breast condition can have an
increased metabolic rate that may also be poorly compensated
due to cardiovascular deficiencies such as insufficient venous
return or respiratory deficiency. In addition, Mallmann et al.
speculated that, as in mammals, deviations in bone metabolism
may be associated with growth-related abnormalities occurring
in modern fast-growing broilers. A clear association emerged
between distinctive histological alterations (abundant infiltration
of adipose tissue, muscle fibers degeneration and necrosis,
infiltration of heterophils and mononuclear cells, connective
tissue proliferation, and vasculitis) and abundant infiltration
of adipose tissue bone marrow in broilers affected by wooden
breast condition. Indeed, Lake and Abasht suggest a new
hypothesis on the etiology of wooden breast that involves
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impairment of lipid and glucose metabolism in consequence
of the proposed similarities between wooden breast and type
2 diabetes regardless of its phenotypic dissimilarities. They
hypothesize that these dissimilarities are due to different glucose
transport metabolism between avian and mammalian skeletal
muscle, and that the wooden breast phenotype most closely
resembles complications of diabetes in smooth and cardiac
muscle of mammalian species. Finally, Oviedo-Rondén and
Cérdova-Noboa summarizes current knowledge on the potential
of guanidino acetic acid dietary use to mitigate growth-related
breast abnormalities with emphasis on the wooden breast
myopathy and the possible use of plasma creatine and related
blood enzymes as markers for early detection of this condition
in live birds.

AUTHOR CONTRIBUTIONS

The contributions are all original to the Research Topic.
All authors contributed to the article and approved the
submitted version.

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

Copyright © 2020 Velleman and Petracci. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

November 2020 | Volume 11 | Article 601184


https://doi.org/10.3389/fphys.2020.00909
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

',\' frontiers
in Physiology

HYPOTHESIS AND THEORY
published: 29 May 2019
doi: 10.3389/fphys.2019.00674

OPEN ACCESS

Edited by:

Krystyna Pierzchala-Koziec,
University of Agriculture of Krakdw,
Poland

Reviewed by:

Michael Kogut,

United States Department
of Agriculture, United States
Massimiliano Petracci,
University of Bologna, Italy

*Correspondence:
Guillermo Tellez-Isaias
gtellez@uark.edu

Specialty section:

This article was submitted to
Avian Physiology,

a section of the journal
Frontiers in Physiology

Received: 05 March 2019
Accepted: 13 May 2019
Published: 29 May 2019

Citation:

de Almeida Mallmann B,

Martin EM, Soo Kim K,
Calderon-Apodaca NL, Baxter MFA,
Latorre JD, Hernandez-Velasco X,
Paasch-Martinez L, Owens CM,
Dridi S, Bottie WG, Greene ES and
Tellez-Isaias G (2019) Evaluation

of Bone Marrow Adipose Tissue
and Bone Mineralization on Broiler
Chickens Affected by Wooden Breast
Myopathy. Front. Physiol. 10:674.
doi: 10.3389/fohys.2019.00674

Check for
updates

Evaluation of Bone Marrow Adipose
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Barbara de Almeida Mallmann’, Elizabeth M. Martin?, Kyung Soo Kim3,

Norma L. Calderon-Apodaca“, Mikayla F. A. Baxter?, Juan D. Latorre’,
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In humans, alterations in bone metabolism have been associated with myopathies.
We postulate the hypothesis that perhaps similar pathologies can also be associated
in modern chickens. Hence, this study aimed to assess the fat infiltration in bone
marrow and its repercussion on broiler chicken affected by Wooden Breast (WB)
myopathy. Ten Cobb 500 live birds with extreme rigidity of the Pectoralis major
(PM) muscle were selected as WB affected chickens by physical examination of the
muscle at 49 days of age, whereas ten chickens healthy with no physical signs of
hardness in the breast muscle were considered to be unaffected. Macroscopic lesions
in affected chickens included areas of firm and inflamed muscle with pale appearance,
hemorrhaging, and viscous exudate on the surface. Bone marrow and sections of the
PM muscle were collected and analyzed for light microscopy. Additionally, transmission
electron microscopy was conducted in affected or unaffected muscle. Chickens affected
with WB showed significant reductions (P < 0.05) in femur diameter, calcium, and
phosphorous percentage but increased breast weight, compression force and filet
thickness when compared with non-affected chickens. Interestingly, bone marrow
from WB chicken had subjectively, more abundant infiltration of adipose tissue, when
compared with non-affected chickens. Histology of the Pectoralis major of birds with WB
showed abundant infiltration of adipose tissue, muscle fibers degeneration with necrosis
and infiltration of heterophils and mononuclear cells, connective tissue proliferation,
and vasculitis. Ultrastructural changes of WB muscle revealed lack definition of bands
in muscle tissue, or any normal ultrastructural anatomy such as myofibrils. The
endomysium components were necrotic, and in some areas, the endomysium was
notable only as a string of necrotic tissue between degraded myofibrils. The fascia
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appeared hypertrophied, with large areas of necrosis and myofiber without structural
identity with degraded mitochondria adjacent to the disrupted muscle tissue. As far as
we know, this is the first study that describes a subjective increase in adipose tissue
in the bone marrow of chickens affected with WB when compared with non-affected
chickens, and reduced bone mineralization.

Keywords: bone marrow adipose tissue, broiler chickens, wooden breast, histology, electron microscopy

INTRODUCTION

The domestic chicken has been an essential animal model
and constitutes a remarkable source of high-quality protein
for humans (Stern, 2005). Within the last 60 years, genetics
of the domestic chicken (Gallus gallus domesticus) have been
able to create a bird that reaches commercial body weight
in 5 weeks (Burt, 2007). Unfortunately, with this astonishing
genetic development, other disapproving conditions such as
adiposity, leg, metabolic and reproduction pathologies have also
increased (Wideman and Hamal, 2011; Abdalla et al., 2018).
Recent studies have identified the expression of several genes in
the chicken intestine that encodes sugar transporters associated
with rapid growth in modern broilers (Miska and Fetterer,
2019). More intriguing are the published studies using ingenuity
pathways analysis and histology, comparing the genes of modern
broiler chickens suffering from a muscle myopathy called
wooden breast (WB), versus non-affected chickens, resulted in
1500 genes associated with several disease and physiological
disorders (Mutryn et al., 2015; Kuttappan et al., 2017; Marchesi
et al,, 2018). The WB condition is a myopathy affecting the
pectoralis major muscle in fast-growing commercial broiler lines
(Velleman and Clark, 2015).

After birth, satellite cells are the most abundant cells in
skeletal muscle (Awano et al., 2015). Nevertheless, satellite
cells are activated after muscle damage and undergo myogenic
differentiation (Carotenuto et al, 2016). The regeneration of
the tissue exhibits some resemblances to the development of
muscle throughout embryogenesis. Following tissue damage,
inflammation and activation of satellite cells, proliferate,
differentiate and fuse to form multinucleated myofibers (Karalaki
et al., 2009; Lepper et al., 2011). During this process, 5° AMP-
activated protein kinase (AMPK), an enzyme that plays a role in
cellular energy homeostasis is also activated (Zhang et al., 2009).
However, in some metabolic diseases such as obesity in humans,
the reduction of AMPK activity has linked with a significant
reduction in muscle regeneration (Kuang et al., 2007). Several
investigators have shown that most inflammatory pathways are
interconnected in the pathogenesis of diseases affecting the
musculoskeletal system in broiler chickens (Mutryn et al., 2015;
Wen et al., 2017) and in mammals (Adams, 2002). In chickens,
under normal conditions, the skeletal muscle also can repair
damage by the activation and differentiation of fiber sub-laminar
satellite cells (Halevy et al., 2000). In muscle affected by WB
regeneration impairment, due to reduced satellite cells number
and/or functional capacity leads to fiber substitution with ectopic
tissues including fat and fibrous tissue and the loss of muscle
functions (Meloche et al., 2018; Velleman, 2018).

Another critical problem that the current poultry industry is
facing is excessive adiposity, which has become an added issue
in meat-type chicken production (Wang et al., 2007; Resnyk
et al., 2017). While in mammals, lipid tissue regulates energy-
balance control throw the secretion of leptin, in chickens, this
important adipokine is barely expressed (Matsuzawa et al., 1995).
Interestingly, genome array studies have shown that modern
chickens suffer from severe obesity (Wang et al., 2006).

Adiposity induces prolonged systemic inflammation, which
is associated with several metabolic disorders (Collins et al.,
2018). Also, in humans, there is clear evidence indicating
the link between chronic inflammation caused by adiposity
and myopathies (Zoico et al., 2009; Akhmedov and Berdeaux,
2013; Fu et al,, 2016). Nevertheless, there are no reports in
modern broiler chickens describing the severe adiposity and its
relationship with myopathies.

On the other hand, a recent study has demonstrated the
importance of adipose tissue proliferation in the bone marrow
in metabolic disorders (Hardouin et al., 2016). Unlike mammals,
in birds, fat is added to adipocyte vacuoles without an increase
in adipocyte number and do not possess brown fat (King, 1967;
Johnston, 1971). A recent study have shown that WB is associated
with a significant increase in CO; and a decrease in O,. Under
this hypoxia conditions or damage defective mitochondria, there
is an increase in fatty acids synthesis leading to fatty acid and
phospholipid accumulation, responsible of the increased breast
fat percentage reported in WB and WS (Ouali et al., 2013;
Kozakowska et al., 2015; Livingston et al., 2018). In the bone
marrow of fit humans, adipocytes represent seventy percent of
total cells. However, aging and other pathological conditions can
increase the percentage of adipocytes in the bone marrow (Collins
et al., 2018). However, no studies in chickens have evaluated the
adipose tissue in the bone marrow and its role in myopathies.
Hence, we postulate the hypothesis that the adiposity of modern
broiler chickens is associated with an increase fat infiltration in
bone marrow, and its repercussion on broiler chicken pectoralis
major muscle affected by WB myopathy.

MATERIALS AND METHODS

Animal Source

In the present study, male Cobb 500 from Cobb-Vantress (Siloam
Springs, AR, United States) were utilized. Ten Cobb 500 live
birds with extreme rigidity of the Pectoralis major muscle were
selected as WB affected chickens by physical examination of the
muscle at 49 days of age, whereas ten chickens healthy with no
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physical signs of hardness in the breast muscle were considered
to be unaffected. Macroscopic lesions in affected chickens
included areas of firm and inflamed muscle with pale appearance,
hemorrhaging, and viscous exudate on the surface (Figure 1).
After euthanasia by CO, asphyxiation, breast muscle tissue was
harvested from unaffected and affected birds. All animal handling
procedures complied with Institutional Animal Care and Use
Committee at the University of Arkansas, protocol # 18067.

Compression Force and Filet Thickness
Compression test parameters were significantly modified
(Mudalal et al., 2015) to accommodate for analysis on a whole
filet rather than a round cut of a filet. All butterfly filets were
split in half with the right filet used for compression analysis and
drip loss. Filets were compressed to 20% of the filet height three
times on different areas of the cranial region using a 6-mm flat
probe on a TA.XT Plus Texture Analyzer (Texture Technologies
Corp., Hamilton, MA/Stable Micro Systems, Godalming, Surrey,
United Kingdom). No sample cutting was required. The trigger
force was set at 5 g, probe height set at 55 mm (higher than
the thickest filet sample), pre- and post-probe speeds were both
10 mm/s, and the test speed of the probe was 5 mm/s. The
pectoralis major and both tenders were weighed to give an
estimate of total meat weight of the breast and the pectoralis
major was dissected. Filet thickness was measured at the thickest
point with a customized micrometer gauge.

Bone Parameters

Bone parameters were measured according to the methods as
described by previously (Zhang and Coon, 1997). The left femur
from the chicken affected or non-affected (n = 10) were cleaned
of attached tissues. The right femur from the same chickens
was used to obtain the bone marrow for histology as described
below. The left femurs were dried at 100°C for 24 h and weighed
again. The samples were then incinerated in a muffle furnace
(Isotemp muffle furnace, Thermo Fisher Scientific, Pittsburgh,
PA) at 600°C for 24 h in crucibles. Finally, the content of calcium
and phosphorus in the femur was determined using standard

e L N

FIGURE 1 | (A) Pectoralis major non-affected chicken. (B) Pectoralis major
from woody breast chicken. Muscle shows a pale color, hemorrhaging, and a
viscous exudate on the surface.

methods (AOAC International, 2000) and were reported as a
percentage of dry matter.

Muscle and Bone Marrow Histology
Histological evaluations were performed on five samples of from
affected or non-affected chickens immediately after the birds were
euthanatized, the skin was removed from the breast region, and
a sample of the pectoralis major muscle was excised. Muscle
specimens were obtained by dissecting a 0.5-cm-wide area in
the anterior portion of the muscle following the muscle fiber
orientation for a length of 3 cm. Bone marrow obtained from the
right femur and muscle samples were fixed and stored in 10%
neutral buffered formalin (vol/vol). Each of these samples was
embedded in paraffin, and a 5-pum section of each sample was
placed on a glass slide and stained with hematoxylin and eosin
for examination under a light microscope.

Transmission Electron Microscope

Pectoralis major tissue from five affected or non-affected chickens
were cut at 2 mm? and fixed with Karnovsky’s fixative in a
weak vacuum for 2 h. Samples were rinsed three times with
0.05 M cacodylate buffer pH 7.2, post-fixed for 2 h in 1%
osmium tetroxide, with 0.05 M cacodylate buffer. Samples were
rinsed in distilled water and stained overnight in 0.5% uranyl
acetate at 4.4°C. The tissues were dehydrated in a graded ethanol
series then infiltrated with 50:50, Spurr’s medium: 100% ethanol
for three changes. Samples were placed in fresh 100% Spurr’s
medium, overnight with a weak vacuum. Fresh Spurr’s medium
was pipetted into flat embedding molds, and tissues were placed
in the molds and aligned. Molds were kept overnight in a weak
vacuum. The molds were placed in a 70°C oven overnight. The
tissues, in the cured blocks, were trimmed to 1 x 1 mm, and
sectioned at 60-90 nm, using a diamond knife with an MT-
2B ultra-microtome (Dupont Company, Newtown, CT). Sections
were placed on 300 mesh copper grids and stained with 2%
aqueous uranyl acetate, followed by lead citrate. Sections were
viewed at 100 kV, with a transmission electron microscope (JEM-
1011, JEOL, Tokyo, Japan).

Statistical Analysis

Bone data were subjected to one-way analysis of variance as a
completely randomized design using the General Linear Models
procedure of SAS (SAS Institute Inc., 2002). Data are expressed
as mean =+ standard error. Significant differences among the
means were determined by using Duncan’s multiple range
testat P < 0.05.

RESULTS AND DISCUSSION

The growth rates of modern broilers have increased by over
300% (Knowles et al., 2008). However, this intense genetic
selection has been accompanied by increased body fat deposition,
skeletal disorders, and greater incidence of metabolic diseases and
mortality (Wideman and Hamal, 2011). In mammalian models,
the molecular and cell and cellular pathways in adipose tissue
development is well characterized. Nevertheless, little it is known
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about broiler chickens (Wang et al., 2017). Genotype, sex, age
environmental temperature and nutrition of the broiler chicken
are some of the main factors affecting fat deposition (Ttmovd and
Teimouri, 2010). In animal production, subcutaneous, internal,
and intramuscular adipose tissue depots play economically and
physiologically essential roles. However, lipid metabolism and
adipogenesis in meat animals differ among species. Interestingly,
the vertebrates that have a higher capacity for storing and using
triglycerides as an energy reserve are found in the class Aves
(Blem, 1976). Variation in fatty acid composition among species
may be attributed to age, diet and physiological conditions.
The amounts of body fat stored as subcutaneous, internal, and
intramuscular adipose tissue depots are quantitative traits or
complex phenotypes in nature, which are determined by genetic
networks or molecular pathways (Hausman et al., 2009; Dodson
et al, 2010). In contrast with mammals, lipid accumulation
and storage occurs mainly by the addition of lipid to adipocyte
vacuoles without an increase in cell number (Blem, 1976).
Furthermore, avian fat bodies, unlike those of some mammals,
increase in lipid content without similar changes in fat-free dry
weight or relative water content of the body (King, 1967), and do
not seem to possess brown fat (Johnston, 1971).

The results of the Evaluation of bone parameters and meat
quality in 49-days-old broiler chickens non-affected or affected by
WB myopathy are summarized in Table 1. Chickens affected with
WB showed significant reductions (P < 0.05) in femur diameter,
calcium, and phosphorous percentage when compared with non-
affected chickens (Table 1). Even though body in the present
study body weight was not affected between affected or non-
affected chickens, chickens affected with WB had a significant
increase in breast weight, compression force and filet thickness
when compared with non-affected chickens (Table 1).

Figure 2 shows the images of the light microscopy of the bone
marrow. Figure 2B shows an image of bone marrow from WB
chicken with subjective more abundant infiltration of adipose
tissue, when compared with non-affected chicken (Figure 2A).

Figure 3 shows the images of the light microscopy of the
Pectoralis major. In comparison with non-affected chickens, birds
with WB showed abundant infiltration of adipose tissue, muscle

TABLE 1 | Evaluation of bone parameters and meat quality in 49-days-old broiler
chickens non-affected or affected by wooden breast myopathy.

Non- Wooden Breast SEM P-value
affected affected
Bone
Femur diameter (mm) 12.342 11.020 0.15 0.0032
Calcium (%) 40.482 38.35° 0.025 0.0024
Phosphorous (%) 21.152 19.05° 1.66 0.0012
Meat quality
Body Weight (kg) 3.52 3.64 0.15 0.5935
Breast Weight (kg) 0.723° 0.8832 0.025 0.0019
Compression force (N) 6.26° 12.892 1.44 0.0115
Filet thickness (mm) 42.86° 50.192 1.06 0.0012

abl\eans showing different letters between rows are significantly different.
SEM = standard error of the means (n = 10).

FIGURE 2 | Light microscopy bone marrow. (A) Bone marrow non-affected
chicken. (B) Bone marrow from woody breast chicken with abundant
infiltration of adipose tissue.

FIGURE 3 | Light microscopy pectoralis. (A) Transversal cut non-affected
chicken. (B) Transversal cut woody breast. Abundant infiltration of adipose
tissue, muscle fibers degeneration with necrosis and infiltration of heterophiles
and mononuclear cells, connective tissue proliferation. (C) Longitudinal cut
non-affected chicken. (D) Longitudinal cut, with interstitial inflammatory
infiltrate, vasculitis, muscle fiber degeneration and increase of adipose tissue.

fibers degeneration with necrosis and infiltration of heterophils
and mononuclear cells, connective tissue proliferation, vasculitis,
and muscle fiber degeneration (Figures 3B-D). White Striping
(WS) is a myopathy categorized by the manifestation of white
striations parallel to muscle fibers on breast, thigh, and tender
muscles of broilers (Kuttappan et al., 2016). In contrast, WB
increases the tougher consistency of the breast. Usually, both
these conditions occur in varying degrees on the same filet,
and are associated with myodegeneration and necrosis, fibrosis,
lipidosis, and regenerative changes (Velleman and Clark, 2015;
Velleman et al, 2017). In the present study, non-affected
chickens presented, WB eight out of the ten chickens evaluated
showed severe lesions of WS when compared with six out of
10 non-affected chickens that presented mild lesions of WS
(data not shown).

The images of the transmission electron microscopy of
pectoralis major are presented in Figure 4. Figure 4A shows
an image from a non-affected chicken. The lesions observed in
the present study are similar to the lesions reported previously
(Velleman et al., 1997; Velleman, 2018). The image shows

Frontiers in Physiology | www.frontiersin.org

May 2019 | Volume 10 | Article 674


https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

de Aimeida Mallmann et al.

Tissue Changes in Wooden Breast Chickens

FIGURE 4 | Transmission electron microscopy, pectoralis major. (A) Muscle fibers with distinct contain myofibrils, in tangential sections. Adjacent endomysium with
mitochondria and nucleus apparent are properly arranged. (B) Muscle tissue lacks definition of bands, or any characteristic ultrastructural anatomy such as
myofibrils. The endomysium components are necrotic, and in some areas, the endomysium is notable only as a string of necrotic tissue between degraded
myofibrils. (C) Collagen (arrow) noted in the fascia, along with mitochondria. The fascia appears hypertrophied. (D) Areas of necrotic myofiber without structural
identity. Endomysium contains with degraded mitochondria adjacent to the disrupted muscle tissue. (E) Cellular components in the connective tissue are
hypertrophied, with noticeable large vesicular material, and areas of separation of components with spongy appearance. (F) Cross-section of the collagen within
degrading connective tissue, showing degradation of cellular components. Membranes have decomposed. Necrotic tissue is obvious in the adjoining endomysium,
and muscle fibers have no noticeable myofibrils. (G) Muscle tissue is hypertrophied with lack of noticeable myofibrils. Endomysium tissue components are necrotic,
showing only thread-like remains. The adjacent connective tissue appears disrupted. (H) Hypertrophied muscle tissue with no noticeable myofibrils. Adjacent
collagen in cross-section with disrupted cellular debris. *Hypertrophied mitochondrion.

muscle fibers with distinct myofibrils, in tangential sections.
Adjacent endomysium with mitochondria and nucleus apparent
are appropriately arranged. In contrast, chickens with WB
showed lack definition of bands in muscle tissue, or any normal
ultrastructural anatomy such as myofibrils. The endomysium
components were necrotic, and in some areas, the endomysium
was notable only as a string of necrotic tissue between degraded
myofibrils. The fascia appeared hypertrophied, with large areas of
necrosis and myofibrils without structural identity. Endomysium
contains degraded mitochondria adjacent to the disrupted muscle
tissue. Furthermore, cellular components in the connective tissue
are hypertrophied, with noticeable substantial vesicular material,
and areas of separation of components with spongy appearance.
Cross-section of the collagen within degrading connective tissue
showed degradation of cellular components (Figures 4B-H).

The extraordinary muscle development of modern broilers
is going together with increased adipose tissue, predominantly
fat adhered to mesentery, along the intestine from the pylorus
to the colon (Wang et al., 2007; Leng et al., 2016). Published
studies have identified several genes connected with adiposity in
chickens, which may help to regulate the excessive accumulation
of fat in the gastrointestinal tract (Bourneuf et al, 2006;
Bornelov et al., 2018).

Cells of adipose tissue appear to be highly dynamic since these
cells secrete or express many endocrine proteins (Saely et al.,
2012; Wensveen et al, 2015). Among them, leptin, a central

adipokine that influences growth, metabolism, and behavior the
appetite was discovered in the visceral fat of the ob/ob mutant
obese mouse (Ingalls et al., 1996). In contrast to mammals,
recent studies indicate that in modern chickens, leptin plays a
minor role in ruling hungriness, but has a higher endocrine role
with the ovary and the testicles (Bornelov et al., 2018). This
biological effect may explain the insatiable appetite of broilers.
Modern broilers suffer from severe stress and increase intestinal
permeability by depriving the feed for 24 h (Baxter et al., 2017).
In the present study, the increased intramuscular lipid
deposits observed at a histologic level in WB lesions are
in agreement with several previous reports (Velleman and
Clark, 2015; Soglia et al., 2015, 2017). In humans, obesity is
associated with an increment of adipose tissue in the muscle,
a condition that has been linked with muscle functionally,
muscle integrity, and atrophy (Meyer and Ward, 2016).
Hence, adipose-based inflammation links adiposity, metabolic
disorders and musculoskeletal damage (Zhuo et al.,, 2012). In
mammals, several inflammatory pathways have been linked
with myopathies (De Boer et al,, 2016; Collins et al., 2018).
Under normal conditions, macrophages play a crucial role
during early regeneration of damage muscular tissue, which
is followed by a series of inflammatory courses, eventually
restoring structure and function (Akhmedov and Berdeaux,
2013; Laumonier and Menetrey, 2016). However, the metabolic
complications associated with adiposity induce unsuitable
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recruitment macrophages and hypoxia (Karalaki et al., 2009).
Furthermore, adiposity changes the ratio of macrophage type
2 (regenerative) to macrophage type 1 (inflammatory) with
increased release of inflammatory cytokines (Wensveen et al,
2015; Thomas and Apovian, 2017; Bijnen et al., 2018). The
biggest limitation of the present hypothesis manuscript is
that this is a single descriptive study and no mechanistic
experiments were conducted to evaluate assays of macrophage
function/metabolism. Until today, there are no information of the
existence of macrophage type 1 and 2 in chickens.

The extreme hypertrophy in modern broiler chickens has
limited space for capillaries in the perimysial connective
tissues that result in a poor vascularization (Alnahhas et al.,
2016). Hence, a reduction in oxygen and increase in waste
products lead to severe oxidative stress and inflammation in
the muscle end in myopathies such as WB, spaghetti meat,
or white striping (Huang and Ahn, 2018). These changes
have been confirmed by RNA-seq analysis, microscopic and
biochemical studies. It is now clear that chickens with WB
suffer localized hypoxia, increased muscle degradation, reduced
glucose utilization, increased intracellular calcium and muscle
fiber-type switching (Mutryn et al., 2015; Zambonelli et al,,
2016). Furthermore, muscle affected by WB exhibit higher
amount of free calcium and sodium as a result of a loss in
the intracellular ion homeostasis and an increase of glycolytic
activity leading to an increase of pH in affected muscles
(Soglia et al., 2018).

On the other hand, mitochondria dysfunction will not only
reduce precious energy required for a dynamic tissue such as the
muscles but will increase the levels of oxidative stress (Schwarz
et al., 2014; Espinosa-Diez et al., 2015). Hence, nutrient overload
and adiposity are associated with micronutrient deficiencies,
inflammation and lipid peroxidation compromising the integrity
of one of the most critical organelles of cells, the cell membrane
(Rambold and Pearce, 2018). To further complicate these
conditions, obese humans are in a state of chronic hypoxia
since adipose tissue has lower capillary vessels, which exacerbates
apoptosis, inflammation, and insulin resistance (Engin A, 2017;
Engin A.B, 2017).

The alterations in sarcomere and mitochondrial structure,
as well as collagen organization reported in WB lesions in the
present study, are in agreement with those reported previously
(Velleman et al., 1997). Nevertheless, as far as we know, this is the
first study that describes a subjective increase in adipose tissue in
bone marrow of chickens affected with WB when compared with
non-affected chickens, and reduced bone mineralization.

Compared with the other fat depots, in humans, bone marrow
adipose tissue plays a crucial role in bone alterations and has
been recognized as an essential biomarker of compromised
bone integrity (Han et al, 2011; Riondino et al, 2014;
Cawthorn and Scheller, 2017). However, analyses of bone
marrow adipose tissue development in metabolic diseases and
myopathies in chickens are scarce and should be scientifically
evaluated to apprehend the role of bone modifications in
pathophysiological contexts. It is also important to consider
that adipose tissue accumulation in young and adult animals
has different implications. Research with meat animals may

very well lead to a new understanding of the regulation of
lipid metabolism and adipocyte physiology. Because of the
propensity to overeat and become obese, the broiler chicken
also represents an attractive biomedical model for lipids,
energy metabolism, eating disorders and obesity in humans
(Wang et al., 2017).

Little is known about macrophages type 1 and types 2 in
chickens. Unpublished data from our laboratory suggest that
broiler chickens fed with a soy/corn diet exhibit subjectively,
infiltration of inflammatory cells that resemble macrophage
crowding. If confirmed, this will be a significant breakthrough
in chicken immunology. Further studies to evaluate the role
of visceral fat, particularly, measurements quantity of fat
accumulated in the body of the birds including abdominal fat
pad and under skin as well as in the muscle (lipid content
of breast muscle), adipokines, and inflammasome, at different
ages of broiler chickens are needed to confirm the hypothesis
presented in this single and descriptive study.

CONCLUSION

Adiposity in modern broilers is a condition that deserves
attention. However, there are no studies that have evaluated
the relationship between adipose tissue, and the pathways and
mechanisms leading to myopathies such as WB. Stress and
inflammation can result from a variety of biological, chemical,
environmental, or nutritional factors to mention a few. In
mammals, adiposity induces chronic systemic inflammatory,
a condition linked to several metabolic disorders including
cardiovascular and musculoskeletal diseases. Equally important,
is the relationship of bone marrow adipose tissue in bone
mineralization and hematopoiesis pathologies. The interest in
bone marrow adipose tissue is a hot topic because it rises in
various pathophysiological diseases. The results of the present
hypothesis and theory study suggest that bone marrow adipose
tissue and bone mineralization may be linked in the pathogeny
caused by WB myopathy in modern broiler chickens.
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Wooden Breast Disease (WBD) is a novel myopathy affecting the pectoralis major
muscle of modern broiler chickens. The etiology of WBD is not currently known, but
has been linked to increased feed efficiency, growth rate, and muscle yield in broiler
chickens. Differential effect of WBD has been detected between regions of the P. major
and between sexes of broilers—male birds and the cranial aspect of the muscle tend
to be more severely affected by the disease than females and the caudal aspect. This
study aimed to characterize biological differences in the P. major between regions of the
muscle and sexes of birds. Samples were taken from the cranial and caudal aspects of
P. major muscles of 3-week-old, unaffected male and female birds for RNA sequencing.
RNA was extracted and used for preparation of cDNA libraries, which were sequenced
by the Delaware Biotechnology Institute (DBI) using HiSeg2500. Sequence reads were
aligned to the chicken reference genome with HISAT, and genes were analyzed for
differential expression between regions of the breast muscle and sexes of birds using
CuffDiff. Functional analysis was performed on differentially expressed genes (DEGS)
between sex groups using DAVID and Ingenuity Pathway Analysis (IPA). There were 12
DEGs between cranial and caudal samples, and 260 between male and female birds.
Out of the 260 genes differentially expressed between sexes, 189 were upregulated in
males. Of this subset, 103 genes (55%) were located on the Z-chromosome. There
was increased expression of genes involved in fat metabolism and oxidative stress
responses in the cranial region of the P. major muscle, as well as increased expression
of fat metabolism, oxidative stress response, antiangiogenesis, and connective tissue
proliferation genes in male broilers. These results support the hypothesis that there are
biological characteristics in male broilers and the cranial region of the breast muscle
that may make them more susceptible to WBD, as well as raising the possibility of a
metabolic switch in modern broiler chickens that may be more prominent in males.

Keywords: wooden breast, broiler, chicken, RNA sequencing, myopathy, gene expression, metabolism
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INTRODUCTION

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

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

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

temperature treatment also had lower body weights and P. major
weights than control birds (Clark et al., 2017).

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

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

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

MATERIALS AND METHODS

Chickens and Sample Collection

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

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

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

Selection and Identification of Samples
for RNA Sequencing

This study aimed to use samples from unaffected chickens to
examine the spatial and sex effects on the occurrence of WBD. We

used samples from unaffected birds because we aim to study the
innate biological differences between sexes of birds and regions
of the P. major muscle without any discernible clinical, gross
and histological changes attributable to WBD. There are a few
important reasons we chose to study birds at 3 weeks of age.
At this point in their life, broiler chickens do not typically
present discernible clinical or gross changes associated with
WBD. Detection of these changes frequently occur after 3 weeks
of age (Papah et al., 2017). Hence, by utilizing 3-week-old birds,
we are simultaneously selecting birds that do not have apparent
clinical disease, but may be exhibiting molecular signatures of
the developing disease that would become fulminant later in
life. Indeed, a recent study in our laboratory demonstrated that
molecular changes associated with WBD precede its clinical/gross
presentation (Papah et al., 2018). Another important factor is
that at 3 weeks of age, male and female broilers are beginning
to diverge in terms of body weight and growth rates, with males
growing faster and larger. Up until this point, male and female
broilers grow similarly. Results from the current study supports
this observation (see Figure 1). By studying birds that are at this
point of divergence, we have a higher chance of seeing differences
in gene expression between the sexes.

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

To classify all 24 samples on the basis of degree of tissue
pathology associated with WBD, four categories were identified;
namely unaffected, mild, moderate, and severe (Table 1). The
degree and extent of microscopic lesions in the two sections
(cross and longitudinal) per sample was used to determine
the degree of tissue pathology under the four categories.
Microscopic parameters used included myofiber degeneration

5000
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3000

2000

Mean Weight (g)

1000

21

ages 7, 14, 21, 28, 35, 42, 49, and 56 days (P < 0.0001).

28
Age (Days)

FIGURE 1 | Comparison of weekly body weight by sex. Day 1 refers to the day of hatch. Male broilers have significantly higher average body weights than females at

42 49 56
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TABLE 1 | Histological presentation of pectoral muscle samples harvested from
the cranial and caudal pectoral regions of broiler chickens at 3 weeks of age.

Cranial pectoral Caudal pectoral Number of samples

Normal Normal 7
Mild Normal 5
Mild Mild 5
Mild Moderate 2
Moderate Normal 2
Moderate Mild 1
Moderate Moderate 1
Severe Moderate 1
Total 24

and fragmentation, inflammatory cell infiltration, interstitial
edema, necrosis, variability in myofiber sizes, lipid infiltration
and fibrosis. Samples without any lesions or subtle focal
degeneration (occupying <5% of the tissue slide) were placed
under the unaffected category. Samples exhibiting single-cell
myodegenerative changes occupying 5-25% of the tissue slide
with focal infiltration of inflammatory cells were placed under the
mild category. Samples with 25-50% of the tissue slide displaying
myodegenerative changes with multifocal inflammation and focal
interstitial edema were considered to be moderate. Samples
with multifocal to diffuse myodegeneration over >50% of the
tissue slide, myonecrosis and inflammatory cell infiltration as

well as variability of fiber sizes and focal lipid infiltration were
considered to be severely affected (Figure 2). It should be noted
that muscle samples from the cranial and caudal regions were
examined independently. Therefore, for a sample to qualify for
RNA-sequencing analysis in the current study, both cranial and
caudal samples had to be unaffected.

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

RNA Sequencing

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

FIGURE 2 | Histological sections of P. major sample showing the various stages of pathology associated with WB: (A) unaffected muscle sample; (B) mildly affected
muscle tissue exhibiting multifocal myodegeneration (arrowhead) and focal infiltration by inflammatory cells (arrow); (C) moderately affected sample as shown by
diffuse myofiber degeneration multifocal inflammatory cell infiltration and fibrosis (asterisk); (D) severely/markedly affected muscle sample as indicated by diffuse
myodegeneration, diffuse myofiber inflammation, lipid infiltration and phlebitis (open arrowhead).
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TABLE 2 | Total body masses of birds used in the RNA-seq studly.

TABLE 3 | Cranial vs. caudal differentially expressed genes.

Bird ID# Sex Total body mass (g) Gene Caudal FPKM Cranial FPKM Log2 (fold change)!
484951 M 1068 PITX2 1.44 4.47 1.63
485058 M 982 HOXA11 1.05 3.20 1.60
485061 M 1000 NRN1 2.81 7.93 1.50
484918 F 888 PLIN1 3.98 9.52 1.26
485060 F 846 FABP4 47.22 91.08 0.95
485067 F 869 HBAD 37.58 70.28 0.90
KY 26.75 49.26 0.88
G0S2 4917 90.03 0.87
Data Analysis FMOD 21.15 8.65 ~1.29
The quality of the resulting sequences was checked using COL12At 4.76 1.69 —1.69
FastQC v0.11.5. Low quality bases were trimmed with COL22A1 1.52 0.45 -1.76
COL11A1 6.14 1.7 —1.88

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

RESULTS
Body Weight Analysis

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

RNA-Seq Analysis
Cranial vs. Caudal
There were 12 differentially expressed genes found between
cranial and caudal tissue samples (Table 3). Eight of these
genes were upregulated and four were downregulated in the
cranial samples.

As there were only 12 significant DEGs in the cranial versus
caudal comparison, IPA and DAVID analysis were not performed

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

TABLE 4 | Top 10 upregulated and downregulated genes in males’.

Gene Female FPKM Male FPKM Log2 (Fold Change)
CHACH 1.53 14.28 3.22
ENSGALG00000046114 0.85 7.23 3.09
c7 1.79 8.10 2.18
PDK4 1.96 8.71 2.16
NOV 0.41 1.79 212
RPL3L 1.69 6.98 2.04
CCK 3.22 12.08 1.91
FMOD 6.57 21.76 1.78
CSMD1 1.07 3.46 1.69
MT4 42.37 133.88 1.66
CDh24 4.94 1.62 —1.60
TNNI 22.05 6.96 —1.66
CLEC19A 4.09 1.29 —1.67
GCH1 4.95 1.33 —-1.90
ENSGALG00000044018 3.19 0.83 —1.94
AMPH 9.26 2.25 —2.04
ENSGALG00000036306 3.05 0.56 —2.45
RAPGEF4 3.51 0.46 —2.93
KCHIP2 2.14 0.27 —2.96
ENSGALG00000029783 4.22 0.11 —5.22

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

on this dataset. Rather, we explored the functions of these genes
individually: Perilipin 1 (PLIN1), GO/G1 switch gene 2 (GO0S2),
and fatty acid-binding protein 4 (FABP4) are all involved in
lipid metabolism; neuritin 1 (NRN1) is involved in nervous
system development; kyphoscoliosis peptidase (KY) is involved
in muscle growth, and homeobox A11 (HOXA11) and pituitary
homeobox 2 (PITX2) are transcription factors. HBAD refers to
the gene coding for hemoglobin subunit alpha-D. Fibromodulin
(FMOD), collagen type XI alpha 1 chain (COL11A1), collagen
type XII alpha 1 chain (COL12A1), and collagen type XXII alpha
1 chain (COL22A1) are all involved in collagen synthesis and
interactions (Gene, 2004).
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Male vs. Female

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

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

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

Additionally, by entering a list of the genes upregulated
in males into DAVID we were able to find gene ontologies
upregulated in male birds. DAVID analysis yielded 12 main gene

TABLE 5 | Top biological functions for males vs. females.

Biological function P-value Number of molecules
Diseases and disorders

Cancer 7.86E-03 — 2.39E-08 163
Organismal injury and 7.86E-03 — 2.39E-08 165
Abnormalities

Cardiovascular disease 7.86E-03 - 4.77E-07 43
Neurological disease 7.86E-03 - 4.77E-07 41
Gastrointestinal disease 7.73E-03 - 1.19E-06 154
Molecular and cellular

functions

Cell morphology 7.86E-03 — 1.37E-06 37
Lipid metabolism 7.86E-03 — 2.90E-06 31
Small molecule biochemistry 7.86E-03 — 2.90E-06 44
Molecular transport 7.73E-03 - 2.94E-06 26
Cell death and survival 7.86E-03 — 4.40E-06 64
Physiological system

development and function

Cardiovascular system 7.86E-03 — 1.58E-07 43
Development and function

Organ development 7.66E-03 - 1.58E-07 32
QOrgan morphology 7.86E-03 - 1.35E-06 43
Skeletal and muscular system  7.86E-03 — 1.37E-06 43
Development and function

Tissue morphology 7.73E-03 - 1.37E-06 54

ontologies upregulated in male broilers (Table 8). “Gene Count”
refers to the number of genes associated with a given ontology,
out of the 88 gene IDs DAVID accepted from the list of 189
genes upregulated in male broilers. Entering a separate list of
the 71 downregulated genes in males did not yield significant
results from DAVID.

DISCUSSION

Fat Metabolism

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

For example, fatty acid-binding protein 4 (FABP4), which was
upregulated in males, plays a major role in fat accumulation
by acting as a fatty acid carrier and segregating fatty acids for
triglyceride synthesis to develop adipose tissue (Smathers and
Petersen, 2011). This protein is also a biomarker for adipocyte
differentiation (Zhang et al., 2015). Similarly, lipoprotein lipase
(LPL), upregulated in male birds, is an effective biomarker
for adipogenesis. LPL, whose active form is found on the
endothelium of capillaries and small-caliber blood vessels, acts
by hydrolyzing triglycerides in blood into free fatty acids for
oxidative phosphorylation by other cells. Additionally, the free
fatty acids can be re-esterified into triglycerides for storage in

TABLE 6 | Top ten canonical pathways for males vs. females.

Canonical pathway P-value Molecules
D-myo-inositol (1,4,5,6)- 9.85E-04 6
tetrakisphosphate biosynthesis

D-myo-inositol (3,4,5,6)- 9.85E-04 6
tetrakisphosphate biosynthesis

3-Phosphoinositide 1.05E-03 7
Biosynthesis

3-Phosphoinositide 1.59E-03 6
Degradation

D-myo-inositol-5-phosphate 1.80E-03 6
Metabolism

Fatty acid p-oxidation | 2.00E-03

superpathway of inositol 2.63E-03

phosphate compounds

complement system 3.05E-03

retinol biosynthesis 4.38E-03

IGF-1 signaling 9.84E-03
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TABLE 7 | Significant activated and inhibited upstream regulators.

Upstream regulator Molecule type

Activation Z-score Overlapping P-value

ACOX1 Enzyme

MYOD1 Transcription regulator
N-cor Group

CD44 Other

MAPK9 Kinase

CTNNB1 Transcription regulator
IL6 Cytokine

ERK Group

NCOA2 Transcription regulator
TGFB3 Growth factor

CEBPA Transcription regulator
FOXO1 Transcription regulator
PPARA Ligand-dependent nuclear receptor
NFE2L2 Transcription regulator

—2.45 1.21E-03
—2.41 4.70E-03
—2.22 9.72E-05
2.00 6.62E-03
2.00 3.72E-02
2.00 2.32E-02
2.07 3.72E-02
2.20 3.61E-03
2.22 3.77E-04
2.24 1.96E-03
2.35 3.68E-03
2.42 5.54E-05
2.54 2.41E-05
2.58 2.32E-03

adipocytes (Zhang et al., 2015). This finding is in line with
a recent study in our laboratory that showed upregulation of
FABP4 in the P. major muscles of WBD-affected chickens at week
3 of age (Papah et al,, 2018). Taken together, these studies suggest
that active intracellular mobilization of lipids accompanies the
early phase of WBD in chickens.

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

Ingenuity pathway analysis suggests activation of an upstream
regulator that stimulates genes involved in fat metabolism.
Peroxisome proliferator-activated receptor alpha (PPARA) is
a ligand-dependent nuclear receptor that regulates expression

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

Ontology Gene count P-value
Coagulation 7 4.41E-04
Cytokine production 8 6.99E-04
Response to wounding 9 1.76E-03
Cell adhesion 10 2.37E-03
Foam cell differentiation 3 3.19E-03
Lipid metabolism 4 3.23E-03
Protein metabolism 4 3.89E-03
Antiangiogenesis 4 7.65E-03
Extracellular matrix organization 6 8.66E-03
Tissue development 17 1.34E-02
Immune response 12 1.35E-02
Oxidative stress 6 2.27E-02

of multiple genes involved in lipid metabolism, including
adiponectin (ADIPOQ), FABP4, CD36, perilipin 1 and 2
(PLIN1/PLIN2), and LPL. Because these genes and a few other
PPARA target genes are upregulated in the male vs. female
dataset, IPA predicted that PPARA is activated in male broilers.
PPARA also plays key roles in regulating multiple steps of the
fatty acid PB-oxidation (Lemberger et al., 1996), supporting a
hypothesis of increased mitochondrial fatty acid p-oxidation in
male modern broilers that will be discussed further in the next
section. IPA activation networks for PPARA and palmitic acid are
shown in Figure 3.

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

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

Metabolic Shift

Evidence of increased fat metabolism in the pectoralis major
muscle of male birds is especially significant because it opposes
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FIGURE 3 | Activation network diagrams for PPARA (left) and palmitic acid (right). Pink and green shapes represent genes upregulated or downregulated in males,
respectively. Orange arrows represent IPA's prediction that the upstream regulator activates the corresponding genes. Yellow arrows represent disagreement
between the direction of the gene expression (i.e., up or downregulation) and IPA’s prediction of the relationship between the upstream regulator and the
corresponding gene. Gray arrows mean that IPA predicts a relationship between the upstream regulator and the corresponding gene but cannot predict the exact

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

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

Palamiuc et al. (2015) described inhibition of glucose
metabolism and a shift of fuel preference to lipids during a
metabolic shift event early in the development of amyotrophic
lateral sclerosis (ALS) in mice. Affected mice experienced

increased expression of LPL, CD36, PDK4, forkhead box O1
(FOXO1), and PPARP/y during this metabolic shift. LPL, CD36,
and PDK4 are upregulated in males in our data set. FOXO1 and
PPARB/y are not upregulated in males in our dataset, but FOXO1
was predicted to be an activated upstream regulator by IPA.
Whether increased expression of one of these genes, increased
fatty acid concentration in the muscle, or another factor entirely
outside of this pathway is the initial cause of the hypothesized
metabolic shift in WBD has yet to be deciphered.

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

Oxidative Stress

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

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

However, the higher expression of CHAC1, which was the
top upregulated gene in male broilers, may have a detrimental
effect to the muscle. A prior study found that CHACI1
expression is increased by stress in the endoplasmic reticulum,
and its protein degrades glutathione in the cell (Crawford
et al.,, 2015). This is important because glutathione is a major
antioxidant in cells, and its depletion results in oxidative stress
(Crawford et al., 2015). The higher expression of CHACI in
male broilers suggests that glutathione is being degraded at a
higher rate than normal, which may be playing a big role in
oxidative stress in male broilers. CHACL is also a member of
the unfolded protein response (UPR) pathway and promotes
apoptosis (Mungrue et al., 2009). However, because our data
doesn’t show differential expression of other key genes in the
UPR pathway, such as CHOP, PERK, XBP, and ATFI, we
can assume that the UPR pathway isn’t regulated differently
between sexes of birds.

CCAAT enhancer binding protein o (CEBPA) is a
transcription factor involved in stimulating oxidative stress
responses from other genes downstream, and it was predicted
to be activated in males by IPA. CEBPA and other CEBP-family
proteins undergo increased expression under stress, and in turn
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FIGURE 4 | Activation network diagram for NFE2L2. Pink shapes represent
genes that were upregulated in the dataset. Orange arrows demonstrate that
IPA predicts NFE2L2 activates the corresponding genes. The yellow line to
CTGF means that the fold change for CTGF is not consistent with IPA’'s
predicted relationship between NFE2L2 and CTGF. Image produced

using IPA.

they increase expression of other oxidative stress response genes
(Huggins et al., 2016), including ADIPOQ and TXN. Another
activated transcription regulator, NFE2L2, acts similarly by
mediating stress and inflammatory responses through regulation
of CD36, OSGIN1, DNA]J heat shock protein family member B5
(DNAJB5), and ANXA1 (Figure 4). Upregulation of these stress
response genes suggests the existence of increased oxidative
stress in male birds, which could be a key factor in their
susceptibility to WBD.

Vascular Damage

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

Like vascular damage, inhibition of vasculogenesis can also
lead to inadequate delivery of oxygen and nutrients to skeletal
muscle, and could be a factor in the development of WBD
(Sihvo et al., 2018). Male broilers, which grow more quickly
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than females, would require a concomitant increase in angiogenic
activity to ensure that their rapidly-growing muscle tissue has
proper vasculature. Though there were some angiogenic genes
upregulated in males, such as annexin A-1 (ANXAI1) and
endoplasmic reticulum aminopeptidase 1 (ERAP1), they appear
to be overtaken by multiple upregulated antiangiogenic genes.
For example, thrombospondin 1 and 2 (THBS1 and THBS2)
are known antiangiogenic genes upregulated in male broilers.
They inhibit angiogenesis by interference with endothelial cell
migration, as well as competing with growth factors to bind to
proteoglycans on endothelial cell surfaces (Tolsma et al., 1993;
Lawler, 2000).

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

Connective Tissue Proliferation

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

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

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

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

Muscle Development

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

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

While there are some DEGs involved in muscle growth in
cranial vs. caudal and male vs. female analysis, there are many
genes with key roles in growth that don’t exhibit differential
expression in either analysis, such as insulin-like growth factors
1 and 2 (IGF-1 and IGF-2), fibroblast growth factor (FGF),
hepatocyte growth factor (HGF), platelet-derive growth factor
(PDGF), myostatin (MSTN), myogenin (MYOG), and myoferlin
(MYOF) (McFarland, 1999). This makes it difficult to draw any
conclusions on the involvement of differential gene expression at
week 3 post-hatch in increased growth in male broilers and the
cranial aspect of the breast muscle.
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Rather than differential gene expression at 3 weeks of age
mediating increased growth in male birds and the cranial region
of the muscle, it is possible that differences in muscle growth
are caused by the morphology of the muscle fibers themselves,
decided before 3 weeks of age. Smith and Fletcher (1987) found
that myofibers in the cranial region of the pectoralis major
muscle had significantly smaller cross-sectional areas than those
in the caudal region, suggesting a higher myofiber density in
the cranial region. Additionally, studies also report a higher
myofiber density and number in the muscles of male chickens
both pre- and post-hatch, as well as reporting as smaller average
cross-sectional area in male myofibers than in females (Henry
and Burke, 1998; Scheuermann et al., 2003). The larger number
of myofibers in modern male broiler chickens and the cranial
aspect of the breast muscle could contribute to their increased
growth rate and mass.

Z Chromosome

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

Dosage compensation is a mechanism that balances gene
expression on sex chromosomes between males and females to
compensate for differences in expression caused by differences in
copy numbers of the sex chromosomes (Nguyen and Disteche,
2006). However, it has been found that the dosage compensation
mechanism in birds is not as effective as it is in mammals.
While the male-to-female ratio for expression of X-linked genes
in mammals is typically close to 1.00 (Nguyen and Disteche,
2006), the male-to-female ratio for expression of Z-linked genes
in birds has been reported to be between 1.4 and 1.6 by Ellegren
et al. (2007), and between 1.33 and 1.58 by Itoh et al. (2007).

In agreement to these findings, a recent study from our laboratory
reported that genes on the Z chromosome in male broiler
chickens are expressed 1.35 times higher than that in females
(Zhuo et al, 2017). As shown in Figure 5, DEGs on the Z
chromosome show more uniform log 2 fold-change values than
DEGs on autosomes. In addition, except one gene (not shown
in Figure 5), all DEGs on Z chromosome are expressed higher
in males with a mean fold-change value of 1.84 (log 2 fold-
change = 0.88). Collectively, these findings suggest that the copy
number of the Z chromosome is likely to be responsible for higher
expression of these genes in males.

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

There weren’t many upregulated Z-linked genes involved
in muscle and body growth, but we found that there were
several upregulated Z-linked genes in males that were related
to fat metabolism and deposition, including PLIN2, LPL,
ACAA?2, ALC44A1, RPP25L, HINT1, and AP3B1. This suggests
a possibility that male broilers innately perform more lipid
metabolizing activities, which corresponds with the hypothesis
that a metabolic shift toward increased lipid metabolism may play
arole in WBD development.

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

CONCLUSION

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

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

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

Francesca Soglia’, Maurizio Mazzoni2, Martina Zappaterra’, Mattia Di Nunzio?,
Elena Babini’, Martina Bordini?, Federico Sirri', Paolo Clavenzani?, Roberta Davoli’* and
Massimiliano Petracci®™

" Department of Agricultural and Food Sciences, Alma Mater Studiorum — University of Bologna, Bologna, Italy, 2 Department
of Veterinary Medical Sciences, Alma Mater Studiorum — University of Bologna, Bologna, Italy

Desmin (DES) and Vimentin (VIM) exert an essential role in maintaining muscle
cytoarchitecture and since are considered reliable markers for muscle regeneration, their
expression has been extensively investigated in dystrophic muscles. Thus, exhibiting
features similar to those of human dystrophic muscles, the present study aimed
at assessing the distribution of VIM and DES proteins and the expression of the
corresponding genes in Pectoralis major muscles affected by white striping (WS),
wooden breast (WB), and spaghetti meat (SM) abnormalities as well as in those having
macroscopically normal appearance (NORM). For this purpose, 20 Pectoralis major
muscles (5/group) were collected from the same flock of fast-growing broilers to perform
immunohistochemistry, immunoblotting and gene expression. Immunohistochemical
analyses showed an increased number of fibers immunoreactive to both VIM and DES
in WS and WB, while only a few immunoreactive fibers were observed in NORM.
Concerning the protein level, if compared with NORM, a 55% increase in VIM content
was found in WB affected cases (P < 0.05) thus suggesting the development of intense
regenerative processes in an early-stage within these muscles. The significantly higher
amount of DES (+53%) found in WS might be attributed to a progression of the
regenerative processes that require its synthesis to preserve the structural organization
of the developing fibers. On the other hand, significantly lower VIM and DES contents
were found in SM. About gene expression, VIM mRNA levels gradually increased from
the NORM to the SM group, with significantly higher gene expressions in WB and SM
samples compared to the NORM group (P = 0.009 for WB vs. NORM and P = 0.004
for SM vs. NORM). Similarly, the expression of DES gene showed an increase from
the NORM to WB group (P = 0.05). Overall, the findings of the present study suggest
that intense regenerative processes take place in both WB and WS muscles although
a different progression of regeneration might be hypothesized. On the other hand, the
lack of correspondence between VIM gene expression and its protein product observed
in SM suggests that VIM may also exert a role in the development of the SM phenotype.

Keywords: vimentin, desmin, white striping, wooden breast, spaghetti meat
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INTRODUCTION

In the past few years, several studies have been carried out in
order to investigate the underpinning factors involved in the
development of the muscular growth-related abnormalities
[White Striping (WS), Wooden Breast (WB), and Spaghetti
Meat (SM)] that are currently affecting the Pectoralis major
(P. major) muscles in modern fast-growing broilers (Petracci
et al, 2019). Although previous studies deeply investigated
the role of genetics (Mutryn et al., 2015; Alnahhas et al,
2016; Zambonelli et al., 2016; Pampouille et al., 2018;
Papah et al, 2018), the exact etiology and the chronology
of events leading to the development of these conditions
are not fully understood. The microscopic examinations of
the P. major affected by the aforementioned abnormalities
evidence a profoundly altered muscular architecture with
fiber degeneration up to necrosis, and concomitant occasional
regenerative processes (Velleman, 2019). Besides, the skeletal
muscle shows a proliferation of poorly organized connective
tissue (fibrosis) and increased fat deposition (lipidosis)
(Soglia et al., 2019).

Ultrastructural studies (Granger and Lazarides, 1979;
Tokuyasu et al, 1985) demonstrated that, by constituting
a three-dimensional scaffold around the Z-disk, vimentin
(VIM) and desmin (DES) play a relevant role in maintaining
sarcomere cytoarchitecture. DES is an important component of
the cytoskeleton of striated muscles (Lazarides, 1980) located at
the periphery of Z-disks where it is arranged in a honeycomb-
like structure within the Z plane of the myofibers and is
involved in the connection of neighboring Z-disks (Granger
and Lazarides, 1979). On the other hand, VIM is mainly located
in cells of mesenchymal origin including myoblasts (Price
and Sanger, 1982) and co-localize with desmin (Granger and
Lazarides, 1979). Although DES and VIM coexist during early
myogenesis, the last is gradually reduced as the development of
myotubes proceeds (Tokuyasu et al., 1985). In detail, in early
myogenesis and immature myotubes, VIM and DES are found
as longitudinally arranged filaments and randomly distributed
cytoplasmic strands, respectively (Gard and Lazarides, 1980).
Their peculiar arrangements in muscle tissue might play an
essential role in maintaining the cylindrical form of developing
myotubes and allowing to parallelly align the myofibers
(Tokuyasu et al, 1985). In particular, it was demonstrated
that as the newly synthesized DES filaments converge and
replace the pre-existing VIM-based network, DES distribution
within the fibers reflects that of VIM (Bennett et al., 1979;
Granger and Lazarides, 1979; Cary and Klymkowsky, 1994).
Subsequently, a substantial re-organization of the intermediate
filaments scaffolding takes place and involves an evolution from
a longitudinally to a transversely arranged system. Concurrently,
the composition of the intermediate filaments is profoundly
changed: VIM synthesis is reduced whereas DES arises as the
main component of mature muscle cells (Bennett et al., 1979;
Granger and Lazarides, 1979).

In this context, because of their importance for maintaining
muscle cytoarchitecture, the expression and distribution of VIM
and DES have been previously investigated in humans affected

by different neuromuscular and myopathic disorders including
polymyositis, central core myopathy, nemaline myopathy and
Duchenne muscular dystrophy (Gallanti et al., 1992; Banwell,
2001), but also in mdx mice (Holland et al., 2015), pigs used as
a model for studying Duchenne muscular dystrophy (Frohlich
etal, 2016) and Golden retrievers affected by muscular dystrophy
(Cooper et al., 1988). As a consequence, an increased abundance
of VIM and DES is undoubtedly considered as an evidence of
muscular dystrophy and can be considered a reliable marker
for the regenerative processes taking place within the muscle
tissue (Bornemann and Schmalbruch, 1992; Gallanti et al., 1992;
Frohlich et al., 2016). Within this context, since the microscopic
examinations carried out on P. major muscles of broiler chickens
affected by WS, WB, and SM abnormalities evidenced the
occurrence of occasional regenerative processes (Baldi et al.,
2018; Velleman, 2019), it seems reasonable to hypothesize that
the expression and distribution of the intermediate filaments
VIM and DES might be involved in the occurrence of these
conditions. Furthermore, evident signs of regeneration are found
not only within the WS, WB, and SM affected muscles but
even within those cases exhibiting a macroscopically normal
appearance (Soglia et al., 2019). Thus, the present study aimed
at assessing the distribution of VIM and DES as well as the
expression of the corresponding genes within the P. major muscle
samples exhibiting either a macroscopically normal appearance
or showing WS, WB, and SM phenotypes in order to evaluate
the possible implication of these two intermediate filaments
components in the occurrence of the aforementioned conditions
in fast-growing chickens.

MATERIALS AND METHODS

Twenty P. major muscles (5 muscles/group) were collected at
3 h post-mortem from the same flock of fast-growing broilers
farmed and slaughtered under commercial conditions (45 day-
old Ross 308 males slaughtered at 3.0 kg live weight). All samples,
6 X 3 x 1 cm in size, were excised from the ventral surface
of the P. major muscle (facing the skin), excluding the most
superficial 3 mm. According to the procedure described in
our previous study (Soglia et al., 2017), samples collected for
immunohistochemistry and protein extraction were excised from
the superficial section of the cranial portion of the P. major,
quickly frozen in isopentane (cooled with liquid nitrogen)
and stored at —80°C until processing. In detail, to assess the
distribution and expression of the intermediate filament proteins
DES and VIM within the muscles, immunohistochemical
analyses SDS-PAGE followed by immunoblotting were carried
out. Further samples of the same P. major were excised from
the same position, immediately frozen in liquid nitrogen and
then stored in a deep freezer until RNA extraction. RNA was
extracted individually from the 22 gathered samples (2 P. major
muscles belonging to the slow-growing genotype and the 20 fast-
growing ones) and the expression of the genes encoding for
VIM and DES was assessed by RT-qPCR. According to their
macroscopic features the P. major were classified as normal
(NORM), WS, WB, and SM following the criteria adopted in
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our previous studies (Soglia et al., 2016; Baldi et al., 2018). Only
severe cases were sampled and, to avoid eventual interference,
the muscles concurrently affected by more than one defect (i.e.,
combined WS/WB and WS/SM) were discarded. In addition,
two P. major samples were collected from slow-growing chickens
farmed and slaughtered under commercial conditions (160
day-old Leghorn cocks slaughtered at 2.5 kg of live weight).
The findings obtained for these two slow-growing birds were
compared with those found for the NORM muscles belonging
to the fast-growing group. In this way, we can obtain both a
comparison with a control group belonging to the fast-growing
genotype (NORM vs. the P. major with abnormalities) and a
further comparison between the NORM fast-growing group with
its slow-growing and not selected for meat production purpose
counterpart. All the farming and slaughter procedures performed
in this study were in accomplishment with the Italian legislation,
Legislative decree of the 4™ of March 2014 No. 26, article
2 point E and did not require further specific authorization.
Moreover, all farming procedures followed the Council Directive
98/58/EC concerning the protection of animals kept for farming
purposes, Council Directive 2008/120/EC and Council Directive
43/2007/EC laying down minimum rules for the protection
of chickens kept for meat production. Animal transport was
performed according to Council Regulation (EC) No. 1/2005,
slaughter was performed in accomplishment with the Council
Regulation (EC) No. 1099/2009 on the protection of animals
at the time of killing and under the control of the Veterinary
Service from the Italian Ministry of Health, as indicated in
the Regulation (EU) 2017/625 of the European Parliament.
The samples used for the present study were gathered from
carcasses intended for meat consumption. The research did not
involve any experiment on animals and for this reason, no ethics
approval was necessary.

Immunohistochemistry

The specimens were oriented for the transverse fibers sectioning.
For each P. major muscle, 10 serial cross-sections (10 pm
thick) were cut on a cryostat microtome at —20°C and
mounted on poly-L-lysine coated glass slides (Sigma-Aldrich,
St. Louis, MO, United States). For immunohistochemistry,
the avidin-biotin-peroxidase complex (ABC) method was used.
Briefly, the sections were rinsed in phosphate buffer saline
and incubated in 5% normal goat serum (for 30 min at room
temperature) to reduce the non-specific binding of the secondary
antibodies. The sections were then incubated at 4°C in a humid
chamber for 24 h with the monoclonal mouse antiserum anti-
VIM and the polyclonal rabbit antiserum anti-DES (61013
and 10570, Progen Biotechnik GmbH, Heidelberg, Germany,
respectively) both diluted 1:1000. After washing, the sections
were incubated at room temperature for 1 h with the biotin-
conjugated goat anti-mouse IgG and biotin-conjugated goat
anti-rabbit IgG secondary antibodies, both diluted 1:200 (Vector
Laboratories, Burlingame, CA, United States), and then treated
with ABC (Vector elite kit, Vector Laboratories, Burlingame, CA,
United States). The immune reactions were visualized through a
3,3’-diaminobenzidine (DAB) chromogen solution (Vector DAB
kit, Vector Laboratories, Burlingame, CA, United States).

SDS-PAGE Analysis

The myofibrillar and sarcoplasmic proteins were extracted
following the procedure described by Liu et al. (2014) with slight
modifications. Briefly, one gram (in duplicate) of frozen P. major
muscle was homogenized by Ultra-Turrax (IKA, Germany) (30 s
at 13,000 rpm, in ice) in 20 mL of cold Rigor Buffer (75 mM
KCl, 10 mM KH,POy4, 2 mM MgCl,, 2 mM EGTA; pH 7.0)
(Sigma-Aldrich, St. Louis, MO, United States). The homogenate
was centrifuged for 10 min at 10,000 x g at 4°C and the
supernatant collected (sarcoplasmic protein). The procedure was
repeated and the resultant pellet, identified as the myofibrillar
protein fraction, was re-suspended by homogenization in 20 mL
of cold Rigor Buffer. After being quantified (Bradford, 1976)
the protein concentration (both myofibrillar and sarcoplasmic
proteins) of each extract was adjusted to 1.0 mg/mL and each
sample was mixed 1:1 (v/v) with Sample Buffer (50 mM Tris-
HCI, 8M Urea, 2M Thiourea, 75 mM DTT, 3% (v/v) SDS; pH 6.8)
(Sigma-Aldrich, St. Louis, MO, United States) (Fritz et al., 1989).
SDS-PAGE analysis was run, in duplicates, on 5 pg of proteins
according to the procedure described by Laemmli (1970) by using
7.5% polyacrylamide hand-cast gels. A molecular weight marker
(Precision Plus Standard Proteins, All Blue Prestained, Bio-Rad
Laboratories, Hercules, CA, United States) was loaded into each
gel to assess the molecular weight of the protein bands. Gels were
run on a Bio-Rad Mini Protean II electrophoresis apparatus at
constant voltage (110 V) for about 1 h. Gels were stained with
Coomassie Brilliant Blue R-250 (1 g/L) containing 40% (v/v)
methanol and 10% (v/v) acetic acid (Sigma-Aldrich, St. Louis,
MO, United States) in distilled water and de-stained in distilled
water. Gel images were acquired by using a GS-800™ Calibrated
Densitometer (Bio-Rad Laboratories).

Western Blot

Myofibrillar proteins (10 pg) were loaded in 10% Mini-
PROTEAN TGX Stain-Fee™ Gels (Bio-Rad Laboratories),
which are able to produce, after UV-induction, a stable,
quantitative, and western blotting compatible protein fluorescent
signal due to the reaction of the trihalocompound incorporated
into gel formulations with the tryptophan residues contained
in proteins. After electrophoresis (carried out in the same
conditions described earlier), gels were activated by UV exposure
for 5 min and protein fluorescence was acquired using a
ChemiDoc™ MP Imaging System (Bio-Rad Laboratories)
with the Image Lab software (version 5.2.1). Proteins were
then transferred onto a nitrocellulose membrane using a
trans-blot turbo system (Bio-Rad Laboratories) and probed
at room temperature for 60 min with the specific monoclonal
mouse antiserum anti-VIM and the polyclonal rabbit antiserum
anti-DES (61013 and 10570, Progen Biotechnik GmbH,
Heidelberg, Germany, respectively) both diluted 1:10,000.
After washing, the membranes were incubated with secondary
anti-mouse and anti-rabbit antibodies for 60 min (1:15,000)
(Merk Millipore, Burlington, MA, United States). Membranes
were subsequently incubated at room temperature with HRP-
conjugated streptavidin (Merk Millipore, Burlington, MA,
United States) for 20 min. Final detection was performed

Frontiers in Physiology | www.frontiersin.org

January 2020 | Volume 10 | Article 1581


https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Soglia et al.

Vimentin and Desmin in Chicken Breast Muscle

with enhanced chemiluminescence (Clarity™ Western ECL
Substrate) Western Blotting detection kit (Bio-Rad Laboratories)
and the images were acquired using the ChemiDoc™ MP
Imaging System (Bio-Rad Laboratories). Densitometry
differences were analyzed with the Image Lab software and
normalized for the total fluorescent protein signal intensity
(Valli et al., 2018).

Gene Expression

Total RNA was extracted using TRIzol® reagent (15596026,
InvitrogenTM, Thermo Fisher Scientific, Waltham, MA,
United States), the quality and integrity of the RNA were both
checked and RNA was retrotranscribed to complementary
DNA (cDNA) using iScript™ c¢DNA Synthesis Kit (1708891,
Bio-Rad Laboratories) following manufacturer’s instructions.
Primers were designed using Primer3Plus web software' and
the complete information of the sequences are reported in
Supplementary Table 1. Since Ensembl on-line genome database
reported two different transcripts for the Gallus gallus VIM
gene (last accessed on 30t of January 2019), two primer couples
have been designed to quantify them. In particular, a couple of
primers was designed on the nucleotide sequence common to
both VIM isoforms, while another one was conceived to amplify
a sequence specific to the longer VIM transcript. Gene expression
was analyzed by quantitative Real-Time PCR (RT-qPCR) using
the standard curve method (Pfaffl, 2004) on Rotor-Gene™
6000 (Corbett Life Science, Concorde, NSW, Australia). The
samples were first used to assess the expression level of three
normalizing genes already tested also in previous studies (Bagés
etal., 2015; Zambonelli et al., 2016): glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), ribosomal protein 132 (RPL32)
and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta (YWHAZ). Primers and the used
RT-qPCR conditions are reported in Supplementary Table 1.
The expression levels of these 3 genes were evaluated using
NormFinder (Andersen et al., 2004) and RPL32 and YWHAZ,
the 2 most stably expressed normalizing genes, were used
as reference genes to normalize the expression of DES and
VIM genes. For each gene, a couple of primers has been
designed and used to obtain the amplicon for the standard
curve and to quantify the gene expression. Threshold cycles
obtained for the samples were converted by Rotor-Gene™
6000 in mRNA molecules/pl using for each gene the relative
standard curve (Pfaffl, 2004). Samples were assayed at least
in triplicate to obtain, among the repetitions, coefficients of
variation below 0.2.

Statistical Analysis

Data concerning SDS-PAGE and Western Blot analyses were
analyzed by using the one-way ANOVA option of Statistica 10
(StatSoft Inc., 2014) considering the type of abnormality (NORM,
WS, WB, and SM) as the main effect. The same model was
furthermore applied to analyze the normalized gene expressions
of the DES gene and the two VIM transcripts. Mean values
were subsequently separated through the parametric Tukey-HSD

Uhttp://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi

test. Also, Students t-test was applied to test the differences
in protein and gene expression levels between the NORM
muscles belonging to the fast-growing and their slow-growing
counterpart. All statistical differences were considered significant
at a level of P < 0.05. In addition, Spearman’s correlations
among the gene expressions of DES and VIM transcripts were
calculated on the whole dataset of 20 P. major samples and inside
each group (NORM, WS, WB, and SM) to find gene expression
patterns (Zappaterra et al., 2015). Correlations were performed
using rcorr function of Hmisc package in R environment (R
Core Team, 2018) and nominal P < 0.05 was considered
statistically significant.

RESULTS

Immunohistochemistry

The results for immunohistochemical analyses are reported in
Figure 1. Only a few fibers immunoreactive to VIM and DES
were found in NORM muscles (Figures 1A1,B1). On the other
hand, an increased number of fibers immunoreactive to both

A , B L
@I & ol &
Y o R

Slow-growing — MEANY

BN SA RS, BIaiT e

FIGURE 1 | Immunoreactivity for vimentin (VIM) and desmin (DES) assessed
in a slow-growing genotype (A,B) as well as in Pectoralis major muscles of
fast-growing chickens exhibiting either macroscopically normal appearance
(NORM; A1,B1) or affected by White Striping (WS; A2,B2), Wooden Breast
(WB; A3,B3), and Spaghetti Meat (SM; A4,B4) abnormalities. Some fibers
were immunoreactive to both VIM and DES (arrows) whereas other were
positive to VIM but not to DES (arrowheads). Fibroblasts were positively
stained to VIM (asterisks). Bars = 200 pm.
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VIM and DES were observed in P. major affected by muscular
abnormalities (Figures 1A2,A3,B2,B3). In detail, many positively
stained fibers were found in WS and WB muscles, in which
several fibroblasts exhibited a strong VIM immunoreactivity
(Figures 1A2,A3,B2,B3). Similarly, some fibers showed diffuse
immunoreactivity to both VIM and DES in SM affected
muscles (Figures 1A4,B4). Overall, in WS, WB and SM affected
muscles, most of the fibers positively stained to VIM and DES
exhibited a strong immunoreactivity at the sarcolemmal and
sub-sarcolemmal levels, whereas a weak or lacking reaction was
found in the area corresponding to the core. Besides, some fibers
were immunoreactive to VIM but not to DES (Figures 1A1-
A3,B1-B3). Astonishing differences were found by comparing
the results obtained for the NORM muscles belonging to fast-
growing with those found for the slow-growing genotype, shown
in Figures 1A,B. In detail, VIM immunoreactivity was observed
within the intermyofibrillar network and, although only a few
fibers were positively stained in sub-sarcolemmal position, a
strong immunoreaction was found in fibroblasts (Figure 1A).
Only a few fibers were positively stained to both VIM and DES
and a partial reactivity to DES was observed in correspondence
to the perimysial compartment (Figures 1A,B).

SDS-PAGE and Western Blot Analyses

The electrophoretic profiles of the myofibrillar and the
sarcoplasmic proteins assessed on P. major belonging to the
fast-growing genotype (NORM, WS, WB, and SM) as well
as in those muscles excised from the slow-growing strain

are displayed in Figures 2A,B, respectively. Although the
electrophoretic patterns did not differ among the samples
belonging to fast-growing groups, relevant variations can be
observed by comparing the intensity of the bands ascribed to
the myofibrillar protein fraction of the fast-growing and of
the slow-growing genotype. Indeed, if compared with NORM,
a significant increase (P < 0.001) in the optical densities
of the bands having a molecular weight of 35, 85 and
125 kDa were found in slow-growing chickens: +57, 454, and
+26%, respectively.

Figure 3 shows the findings concerning the expression level
of VIM and DES assessed through Western Blot analyses.
Concerning VIM (Figure 3A), if compared with NORM, a 55%
increase in the expression level of the protein was found in
WB affected muscles (100 vs. 155%; P < 0.05) whereas WS
exhibited intermediate values (113%). As for DES (Figure 3B),
a 53% increased expression of this protein was observed in WS
muscles whereas the content measured in WB did not differ
(P > 0.05) from that of the NORM group. In addition, a
significant reduction (P < 0.05) in the expression level of both
VIM and DES (—24 and —54%, respectively) was observed in SM.

Remarkable differences were found by comparing the findings
concerning the expression level of VIM and DES in NORM
fast-growing muscles with those excised from the slow-
growing genotype. Indeed, if compared with their fast-growing
counterpart, a significant reduction (P < 0.001) in the content of
both VIM and DES was found in slow-growing samples (—71 and
—51%, respectively).

50 kDa

100 kD:

35 kDa
—

50 kDa

Slow-growing  NORM ws WB SM Slow-growing ~ NORM ws WB SM

Fast-growing Fast-growing

FIGURE 2 | Coomassie Blue stained SDS-PAGE of the myofibrillar (A) and sarcoplasmic (B) proteins extracted from the Pectoralis major muscles of the
slow-growing as well as from the fast-growing genotype exhibiting either macroscopically normal appearance (NORM) or affected by White Striping (WS), Wooden
Breast (WB), and Spaghetti Meat (SM) abnormalities.
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Gene Expression

The normalized gene expression levels of the two VIM sequences
and DES gene are reported in Table 1 and Figure 4. Both
VIM gene sequences showed differences in their expressions
between groups (P < 0.05 for the group effect, in Table 1)
with transcription levels progressively increasing when passing
from the NORM to the SM (Figures 4A,B). In particular,
the normalized expression values obtained with the VIM long
isoform-specific primers showed to be significantly higher in
WB (2.45 £+ 0.35) and SM samples (2.58 £ 0.33) compared
to NORM group (1.60 & 0.44; P < 0.01 for WB vs. NORM
and P < 0.01 for SM vs. NORM comparison; Figure 4A).
Group effect was also found significant for the transcription
levels of the VIM sequence common to both VIM isoforms
(P < 0.05; Table 1) but with higher intra-group variability.
Therefore, although the SM mean for VIM common sequence
(5.48 & 5.58) was four times higher than that of NORM group
(1.31 £ 0.86), due to the high intra-group standard deviations,
no significant (P > 0.05) differences were found and only
a trend toward significance between NORM (1.31 + 0.86)
and WB groups (4.37 = 3.36; P = 0.08; Figure 4B) was
observed. The DES gene expression showed a significant increase
when passing from NORM to WB group (0.37 £ 0.23 and
1.01 £ 0.59 in Table 1, respectively) and a decrease in the
DES normalized mean for SM samples (0.85 £ 0.40, Table 1).
Both WB and SM groups significantly differed from NORM
samples (P = 0.05 for both WB vs. NORM and SM vs. NORM
comparisons, Figure 4C), showing anyway a consistent intra-
group variability. The normalized transcription levels of the DES
gene resulted to be positively correlated with VIM common
sequence expression both when correlations are performed
considering all the studied samples together or each group
separately (Table 2). Conversely, a positive correlation (r = 0.90;

P < 0.05) was noticed between DES and VIM long-isoform
in NORM samples, but the same genes yielded an opposite
correlation in the WS group (r = —0.99; P < 0.001). Interestingly,
also the two studied VIM sequences followed a similar trend,
with a positive correlation linking them in NORM individuals
(r 0.900; P < 0.05) that became negative in WS ones
(r = —0.99; P < 0.001; Table 2). Similarly to what was observed
for proteins, the slow-growing genotype showed considerably
lower normalized expressions for both VIM sequences and
DES compared to the NORM group. For VIM long isoform-
specific sequence, individuals belonging to the slow-growing
breed showed a normalized transcription level 15-times lower
than the NORM group (0.10 & 0.02 in slow-growing genotype;
P < 0.01 for the difference). Notably lower expressions were
also noticed for VIM common sequence (0.07 £ 0.01) and
DES (0.10 % 0.04).

DISCUSSION

In the present study, the distribution and expression of DES
and VIM have been assessed on fast-growing having either
macroscopically normal appearance (NORM) or affected by
muscular abnormalities, namely WS, WB, and SM. Overall,
the results obtained through immunohistochemistry evidenced
the presence of fibers immunoreactive to VIM as well as
positively stained to both VIM and DES in all the experimental
groups. Since VIM and DES are normally expressed during
muscle regeneration and their localization was proposed as a
reliable marker of muscle fiber regeneration (Bornemann and
Schmalbruch, 1992; Gallanti et al, 1992; Yang and Makita,
1996), it might be assumed that those fibers immunoreactive
to VIM and/or positive for both VIM and DES were
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FIGURE 3 | Effect of the occurrence of White Striping (WS), Wooden Breast (WB), and Spaghetti Meat (SM) abnormalities on the content of VIM (A) and DES (B)
proteins in the Pectoralis major muscles of the fast-growing genotype assessed through Western Blot analyses. The results were analyzed by One-way ANOVA and
expressed as%, considering as 100% the intensity of the band assigned to VIM and DES in normal (NORM) muscles. Error bars indicate standard deviations.

a—c = Mean values followed by different superscript letters significantly differ among the fast-growing groups (P < 0.05). On the other hand, the comparison between
fast-growing and slow-growing genotype was carried out by using Student’s t-test. * = Mean value for the slow-growing genotype followed by * significantly differ
from that assessed in NORM muscles belonging to the fast-growing group (P < 0.05).
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TABLE 1 | One-way ANOVA results for the type of abnormality effect.

Gene N Mean SD Group effect
F-value P(>F)
VIM (long transcript) 14.89 0.001
NORM 5 1.60 0.44
WS 5 1.99 0.64
WB 5 2.45 0.35
SM 5 2.58 0.33
All 20 2.16 0.58
VIM (common sequence) 4.58 0.046
NORM 5 1.31 0.86
WS 5 2.51 2.71
WB 5 4.37 3.36
SM 5 5.48 5.58
All 20 3.42 3.66
DES 3.45 0.079
NORM 5 0.37 0.23
WS 5 0.77 0.51
WB 5 1.01 0.59
SM 5 0.85 0.40
All 20 0.75 0.48

For each group, mean and standard deviation (SD) of the normalized gene
expressions are reported.

undergoing regenerative processes. However, some fibers showed
immunoreactivity to VIM but not to DES. It can thus be likely
hypothesized that different consecutive phases of regeneration
were taking place within these muscles as also evidenced by
the small diameter of these fibers themselves. Indeed, VIM is
mainly expressed in immature myotubes and myoblasts (Price
and Sanger, 1982) and its expression gradually decreases as their
development proceeds (Tokuyasu et al., 1985). In this context,
the fibers immunoreactive to VIM might be considered at the
beginning of the regenerative process in which this protein is
transiently expressed (Gallanti et al., 1992). On the other hand,
it might be hypothesized that in those fibers positively stained to
both VIM and DES an advanced phase of muscle regeneration
is in progress thus leading to a strong immunoreactivity to
DES (Bornemann and Schmalbruch, 1992; Gallanti et al., 1992).
In detail, the presence of fibers immunoreactive to both the
intermediate filaments is particularly evident in those muscles
affected by abnormalities (WS, WB, and SM). These results are
in agreement with the findings of previous studies carried out
on dystrophic muscles in which the expression and distribution
of DES and VIM have been assessed (Cooper et al, 1988;
Gallanti et al., 1992; Holland et al., 2015; Frohlich et al., 2016).
Indeed, an increased expression of VIM and DES was considered
as a reliable marker of muscle regeneration (Bornemann and
Schmalbruch, 1992; Gallanti et al., 1992; Frohlich et al., 2016)
and hypothesized to be a compensatory mechanism supporting
the structural organization of the sarcomere (Gallanti et al.,
1992). Besides, if compared with NORM muscles belonging to
the fast-growing genotype, the few fibers immunoreactive to
VIM and DES observed in the slow-growing genotype, suggest
that in these animals, not selected for growth performances,

only mild regeneration processes, ascribable to a physiological
turnover, occur.

The results of Western Blot analyses corroborate those
obtained through immunohistochemistry and provide elements
to further characterize the muscles exhibiting WS, WB, and SM.
In detail, the significantly higher amount of VIM observed in
WB suggests the development of intense regenerative processes in
an early-stage within these muscles. On the other hand, the 1.5-
fold increase in DES content found in WS might be attributed
to a progression of the regenerative processes that require
the synthesis of this intermediate filament protein to preserve
the structural organization of the developing fibers. Therefore,
overall, it might be speculated that regenerative processes were
taking place in both WB and WS muscles even though a different
progression step in the development of regenerative fibers was
observed. This hypothesis could be further tested in follow-up
investigation, by measuring the expression of VIM and DES at
different stages of the animals’ growth. Also, the significantly
lower content of VIM and DES observed in the muscles belonging
to the slow-growing genotype (29.4 and 49.3%, respectively),
in comparison with their NORM fast-growing counterpart,
confirmed the occurrence of a less intense regeneration that
might be barely related to a physiological turnover of the muscle
fibers. It might be pointed out that our immunoblots for VIM
and DES revealed the presence of a single band that, according to
the marker, has a molecular weight of approximately 110 kDa.
These results are in agreement with the findings obtained in
previous studies (Traub et al., 1993; Henderson et al., 2017).
Thus, considering the high specificity of the antibodies used for
Western Blotting (the same adopted for immunohistochemistry),
we hypothesized that this band might be the result of the
formation of dimers, either homodimers (only VIM or DES) or
heterodimers (VIM-DES) at the Z-disk (Henderson et al., 2017).
Indeed, in various developmental and pathological conditions,
VIM and DES are co-expressed (Stewart, 1990; Traub et al., 1993)
and were observed to form heterodimers (Traub et al., 1993;
Henderson et al., 2017).

About gene expression results, both couples of primers
designed on the VIM gene successfully amplified all samples
and the two isoforms reported in the Ensembl database for VIM
gene were quantified. Therefore, these results suggest that also
a longer VIM isoform is commonly expressed in the P. major
muscle of fast-growing. This longer VIM isoform (Ensembl
ID = ENSGALT00000014123.6) is reported to have a longer
promoter and exon 1 sequences compared to the shorter VIM
transcript (Ensembl ID = ENSGALT00000083582.2; last accessed
on 30 of January 2019). Similar alternative usage of the gene
promoter and first exon has been also observed for human VIM
gene in breast cancer and adrenal carcinoma cell lines (Zhou
et al., 2010), but the functional properties of these transcripts
are still unclear. In the present study, both VIM common
sequence and VIM long transcript-specific sequence showed a
concurrent expression in the samples, in agreement with the
results in human cells (Zhou et al., 2010), but different patterns
of correlations were noticed between the two VIM sequences as
well as between them and DES gene expression. In particular,
despite both VIM sequences followed a similar increasing trend
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FIGURE 4 | The normalized expression values observed for the tested groups: normal (NORM), White-Striping (WS), Wooden Breast (WB), and Spaghetti Meat (SM)
samples. Furthermore, the normalized gene expression levels were also reported for the slow-growing samples, and their values were used to compare the gene
expressions measured in NORM group. Panel (A) shows the normalized expression levels obtained with the primer couple specific for Vimentin (VIM) long-isoform;
(B) reports the normalized expression levels obtained with the primers designed on Vimentin (VIM) sequence common to both gene isoform; (C) shows the
normalized expression levels of Desmin (DES) gene. The measured standard errors are graphically represented by error bars, and only the significant P-values
(P < 0.05) and trends toward significance (P < 0.10) are reported for the comparisons between group gene expressions.

when passing from NORM to SM groups, the two isoforms
were positively correlated in broilers exhibiting a macroscopically
normal appearance, while the same were negatively correlated
in the P. major muscles affected by WS condition. This twist in
the correlations can suggest that the splicing of the alternative
VIM transcripts may have a role in the occurrence of WS
abnormality and that, more in general, a co-regulation pattern

may exist between the two VIM transcripts. This hypothesis
would need anyway to be proven with further dedicated studies,
to elucidate the possible effects of the different VIM transcripts
in macroscopically normal and in abnormal P. major muscles.
Moreover, the two VIM sequences showed opposite correlations
with DES gene expression in the WS group, suggesting that the
two VIM isoforms may also play distinct functional roles in the
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TABLE 2 | Spearman’s correlations between the expression levels of VIM and
DES genes considering all the samples and each type of abnormality.

All VimM ViM DES
(long transcript) (common sequence)
VIM(long transcript) 1 n.s. n.s.
VIM(common sequence) n.s. 1 0.90%**
DES n.s. 0.90*** 1
NORM
SM
VIM(long transcript) 1 0.90* n.s.
VIM(common sequence) n.s. 1 0.90*
DES n.s. 0.90* 1
WS
wWB
VIM(long transcript) 1 —0.99*** —0.99***
VIM(common sequence) n.s. 1 0.99%**
DES n.s. 0.90* 1

Significant correlations are reported in bold. *P < 0.05; ***P < 0.0001. n.s.,
not significant.

regenerative process taking place in WS affected muscles. On the
whole, these results seem to confirm that WS muscles may be in a
more advanced stage of muscle regeneration, since the negative
correlation occurring between DES and VIM long transcript-
specific sequence reflects the negative relation linking VIM and
DES during the development of immature myotubes, where
DES expression gradually increases while VIM is down-regulated
(Sejersen and Lendahl, 1993).

The comparison between the expression of the VIM and DES
genes and the protein levels further evidenced that, although
the highest level of expression of DES gene was found in WB,
this is not associated with a higher amount of DES protein,
whose content was found to be significantly higher in WS.
We hypothesize that this might be attributed to a potential
delay in the DES protein translation as a consequence of
the remarkably higher VIM content observed in WB muscles.
Indeed, a higher VIM content was found in WB and suggested
that the higher VIM gene expression results in a successfully
translated protein. These results seem to support the hypothesis
that a more advanced regeneration can be observed in WS
in comparison with WB in which regenerative processes in
an early-stage associated with still high levels of translated
VIM protein are found. Intriguingly, no linear correspondence
between VIM gene expression and its protein product was
observed in SM affected muscles. Indeed, the highest VIM
mRNA level in these muscles was associated with a significantly
lower content of the relative protein. This unexpected result
together with the strong VIM immunoreactivity observed in
fibroblasts, in agreement with previous studies (Bornemann and
Schmalbruch, 1992; Gallanti et al,, 1992; Chang et al., 2002),
led us to consider in deeper the mechanisms underlying VIM
transcription and its translation processes. In detail, this evidence
observed also in our samples, may reflect the regulative action

exerted by VIM on fibroblast proliferation and differentiation
(Cheng et al., 2016). VIM has been proven to coordinate
fibroblast proliferation in regenerative processes as a response
to wound healing (Cheng et al., 2016). Thus, this suggests that
VIM protein plays a major role in the regulation of pathological
fibrosis in which differentiated fibroblasts are responsible for
inducing fibrosis via increased extracellular matrix synthesis and
impedes normal function of the organ (reviewed in Darby and
Hewitson, 2007). This role of VIM in regulating fibroblasts
proliferation (Cheng et al., 2016) seems to be consistent with
the results obtained in the present research in which the
highest VIM content is observed in WB affected muscles that
concurrently exhibit proliferation of connective tissue. Within
this context, the increased expression of VIM together with the
higher content of the related protein in WB may have induced
the fibro-adipogenic precursors to differentiate into fibroblasts.
On the other hand, the lack of translation of VIM mRNA
into VIM protein noticed in SM samples may have resulted
in an impaired differentiation of fibro-adipogenic precursors to
fibroblasts (as evidenced by the findings of immunohistochemical
analyses). It can be likely speculated that this may lead to an
altered extracellular matrix synthesis that inducing a reduction
in the number of fibroblasts within the perimysial compartment,
ultimately, results in the progressive rarefaction of the perimysial
connective tissue that is distinctively observed in SM affected
muscles. However, this hypothesis needs to be tested in future
studies. Interestingly, the amount of VIM protein has been
already reported to depend mainly on post-transcriptional
regulation of VIM gene expression (Beggs et al, 2015), thus
suggesting that a similar regulative process may have occurred
also in SM samples. Therefore, we hypothesize that the different
phenotypes associated with WS, WB, and SM in P. major
muscles may be at least in part, a direct consequence of VIM
protein synthesis. Moreover, a deeper knowledge of the molecular
processes influencing both the VIM protein synthesis from
mRNA and the post-transcriptional regulation of gene expression
is needed to assist the identification of the factors involved in
the occurrence of the muscular growth-related abnormalities
in broilers.

CONCLUSION

The distribution and expression of the intermediate filament
VIM and DES proteins can be considered a reliable marker of
the regenerative processes taking place within the P. major in
modern broilers affected by WS, WB, and SM abnormalities
but also in those having a macroscopically normal appearance.
Overall, the patterns of immunoreactivity together with the
results obtained through immunoblotting and gene expression
suggested that intense regenerative processes were taking
place in both WB and WS muscles even though a different
progression in the development of regenerative-fibers can be
likely hypothesized, with the first being in an early stage of
regeneration if compared with WS once. This could be further
tested in follow-up investigation, by measuring the expression
of VIM and DES at different stages of the animals’ growth.
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On the other hand, the lack of correspondence between VIM
gene expression and its protein product observed in SM suggested
that VIM may also have a major role in the occurrence of
SM phenotype. Anyway, further research will be needed to
understand if post-transcriptional mechanisms affecting the
translation of VIM mRNA to protein can exert an important
effect in the development of the WB and SM abnormalities.
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The muscle myopathy wooden breast (WB) has recently appeared in broiler production
and has a negative impact on meat quality. WB is described as hard/firm consistency
found within the pectoralis major (PM). In the present study, we use machine learning
from our PM and liver transcriptome dataset to capture the complex relationships that
are not typically revealed by traditional statistical methods. Gene expression data was
evaluated between the PM and liver of birds with WB and those that were normal. Two
separate machine learning algorithms were performed to analyze the data set including
the sequential minimal optimization (SMO) of support vector machines (SVMs) and
Multilayer Perceptron (MLP) Artificial Neural Network (ANN). Machine learning algorithms
were compared to identify genes within a gene expression data set of approximately
16,000 genes for both liver and PM, which can be correctly classified from birds with
or without WB. The performance of both machine learning algorithms SMO and MLP
was determined using percent correct classification during the cross-validations. By
evaluating the WB transcriptome datasets by 5x cross-validation using ANNs, the
expression of nine genes ranked based on Shannon Entropy (Information Gain) from PM
were able to correctly classify if the individual bird was normal or exhibited WB 100%
of the time. These top nine genes were all protein coding and potential biomarkers.
When PM gene expression data were evaluated between normal birds and those with
WB using SVMs they were correctly classified 95% of the time using 450 of the top
genes sorted ranked based on Shannon Entropy (Information Gain) as a preprocessing
step. When evaluating the 450 attributes that were 95% correctly classified using SVMs
through Ingenuity Pathway Analysis (IPA) there was an overlap in top genes identified
through MLP. This analysis allowed the identification of critical transcriptional responses
for the first time in both liver and muscle during the onset of WB. The information
provided has revealed many molecules and pathways making up a complex molecular
mechanism involved with the progression of wooden breast and suggests that the
etiology of the myopathy is not limited to activity in the muscle alone, but is an altered
systemic pathology.

Keywords: wooden breast, machine learning, poultry transcriptomics, support vector machines, artificial neural
networks, transforming growth factor
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INTRODUCTION

The occurrence of wooden breast (WB) in commercial poultry
production is rising, leaving producers with an inferior product
and, ultimately, unsatisfied consumers (Mudalal et al., 2014;
Petracci et al., 2015). Much of the incidence is thought to be
attributed to artificial selection that has led to the development
of broilers with greater muscle yield, better feed conversion rates,
and faster growth. Frequent detection of muscle myopathies has
been thought to be associated with increased growth rates and
breast muscle yields (Sihvo et al., 2014; Trocino et al., 2015;
Kuttappan et al., 2016; Abasht et al., 2019). WB is described as
a hard or firm consistency deep within the pectoralis major (PM)
muscle (Sihvo et al., 2014). Alterations of the meat composition
have been observed including increased moisture, collagen,
sodium, calcium and fat content (Zambonelli et al., 2014). When
compared to PM without the myopathy, the PM meat quality
with WB is lower due to greater cooking losses and greater shear
force when compared to PM without the myopathy (Zambonelli
et al., 2014; Trocino et al., 2015). Consequently, the meat texture
of the breast is tougher and less desirable to the consumer.
Extensive histological evaluation of WB has been characterized
by necrosis, chronic fibrosis, infiltration of fat and connective
tissue, and the presence of inflammatory cells and macrophages
(Sihvo et al., 2014; Trocino et al., 2015; Kuttappan et al., 2016;
Papah et al., 2017).

The severity of WB is often categorized on a scale ranging from
0 to 3 (0, normal; 1, mild; 2, moderate; 3, severe) (Trocino et al.,
2015). WB lesions can be detected through manual palpation of
the PM as early as 3 weeks of age (Mutryn et al., 2015). Research
covering muscle myopathies in broilers reveals that myopathies
have increased in recent years and have been correlated with the
selection of larger breast muscle (Petracci et al., 2015). The cause
of WB is currently unknown, but it is more prevalent in older,
heavier male broilers than young birds (Kuttappan et al., 2017;
Brothers et al., 2019). Larger breast muscle has been associated
with hypertrophied muscle fibers which is thought to impact
blood supply and number of satellite cells that are needed in
muscle regeneration (Daughtry et al., 2017; Malila et al., 2019).

The increase in prevalence and severity of WB has the
potential to result in excessive economic loses. It has been
projected that these losses could exceed more than $200 million
USD/yr (Kuttappan et al., 2016). Often, the PM muscle of birds
with WB can appear pale, bulging, and covered in a clear viscous
fluid (Sihvo et al., 2014). Considering consumers frequently
purchase chicken breasts based on visual appearance of the meat,
this unpleasant appearance will undoubtedly have a negative
impact on sales (Petracci et al., 2015). Even if WB is undetectable
by the outward appearance prior to purchase, the hardness of the
inner muscle will become evident once the meat is handled or
consumed. Ultimately, this is bad for the consumer, the company,
and poultry production as a whole by breaking consumer trust
and potentially initiating the desire for an alternative product.

Currently, researchers are investigating the nutritional,
physiological, and genetic factors that surround this myopathy
through the use of many common techniques that span from the
inclusion of feed additives to molecular approaches using gene

expression analysis and histology (Velleman and Clark, 2015;
Kuttappan et al., 2016; Papah et al.,, 2018; Petracci et al., 2019).
In the present study, we use machine learning analysis of PM and
liver transcriptome datasets to capture the complex relationships
that are not typically revealed by traditional statistical methods.
This was achieved through the use of algorithms to identify genes
within an extensive RNA sequencing dataset whose expression
can be used to correctly distinguish normal tissue apart from
severe/moderate WB. Previous gene expression datasets have
characterized many molecular relationships present in birds with
WB (Mutryn et al., 2015; Papah et al., 2018; Brothers et al,,
2019). This study uses a different mechanism to evaluate gene
expression data in the hopes for a more concise evaluation of
the WB myopathy.

MATERIALS AND METHODS

Facilities and Rearing

This experiment was conducted at the North Carolina State
University Chicken Education Unit between the months of
March and April, 2019. All procedures used in this study were
reviewed and approved by the Institutional Animal Care and
Use Committee. Eggs were collected from a resident 25-week-
old broiler breeder flock of known, similar genetic background
and stored for no more than 7 days at 15°C. Incubation
was performed based on the methods described by Livingston
(Livingston et al., 2018a). Day of hatch chicks were sex-sorted
and a total of 128 male chicks were individually neck tagged and
placed into eight replicate pens (1.2 m x 4.0 m; 4.8 m?) with
16 chicks per pen (blocked by location within the house). Each
pen was supplied with one bell water drinker, two tube feeders,
and bedded with fresh pine shavings (15 cm deep). Broilers
were provided ad libitum access to a common commercial
starter diet (1-14 days) and a common grower diet (14-45 days)
manufactured at the NC State University Feed Mill (Table 1).
Eight broilers from each pen, for a total of 64, were selected (based
on experiment-wise mean BW) for processing at 45 days. Birds
were evaluated for WB and samples of PM and liver tissue were
collected for analysis of gene expression and stored at —80°C.
PM tissue was sampled from the deep medial region of the
birds left breast and liver tissue was sampled from caudal region

of the left lobe.

Processing

At 45 days, selected broilers were collected and transported
to the North Carolina State University Chicken Education
Unit’s broiler processing facility followed by shackling and
stunning in a salt saturated saline head stun cabinet. Birds
were head stunned with a 110v/60hz CF2000 poultry stun
knife set to 150 mA for 10 s. Broilers were exsanguinated
for 120 s by opening of the jugular vein and carotid artery
with a single knife cut by a trained technician followed by
scalding in hot water (60°C) for 120 s. This was followed by
feather picking for 30 s (Meyn Food Processing Technology
B.V., Westeinde Amsterdam, Netherlands). Head and feet were
removed, vent opened (VC Poultry Vent Cutter, Jarvis Product
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TABLE 1 | Composition of basal starter and grower diets’.

Ingredients Starter Grower
Corn 55.22 57.45
Soybean meal (48% CP) 36.9 31.87
Poultry fat 2.36 5
Dicalcium phosphate (18.5% P) 2.02 2.39
Glycine 1.25 1.25
Limestone 0.77 0.6
Salt 0.5 0.5
DL-Methionine 0.28 0.24
Choline chloride (60%) 0.2 0.2
L-Threonine 0.1 0.09
L-Lysine 0.05 0.07
Selenium premix? 0.05 0.05
Vitamin premix® 0.05 0.05
Mineral premix* 0.2 0.2
Coccidiostat® 0.05 0.05
Total 100 100
Calculated nutrient content

Crude protein 225 20.2
Calcium 0.9 0.9
Available phosphorus 0.45 0.5
Potassium 0.89 0.82
Total lysine 1.27 1.14
Total methionine 0.62 0.55
Total threonine 0.85 0.76
Total methionine + cysteine 0.97 0.87
Sodium 0.21 0.2
Metabolizable energy (kcal/g) 2.85 3.03

! Starter diet was fed to approximately 14 days of age, 1820 g per bird. 2Selenium
premix provided 0.2 mg Se (as Na,SeOs) per kg of diet. 3Vitamin premix supplied
the following per kg of diet: 13,200 IU vitamin A, 4,000 IU vitamin D3, 33 IU vitamin
E, 0.02 mg vitamin Bio, 0.13 mg biotin, 2 mg menadione (Kz), 2 mg thiamine,
6.6 mg riboflavin, 11 mg d-pantothenic acid, 4 mg vitamin Bg, 55 mg niacin, and
1.1 mg folic acid. *Mineral premix supplied the following per kg of diet: manganese,
120 mg; zinc, 120 mg; iron, 80 mg; copper, 10 mg; iodine, 2.5 mg; and cobalt,
1 mg. ®Coccidiostat supplied monensin sodium at 90 mg/kg of food.

Corp., Middleton, CT, United States), and viscera and giblets
removed manually. Liver and PM tissue were removed and
snap frozen on liquid nitrogen for RNA sequencing analysis.
Hot carcass weights (HCW) were collected prior to carcasses
being air chilled at 3.0°C for approximately 24 h. At 24 h
postmortem examination of the PM muscle was evaluated after
breast muscle was removed from carcass and bones by a trained
and experienced technician for WB using a one to four-point
ordinal scale of measurement in accordance with the methods
described previously by Livingston with a score of one being
normal and four being most severe (Livingston et al., 2018b).

RNA Sequencing Analysis

Pectoralis major and liver tissue samples from 45 d broilers with
varying severities of WB scores were obtained and preserved
in RNALater. RNA extracted from the PM of 15 birds with
moderate to severe WB was compared to RNA extracted from five
normal PM. For liver RNA evaluation, 10 samples from birds with
moderate to severe WB and five livers from birds with normal

PM were used. RNA was extracted from the tissues using Qiagen
RNeasy Mini protocol (Qiagen, Valencia, CA, United States)
following the manufacturer’s instructions. The RNA quality
was assessed by Nanodrop 2000 spectrophotometer (Thermo,
United States). Two micrograms of RNA from each sample
were taken to the North Carolina State University Genomics
Sciences Laboratory for library preparation and sequencing
on the Ilumina HiSeq 2500 sequencer. RNA sequencing was
analyzed using CLC Genomics Workbench (Qiagen, Valencia,
CA, United States; licensed to NCSU) version 11 following
the software manual'. RNA sequencing reads and annotations
were mapped to the chicken genome (galgal5) from NCBI.
Raw reads were processed by the default settings of reads’
quality control and adapter trimming. The false discovery rate
p-value (FDRp) was calculated to correct for multiple testings’
and an FDR adjusted p < 0.05 was considered statistically
significant. Fold change and Log; fold change differences in gene
expression between WB scores moderate to severe and normal
were also calculated.

Machine Learning Analysis

Gene expression data were analyzed from the PM and liver using
the Waikato Environment for Knowledge Analysis (WEKA)
version 3.8.3. Two different pattern recognition machine learning
algorithms were performed to analyze the data set: sequential
minimal optimization support vector machines (SVMs) and
artificial neural network multilayer perceptron (MLP) (Cortes
and Vapnik, 1995; Eibe et al., 2016). The machine learning
algorithms were compared to identify gene expression patterns
within the data set of 15,569 genes, which could be used
to correctly classify birds as either exhibiting moderate to
severe WB or normal (dichotomous class assignment). Briefly,
the 15,569 genes from the gene expression dataset were
ranked based on Shannon Entropy (Information Gain) in
dichotomous classification assignment by SVMs (Keerthi et al.,
2001; Eibe et al, 2016). Information gain ranking was then
used to identify those gene expression patterns most relevant
to assignment of each bird as having WB or normal by either
MLP or SVMs. Reduction of data dimensionality for each
machine learning algorithm was then performed by sequential
exclusion of those gene expression patterns least relevant
to the class assignment (50-2,000 per sequence). This step
eliminates overfitting of the machine learning classifiers. To
identify the minimum number of gene expression patterns
required for classification, 1-50 genes were sequentially excluded
from the dataset until only the top 2-7 remained. This step
identifies underfitting of the machine learning classifiers and
the point of optimal classification for the MLP and SVMs was
determined to be the intersection between the underfitting and
overfitting curve plots.

Class assignment of all machine learning algorithms
was evaluated vis-d-vis by two cross-validation strategies
(classification as either WB or normal). The first being a
percentage split, where 66% of the total data were randomly

Thttp://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/
current/User_Manual.pdf
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used for training and the remaining 34% of the data were used
in testing. The second cross-validation was a stratified hold-out
(n-fold) method with 5-fold, where 4-fold of the randomized
gene expression data were used for the training and 1-fold
was used for testing. This was repeated five times, such that all
normal replicate samples were used at least once in testing and
the average model performance was recorded.

The performance of the two machine learning algorithms
SVMs and MLP was determined using percent correct
classification during the cross-validations, which indicated
the likelihood that each individual biological replicate could
accurately be assigned into the classes of WB or normal based on
the gene expression data provided. Kappa statistic and ROC score
also were recorded. Any kappa statistic greater than 0 indicated
that the machine learning classifier is performing better than
random chance along with a ROC score of greater than 0.500.
The random probability of chance for dichotomous assignment
was assumed to be 50% based on the Law of Probability.

A negative control of machine learning was created through
10 separate randomizations of the individual birds within the
dataset. The SVMs and MLP were unable to predict WB or
normal, indicating the machine learning herein is true.

Pathway Analysis

Ingenuity Pathway Analysis (IPA; Qiagen, Valencia, CA,
United States)” software was used for canonical pathway analysis,
upstream regulatory analysis, and gene network discovery. SVM
analysis of the top 450 performing differentially expressed genes
from the PM of birds with moderate/severe to normal WB
were used in IPA and the top 150 were used from the liver
dataset. IPA calculation of z-scores using the gene expression fold
change values measures the state of activation or inhibition of the
molecules involved in the molecular networks. The analysis of
biological mechanisms occurring in the differentially expressed
genes of the chicken in IPA are based on mammalian systems for
human, rat, and mouse.

RESULTS

Multilayer Perceptron

By using the novel approach of evaluating the WB PM
transcriptome dataset by 5-fold cross-validation using MLP, the
expression of nine genes (NUP43, KPNA7, DEAFI1, NUDIJ9,
CCDC85A, SLC25A30, ENSGAL00000015075, PACSIN3, and
RPLI9) were able to correctly classify if the PM tissue from
an individual bird was normal or exhibited WB in 100% of
the individual genomes when using the top nine genes ranked
based on Shannon Entropy (Information Gain) (Figure 1).
MLP is an artificial neural network, which can distinguish data
that are not linearly separable, but instead is a feed forward
mechanism that maps a dataset into suitable outputs. The top
nine genes in the PM were further analyzed for their individual
biological roles (Table 2). When the liver transcriptome dataset
was evaluated by 66% split using MLP, the expression of

Zhttp://www.ingenuity.com

75 genes were capable of correctly classifying the PM tissue
of an individual bird as exhibiting WB or normal in 100%
of the individual genomes (Figure 2). The kappa statistic
and ROC score were optimal at 1 for both PM and liver.
The individual expression of transcripts CARDI9 and ITCH
predicted WB or normal using MLP 5-fold cross validation
93.333% of the time whereas BUD13 and ENSGALG00000039590
individually predicted WB or normal 100% of the time using 66%
split (Table 3).

Sequential Minimal Optimization

When the PM gene expression data set was evaluated between
birds with WB and those that were normal using WEKA SMO
function of SVMs by a 5-fold cross-validation method they were
correctly classified 95% of the time using 450 of the top genes
ranked based on Shannon Entropy (Information Gain) as a
preprocessing step (Figure 3). The kappa statistic and ROC score
were optimal at 0.8571 and 0.9000, consecutively. The liver gene
expression data set was evaluated using the SMO function of
SVMs by both a 5-fold cross-validation method and the 66%
split method was capable of predicting WB or normal 100%
of the time with 100 to 200 of the top genes ranked based on
Shannon Entropy (Information Gain) (Figure 4). Optimal kappa
statistic and ROC scores of 1 were achieved for both methods. In
both machine learning algorithms, the stratified hold-out method
appeared to accurately estimate the machine learning classifier
correctly more often than the percentage split method.

Ingenuity Pathway Analysis

Lastly, Ingenuity Pathway Analysis (IPA) was used to evaluate the
top 450 genes ranked based on Shannon Entropy (Information
Gain) from the PM transcriptome using SMO and 150 of the
top genes ranked based on Shannon Entropy (Information Gain)
for the liver transcriptome using SMO. Interestingly, many of
the top analysis ready molecules detected in IPA were the
same molecules detected using the completely separate machine
learning approach of MLP. The repeatability in identification
of these genes leads to greater confidence in the role they are
having in the WB myopathy. These included BUDI3 from the

® MLP SFX @ MLP 66% Split

LR B N N
L B
seseveoe °
eesecscccsve
— — X

Model R2 (%)

Number of Genes with Greatest Importance to WB

FIGURE 1 | WB PM transcriptome dataset by 5x cross-validation and 66%
percent split using Multilayer Perceptron (MLP).

Frontiers in Physiology | www.frontiersin.org

February 2020 | Volume 11 | Article 101


http://www.ingenuity.com
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Phillips et al.

Muscle Myopathy by Machine Learning

TABLE 2 | Top nine regulators of differential expressed genes in the PM of birds with normal PM compared to severe/moderate WB by 5-fold cross-validation with 100%

correct classification and percent split with 85.71% correct classification using MLP.

Gene Gene type Short description Log-fold change P-value
NUPA43 Protein Coding Forms Nuclear Pore Complex (NPC) 0.2005 0.4900

KPNA7 Protein Coding Forms Nuclear Pore Complex (NPC) —3.4539 2.62E-06
DEAF1 Protein Coding Zinc Finger Domain Transcription Regulator; Inhibits Cell Proliferation 0.3406 0.2972

NUDT19 Protein Coding Enzyme involved in Peroxisomal Lipid Metabolism 0.9608 1.28E-04
CCDC85A Protein Coding Unknown 2.0774 0.0009
SLC25A30 Protein Coding Renal Mitochondrial Carrier 0.1223 0.9574
ENSGALG00000015075 Protein Coding Beta-1,3-glucuronyltransferase 1 —0.3370 0.5767

PACSIN3 Protein Coding Links Actin Cytoskeleton with Vesicle Formation —0.9920 1.58E-04
RPL19 Protein Coding Ribosomal Protein Component of the 60S Subunit —0.8323 0.0066

i System Development and Function, Developmental Disorder,

® MLP 66% Split @ MLP 5FX . . . . . .

Hereditary Disorder (Figure 6), Connective Tissue Disorders,

s L ° Hematological Disease, Hereditary Disorder (Figure 7), and Cell

o~ s — Cycle, Embryonic Development, Cellular Movement (Figure 8).

- Figure 6 depicts CARDI9 which was also detected using MLP

; it e S of WEKA. This network is an association of the relationship

3 this group of molecules has in association with the skeletal and

b muscular system development and function. Figure 8 represents

P L LS L S P2 0

G
N

Number of Genes with Greatest Importance to WB

FIGURE 2 | WB Liver transcriptome dataset by 5x cross-validation and 66%
percent split using Multilayer Perceptron (MLP).

liver transcriptome dataset and CCDC85A and KPNA7 from the
PM dataset (Tables 2, 3).

The top associated network function in IPA for the PM
transcriptome dataset was for RNA Damage and Repair, Protein
Synthesis. This pathway involves RPL19 which is a component
of the 60S ribosomal subunit detected through MLP of WEKA
(Figure 5). When evaluating the liver transcriptome dataset three
top network associations identified were Skeletal and Muscular

molecules in the cell cycle such as TGF-f, MAP2K1/2, and
calcineurin proteins which are important in skeletal muscle
myoblast regulation and differentiation.

When comparing the performance of the top ranked genes
between MLP and SVM, many genes were identified as top
performing in both ML models. In the PM data set, evaluation
of the top nine molecules with increased expression, KPNA7 was
observed in both MLP (100% classification) and the top analysis
ready molecules in IPA from the best performing data set using
SVM (Table 2). RPL19 was observed as a top regulator in MLP
with the ability to correctly classify WB or normal 100% of the
time and was an affected molecule in the IPA analysis of the top
associated network (Figure 5). In the same data set CCDC85A
was observed as a molecule with decreased expression in both ML
models and able to correctly classify WB 100% of the time using
MLP (Table 2).

Assessing the liver dataset there were many overlaps
using the two ML models. BUDI3 was a top regulator in

TABLE 3 | Top regulators of differential expressed genes in the liver of birds with normal PM compared to severe/moderate WB tissues using MLP.

Gene and Validation Method Gene Type Short Description Log-fold change  P-value
CARD19 Protein Coding Caspase Recruitment Domain Family —2.5547 0.2831
Stratified hold-out (93.333%) Member 19; Negative Regulation of

IKKB/NFKB Cascade; Regulation of

Apoptosis
ITCH Protein Coding Related pathways are signaling by —1.2210 0.7238
Stratified hold-out (93.333%) Sonic Hedgehog and TNF signaling

pathway. Plays a role in erythroid and

lymphoid cell differentiation and

regulation of immune responses.
BUD13 Protein Coding Component of the active spliceosome 1.2022 0.6601
Percent split (100%) involved in pre-mRNA splicing
ENSGALGO00000039590 Protein Coding Unknown —2.0511 0.1209

Stratified Hold-Out (93.333%) and Percent Split (100%)
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FIGURE 3 | WB PM transcriptome dataset by 5x cross-validation and 66%
percent split using Sequential Minimal Optimization (SMO).
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FIGURE 4 | WB Liver transcriptome dataset by 5x cross-validation and 66%
percent split using Sequential Minimal Optimization (SMO).

MLP and a top analysis ready molecule with increased
expression in IPA (Table 3). The associated network related
to skeletal and muscular system development and function
from IPA had CARDI9 as a downregulated molecule in
IPA and a top regulator in MLP that was able to predict
WB or normal 93.33% of the time (Figure 6). Lastly,
the IPA network associated with cell cycle, embryonic
development, and cellular movement included the down
regulation of the ITCH molecule which was also detected
in MLP as being able to correctly classify 93.33% of the
time (Figure 8).

DISCUSSION

Prior systematic studies of the abnormal muscle phenotype
referred to as wooden breast using gene expression
measurements has identified multiple processes that may
contribute to the development of the myopathy. Processes
including muscle fiber regeneration, inflammatory response,
myodegeneration, hypoxia, fibrosis, lipidosis, and altered
energy metabolism are likely involved in the manifestation of
wooden breast (Mutryn et al., 2015; Zambonelli et al.,, 2016;

Papah et al, 2018; Malila et al., 2019; Petracci et al., 2019).
This study attempts to connect organismal level physiology
and metabolism with the activity in the breast muscle by
including the evaluation of liver gene expression by a novel
analysis method.

Machine Learning Approach

Traditional statistics is not well designed to handle datasets
which have more variables than observations therefore this is
an alternative method to analyze and make interpretations of
datasets. Using the traditional statistical approach on this dataset
resulted in almost 1000 genes being identified as differentially
expressed (FDR corrected p < 0.05) across the etiology of WB
in the PM and only one gene in the liver. This large number
of targets (or too few) when subjected to pathway analysis in
IPA results in more pathways (or none) than can be interpreted,
therefore an alternative approach was warranted. The use of
machine learning on the transcriptome datasets allows for the
recognition of consistent patterns or systematic relationships
within the datasets and therefore can be used to make predictions.
Through this process, the machine learns by building a model
from example inputs and then makes predictions on new data
by the learned pattern recognition. This is the first report using
machine learning to identify gene expression patterns associated
with WB in muscle as well as peripheral tissues that may be
influencing the myopathy development.

PM Fibrosis

Evaluating the top nine genes ranked based on Shannon Entropy
(Information Gain), all the genes are protein coding genes
(Table 2). The top two genes NUP43 and KPNA?7 are two essential
Nuclear Pore Complexes (NPC). KPNA7 was also observed as
one of the top nine upregulated genes with a fold-change for
birds with WB (Mutryn et al., 2015). NPC’s are macromolecular
proteins found within the nuclear envelope in eukaryotic cells.
These complexes are surrounded by decondensed chromatin
and are responsible for the exchange of large molecules such as
proteins and RNA between the nucleus and cytoplasm (Kelley
etal., 2010). Prior to cell division there is an increase in expression
of NPC found in the nuclear envelope (NE). Once mitosis begins
the NE is broken down and NPCs form subcomplexes, which
are essential for later reassembly of the NPC. This process of
reconstruction is unknown, however, it has been shown when
the KPNA7 NPC is depleted, mitotic defects and deformation of
the nucleus occur (Vuorinen et al., 2018). In the mouse, KPNA7
is mostly expressed in oocytes and zygotes and is responsible
for epigenetic reprogramming which occurs during fertilization
and zygotic gene activation (Hu et al., 2010). Recently, NPCs
have been observed in regulation of gene expression and have
been associated with both gene silencing and activation (Galy
etal., 2000; Casolari et al., 2004). The expression of nucleoporins,
which make up the NPCs, vary depending on cell types and
changes in the structure of NPCs are used in the regulation of
cellular differentiation (D’Angelo, 2018). In mammals, the tissue
specific NPC, Nup210 has an effect on the regulation muscle
development and maintenance. Nup210 regulates myofiber
maturation, growth and even survival through the use of a
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dependent transcription factor Mef2C in the regulation of
structural and maturation related muscle genes (D’Angelo et al,,
2012; Raices et al., 2017). In the absences of Nup210 the initial
formation of muscle fibers occurs during development, however
in older animals abnormal muscle structure develops and muscle
degeneration can even occur (Raices et al., 2017).

PM Regeneration

Another top gene, DEAFI, is a part of the SAND domain in
the molecule Ski. The activity of Ski was originally identified
in the chicken as a transduced retroviral oncogene, however,
research has indicated homologs which are not associated with
endogenous viral loci (Li et al., 1986). The c-Ski residue is
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primarily found in the nucleus and is highly conserved in Smad4, FHL2, and MeCP2 (Engle et al, 2008). Ski can act
many species. The SAND domain is involved in protein-protein  as an activator or repressor to gene transcription depending
interactions and is responsible for the interactions of SKI with on the transcription factor it interacts with. C-Ski has been
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shown to bind with Smad4 and block activation of transforming
growth factor (TGF-B). TGF- leads to an increase in p-catenin
within the cytoplasm and B-catenin is an activator of canonical
Wnt signaling (Staal, 2016). TGF-B, TNF-a, and IGF-2 are
growth factors that regulate myoblast differentiation rather than
activation (Rosenthal et al., 1991; Li et al., 2005; Carter et al.,
2009). The key role of TGF-B in muscle repair is to regulate
the balance between fibrosis and regeneration. In Japanese quail,
myogenic differentiation is induced through the activation of
myogenic regulatory factors (MRFs), MyoD, and myogenin as
well as inhibiting HDAC activity (Colmenares and Stavnezer,
1989; Kobayashi et al., 2007). Satellite cells are activated by
expression of early myogenic regulatory factors, MyoD and Myf5.
Later, myogenin and MRF4 are expressed. The Ski response
element to myogenin is located upstream of the promoter region.
The gene RPL19 was discovered as one of the top nine
regulators in the MLP model able to 100% correctly classify
PM samples as WB or normal sample. This protein coding
gene encodes a ribosomal protein that makes up the 60S
ribosomal subunit (Davies and Fried, 1995). Like many of the
genes observed, RPL19 also plays a role in genetic regulation.
In mammals, this protein contains a CpG island at the 5’
transcriptional start site, which would indicate an area for
modifications to the expression of this gene (Davies and Fried,
1995). RPL19 was also involved in the top molecular network
associated with RNA damage and repair protein synthesis when
evaluating the 450 attributes that were 95% correctly classified
using SMO through Ingenuity Pathway Analysis (IPA) (Figure 5).
Transcripts related to spliceosomes were also detected in IPA
analysis in Figure 6, involving the previously mentioned gene
BUDI3 as a component of the spliceosome. Similar to this finding
previous research evaluating gene expression data in the PM
has indicated differential expression of small nucleolar RNAs
including snoRNAs and miRNAs, which are often involved in
ribosomal and protein synthesis (Zambonelli et al., 2014).
CCDCS85A, another top regulator identified with MLP, was
able to correctly classify as a single attribute WB and normal
PM birds 95% of the time using stratified cross-validation.
CCDC85A was also a top analysis molecule when evaluating
the 450 attributes that were 95% correctly classified using
SMO through Ingenuity Pathway Analysis (IPA). CCDC85A
is a protein coding gene for coiled coil domain containing
85a (Iwai et al., 2008). In humans, CCDC85A is regulated by
p53 and results in the degradation of B-catenin. This protein
suppresses B-catenin activity through interaction with T-cell
factors to result in Wnt signaling (Iwai et al., 2008). B-catenin
is an activator of canonical Wnt signaling (Staal, 2016). Wnt
signaling is responsible for the activation of satellite cells in adult
skeletal muscle and perturbations of this pathway can result in
muscle fibrosis (Cisternas et al., 2014). If Wnt signaling occurs
too often, the satellite cells become exhausted and eventually
lose the ability to renew (Ryall et al., 2008). This has been
characterized by increased extracellular matrix molecules such as
fibronectin, collagen, and macrophages leading to the inability of
muscles to regenerate and ultimately the loss of activity, leading
to similar traits associated with WB (Cisternas et al., 2014).
The addition of Wnt3A protein in mice has been shown to

increase the rate at which progenitor cells are converted from a
myogenic to a fibrogenic state resulting in increased deposition of
connective tissue (Brack et al., 2007). The expression of myogenic
regulatory factors (MRF) responsible for normal formation of
new myotubes, such as MyoD, Myf5, myogenin, and Pax3/7, are
activated by Wnt (Yokoyama and Asahara, 2011). However, in
the event that these progenitor cells lose the ability to mediate
repair, the muscle tissue is replaced by adipose and fibrotic
tissue, which also appears to be a phenotype associated with WB
(Laumonier and Menetrey, 2016). Our findings were not the first
to detect changes in Wnt signaling due to WB. Others have shown
that WB results in statistically significant differential expression
of WNT7A (Zambonelli et al., 2014). Wnt7a is responsible
for stimulating skeletal muscle growth and repair through the
induction of satellite cells via the mTOR pathway (Bentzinger
et al,, 2014). In contrast, others have found that there is an
increase in gene expression of the MRFs however, they tend
to vary depending on the lineage of the bird used (Velleman
and Clark, 2015). This has led to a different understanding
of the disease state which may not be entirely genetic or
environmental but rather both, which is commonly referred to as
epigenetic. It could be that environmental conditions stimulate
pathways leading to genomic modifications, potentially resulting
in phenotypic alterations.

Our working hypothesis, based on the ML analysis, is that the
underlying mechanism resulting in fibrosis and hence, WB, is
related to genetic regulation, possibly through NPCs, CCDC85A,
and B-catenin. These activate the Wnt signaling pathway via
TGF-B, mTOR and IGF-II pathways, potentially resulting in
WB pathology. It is possible that a pattern of Mendelian
inheritance does not result in direct causation of WB, but rather
modifications that result in changes in the expression of genes
such as histone modifications and DNA methylation.

Following damage or rapid growth, skeletal muscle satellite
cells are failing to regenerate myoblasts and results in fibrotic
scar tissue; overall, because stem cells are restricted to a
limited number of divisions, we hypothesize satellite cells are
being exhausted and eventually resulting in WB (Sacco et al,
2010). This is similar to the hypothesis presented by Daughtry
et al. (2017), who thought that a disruption in satellite cell
homeostasis was involved in muscle myopathies. Throughout the
life of an organism, the number of satellite cells available for
regeneration of cells decreases. For satellite cells, aging has been
characterized by delayed activation and the inability to proliferate
and differentiate. A decrease in the efficiency of Wnt, TGF and
IGF signaling pathways has been shown to limit satellite cell
proliferation and myoblast differentiation (Barton-Davis et al.,
1998; Carlson et al., 2009). It is known that fast twitch muscle
is the leading muscle type found in the PM of broilers. Fast twitch
muscle has fewer satellite cells than those of slow twitch resulting
in differences in the course of muscle regeneration (Collins and
Partridge, 2005). Differences depicted in fast twitch fibers include
the TGF-B expression pattern, early activation of the myogenic
regulatory factors, and better regeneration efficiency (Zimowska
et al., 2009, 2017). After injury, satellite cells are activated by
expression of early myogenic regulatory factors, MyoD and
Myf5. Next, late myogenic regulatory factors are expressed,
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which consist of myogenin and MRF4. Pax 3/7 are paired
box transcription factors that directly and indirectly regulate
myogeneic regulatory factors as skeletal muscle progenitor cells.
Together these altered pathways are likely contributing to the
development of the PM myopathy.

Organismal Metabolic Influence - Liver

Transcriptome

The liver was considered as a tissue of importance related to
WB due to the vast array of metabolic functions including
the responsibility to synthesize, metabolize and excrete many
molecules (Zaefarian et al, 2019). In the bird, 11% of
all protein synthesis occurs in the liver which are then
transported via systemic circulation to other tissues (Denbow,
2000). Evaluation of the liver transcriptome dataset using
IPA resulted in the identification of Skeletal and Muscular
System Development and Function, Developmental Disorder,
Hereditary Disorder (Figure 6), Connective Tissue Disorders,
Hematological Disease, Hereditary Disorder (Figure 7) and Cell
Cycle, Embryonic Development, Cellular Movement (Figure 8)
network associations. Similarly when evaluating the PM through
IPA analysis of differential gene expression data, connective tissue
disorders, embryonic development and cell cycle pathways have
previously been detected (Mutryn et al., 2015).

The association network Skeletal and Muscular System
Development and Function, Developmental Disorder, Hereditary
Disorder (Figure 6) depicts molecules involved in muscle
function and development such as SGCG which protects and
maintains the structure of muscle cells through the sarcoglycan
protein. In mammals, mutations of this gene result in the
loss of y-sarcoglycan protein and ultimatley muscle dystrophy
and fibrosis (Heydemann et al., 2009). Disfunction in SGCG
has been shown to result in enhanced TGF-B availability
and therefore increased SMAD signaling leading to fibrosis
(Heydemann et al., 2009). It is thought that proteins from this
gene could be mediating their effect by regulating myostatin
activity. Myostatin (MSTN), a family member of TGF-f, inhibits
myoblast differentiation by repressing myogenic regulatory
factors (Langley et al., 2002). MSTN prevents differentiation
via the transcription factor SMAD3, which can be activated
by both TGF-B and MSTN. Other molecules identified in IPA
with changes in expression due to WB were JAKMIP2, which is
invovlved in microtubule binding and CAPSL which is involved
in calcium ion binding. This IPA pathway has also been detected
when evaluating the PM of differential gene experssion between
male and females birds with WB (Brothers et al., 2019).

CARDI19 in this molecular network was also detected in MLP
of WEKA as being able to predict normal or WB 93.333% using
the cross-validation method (Figure 8 and Table 3). CARD
proteins (caspase recruitment domain) are a domain of proteins
which regulate apoptosis and inflammation (Jang et al., 2015).
Studies evaluating CARD19 and its role in the IKK and NF-kB
pathway have been contradictory. Early data suggests CARD19
is a negative regulator of NF-kB, which is a transcription factors
that signals IKK, however, a more recent study in mice suggests
in the absence of CARD19 there was an increase in TNF-a which
would subsequently increase IKKf3 and NF-kB (Rios et al., 2018).

IKK®R has been shown to decrease B-catenin activation which as
previously mentioned is an activator canonical Wnt signaling
(Lamberti et al., 2001; Staal, 2016).

Downstream TNF-a kinases IKKf3 and NF-kB play many
roles in regulating physiological reactions including regulators of
tuberous sclerosis complex (TSC), which repress the mechanistic
Target of Rapamycin (mTOR) pathway (Lee et al., 2007). IKK8 in
association with TSC allows for the activation of mMTOR. MTOR
coordinates cell growth and is the major regulator of metabolic
processes (Figure 7). Many factors are responsible for the
activation of mTORCI including Wnt signaling, growth factors,
and TNF-a through interaction with TSC (Laplante and Sabatini,
2009). Activation of mMTORCI positively results in cell growth and
proliferation through the activation of protein and lipid synthesis
pathways. Disruptions in these pathways is associated with tumor
development and fibrogenesis, and macrophage regulation.
Ribosome biogenesis has been observed to be promoted through
activation of mTORC1 by transcription of ribosomal RNA which
can be observed as being downregulated in Figure 5 and Table 3
of the PM dataset (Mayer et al., 2004). Much of the IPA network
association Connective Tissue Disorders, Hematological Disease,
Hereditary Disorder invovles moleculues related to cell adhesion
and cytoskeleton (Figure 7). Intersestingly, mTORC2 regulates
cytoskeleton organization (Jacinto et al., 2004).

Cell Cycle, Embryonic Development, Cellular Movement
(Figure 8) network association represents molecules in the cell
cycle such as: ITCH, NEDD9, DOKS, and IGFBP2. ITCH in this
molecular network was also detected in MLP of WEKA as being
able to predict normal or WB 93.333% using the cross-validation
method. The Itch protein encodes a member of the Nedd4
family ubiquitin ligases that targets specific proteins for lysosomal
degradation. Itch plays a role in lymphoid cell differentiation
and the regulation of immune response and pathways related
to this protein include the TNF-a signaling pathway. NEDD9
plays a role in the TGF-p pathway and growth signals initiating
cellular proliferation and has been identified as upregulated
in hepatic fibrosis (Dooley et al., 2008). DOK5 in humans is
strongly expressed in muscle and is involved in the positive
activation of MAPK and possibly insulin activation (Grimm
et al.,, 2001; Cai et al.,, 2003). DOK5 has been identified as a
membrane associated protein triggered by insulin-like growth
factor binding protein-5 (IGFBP-5) for intracellular signaling
resulting in pro-fibrotic effects and is thought to promote fibrosis
(Yasuoka et al., 2014). IGFBP2 is an insulin-like growth factor
binding protein involved in cellular signaling. While muscle
is the primarily a site for glucose disposal, the avian liver
does function to control muscle growth through the allocation
of resources by regulating the birds nutritional balance. The
muscle has a paracrine effect, whereas the liver has an endocrine
role in circulating IGFs and IGFBPs. Signaling pathways in
the liver play an important role in regulating many aspects
of energy metabolism and cell cycle processes (Nguyen et al.,
2014). Circulating molecules have been identified that play a
role of signaling between the liver and muscle (Liu et al., 2013).
Some signaling pathways are only responsive within the liver
while others are only responsive in the muscle (proliferation and
differentiation). Most of the IPA pathways identified resulted
in an effect which would be detected within skeletal muscle.
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Liver and muscle are important tissues in understanding
regulation of metabolic homeostasis, genes involved in
glycogenesis, glycolysis, and lipogenesis are responsive in both
liver and muscle even though the expression patterns are very
different between the two tissues. It is not unexpected to observe
effects of the liver on muscle development since the liver is the
major location of protein, lipid, and carbohydrate metabolism
supporting the rapid growth of broiler chickens.

Histological evaluation of WB has revealed multifocal
degeneration and necrosis of fibers and accumulation of immune
related cells such as macrophages, heterophils and lymphocytes
(Sihvo et al., 2014; Trocino et al., 2015; Kuttappan et al., 2016).
Affected areas have characteristics of fibrosis separating muscle
fibers and thickening of the interstitium. Fibrosis has been
characterized as hardening or scaring of tissue as a result of
the accumulation of the extra cellular matrix proteins, including
collagen and fibronectin eventually leading to loss of activity to
the tissue (Wynn, 2008). Fibrosis has been detected in various
tissues lung, liver, kidney and skeletal muscle, however, the
mechanism resulting in fibrosis has been similar in tissues
(Cisternas et al., 2014). Pathways detected through IPA of the
liver and PM have indicated many molecules which directly and
indirectly lead to tissue fibrosis. The fibrosis associated with WB
may be driven by signal(s) originating in the liver or other tissues.

CONCLUSION

In conclusion, using a machine learning approach, we were able
to identify predictors that were able to accurately differentiate
normal tissue from WB tissue using liver and PM transcriptomes
from individual birds. Through the use of IPA, predictors from
both PM and liver tissue identified gene networks associated
with skeletal muscle disorders and other networks that could
be associated with the development of WB. Given that gene
expression data from both PM and liver transcriptomes were
able to predict WB or normal tissue using select genes, with
some redundancy between tissues, suggests that WB is the
result of systematic disruptions in one or more regulatory
pathways involving abnormal muscle development, deposition,
or maintenance. The data herein suggests that WB phenotype
could potentially be mediated through genes which ultimately
result in the up- or down- regulation of pathways that are
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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 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.

Keywords: wooden breast, white striping, broiler, myopathy, pectoralis major, diabetes, spaghetti meat, dorsal
cranial myopathy

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,b). Alongside improvements to production traits, intense breeding
programs and enhanced management practices may have elicited the emergence of several
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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 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.

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 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 filets 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 etal,, 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 also 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 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
etal., 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 missing link between lipid accumulation and other
aspects of the wooden breast phenotype is the fate of glucose in
the pectoralis major.

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.
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FIGURE 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.
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Inhibition of glycolysis is also supported by downregulation
of the glycolytic enzyme 6-phosphofructo-2-kinase (PFKFB3)
(Mutryn et al., 2015) as well as the isoform primarily expressed
in skeletal muscle, PFKFBI (unpublished data), in 7-week-old
affected birds. In that study, PFKFB3 and PFKFBI were the
only detected HIF1-dependent gene that were downregulated
rather than upregulated (Mutryn et al., 2015). 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.

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,b) 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., 2015).
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 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

Frontiers in Physiology | www.frontiersin.org

March 2020 | Volume 11 | Article 169


https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Lake and Abasht

How Gilucolipotoxicity Causes Wooden Breast

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,b). However, this disparity is likely a
result of differences between avian and mammalian glucose
transport and insulin signaling in skeletal muscle.

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 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). GLUTI 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 B-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 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 homologs in the chicken genome and resulting
predominance of insulin-independent glucose transport. An
attempt to detect GLUT4 homologs 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 GLUTS) 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 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.

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,
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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).

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-GIcNAc), 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
(UAPI) - 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 further supported by 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.

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-p (TGF-
B) (Ishii et al., 1998; Han et al., 1999; Tokudome et al., 2004).
All three isoforms of TGF-p are considered important regulators
of inflammation, extracellular matrix protein deposition, and
fibrosis, and altered activity of TGF-p proteins is known to
contribute to various fibroproliferative disorders in humans
(Pohlers et al., 2009). Increased expression of transforming growth
factor B 3 (TGFB3) in the pectoralis major muscle of affected birds
at 7 weeks (Mutryn et al., 2015) 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 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) 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
B-cell dysfunction, insulin resistance, and chronic complications
of diabetes such as diabetic neuropathy, retinopathy, and
nephropathy in mammals.

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 and 7 weeks of age (Abasht et al., 2015; Mutryn et al,,
2015; 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
(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
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FIGURE 2 | Altered carbohydrate metabolism in wooden breast and relevant effects of each pathway. 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

Osmotic pressure

Collagen synthesis
Glycosaminoglycan production

Glycosaminoglycan and proteoglycan production

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 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).
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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
etal., 2016) in 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).

CALCIUM CYCLING ABNORMALITIES

Maintenance of intracellular Ca?>* pools is fundamental to
generating the Ca?* 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., 2015) 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., 2015).
Parvalbumin is a Ca?*-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 Ca’" 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- 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 Ca?" 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 Ca?T from the SR and
inhibit removal of Ca?* from the cytosol, (2) formation of the
mitochondrial permeability transition pore and mitochondrial
depolarization cause release of Ca?* from the mitochondria,
and (3) depolarization of the plasma membrane causes an influx
of Ca?* from extracellular spaces. The SR lumen serves as the
most important Ca?™ store in the cell (Arruda and Hotamisligil,
2015), but an excess of fatty acids, fatty acid derivatives, and
ROS can cause release of Ca?™ 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 buffered by increased calcium uptake in the
mitochondria, where Ca?* can elevate ATP production (Berridge
et al., 2003). However, excess mitochondrial Ca2*t can sensitize
the mitochondrial permeability transition pore, leading to
membrane depolarization and the rapid release of Ca?™ 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 Ca’*.
Dysregulation of cation homeostasis that extends beyond Ca?™
in affected birds provides evidence that an influx of Ca®* 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., 20165
Livingston et al., 2019b). At resting condition, the concentration
of KT is higher inside the cell while the concentration of Na™
and Ca?t 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 Ca?*
and Na™ from extracellular spaces (Bahar et al., 2016). The
subsequent efflux of Kt 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™/Ca?* exchangers that
exchange three moles of Na™ for one mole of Ca?™ (Berridge
et al., 2003). Opening of voltage 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
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hypoxia of the pectoralis major that have been documented
in wooden breast affected broilers (Mutryn et al, 2015;
Livingston et al., 2019a,b). 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 (Hajnoczky 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 filets 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., 2015) 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).
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).

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.

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., 2015; Papah et al., 2018; Papah and
Abasht, 2019). Due to the apparent coupling of lipid 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 lipo-
protein 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., 2015; 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.
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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 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 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).

It should be noted, though, that wooden breast does not
correlate perfectly with performance traits like growth rate,
feed efficiency, abdominal fat percentage, or breast muscle
yield, suggesting the existence of etiological factors that may be
unrelated to nutrient partitioning. For example, a mutation that
affects coupling of lipid or glucose uptake and utilization in the
pectoralis major might constitute the spark on the proverbial fire
of nutrient accumulation and toxicity. Lake et al. (2019) proposed
a potential mechanism by which this type of mutation, seemingly

unrelated to performance traits, might inadvertently become the
target of extreme selection pressure. Organ hypertrophy is a
common symptom of chronic diabetes complications, including
diabetic cardiomyopathy, nephropathy, and non-alcoholic fatty
liver disease. Assuming a similar pathogenesis in wooden breast,
it is possible that selection for high breast muscle yield would
directly select for pathological hypertrophy symptomatic of the
wooden breast phenotype. This inherent conflation of desired
performance traits with muscle disorder symptoms suggests that
the only long-term solution to myopathies like wooden breast
and white striping involves selection against their causal variants.

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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Timing Is Everything—The High
Sensitivity of Avian Satellite Cells to
Thermal Conditions During
Embryonic and Posthatch Periods

Orna Halevy*

Department of Animal Sciences, The Hebrew University of Jerusalem, Rehovot, Israel

Myofiber formation is essentially complete at hatch, but myofiber hypertrophy increases
posthatch through the assimilation of satellite cell nuclei into myofibers. Satellite cell
proliferation and differentiation occur during the early growth phase, which in meat-
type poultry terminates at around 8 days posthatch. Thus, any factor that affects the
accumulation of satellite cells during late-term embryogenesis or early posthatch will
dictate long-term muscle growth. This review will focus on the intimate relationship
between thermal conditions during chick embryogenesis and the early posthatch period,
and satellite cell myogenesis and pectoralis growth and development. Satellite cells are
highly sensitive to temperature changes, particularly when those changes occur during
crucial periods of their myogenic activity. Therefore, timing, temperature, and duration
of thermal treatments have a great impact on satellite cell activity and fate, affecting
muscle development and growth in the long run. Short and mild thermal manipulations
during embryogenesis or thermal conditioning in the early posthatch period promote
myogenic cell proliferation and differentiation, and have long-term promotive effects on
muscle growth. However, chronic heat stress during the first 2 weeks of life has adverse
effects on these parameters and may lead to muscle myopathies.

Keywords: skeletal muscle, broiler, satellite cell, myofiber, thermal stress, myopathies

INTRODUCTION

Vertebrates are born or hatch with a defined number of myofibers in the muscle. Muscle growth
will then involve mainly growth in myofiber size (i.e., hypertrophy), where there is a large increase
in the synthesis of contractile and regulatory proteins. In meat-type poultry (i.e., broilers), this
process occurs largely from the second week of age onward and involves the accretion of nuclei.
The source for these additional nuclei, at least during the early growth period, is a population of
muscle progenitor cells called satellite cells (SCs; Moss and Leblond, 1971), also termed “adult
myoblasts” (Hartley et al.,, 1992). This review will focus on the implications of environmental
conditions, specifically thermal conditions, during embryogenesis and early posthatch periods, for

Abbreviations: BW, body weight; SC, satellite cell; Ta, ambient temperature; Tb, body temperature; TC, thermal
conditioning; TM, thermal manipulation.
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the proliferation and differentiation of SCs, as well as for
pectoralis muscle development and growth in broilers. Possible
mechanisms underlying these effects will be discussed.

SATELLITE CELLS AND THEIR
INVOLVEMENT IN POSTNATAL MUSCLE
GROWTH AND REGENERATION

Satellite cells were initially discovered by Mauro (1961) based
on their location in the myofiber, in a niche between the basal
lamina and the sarcolemma. Although originating from the
somites at early stages of embryonic development (Gros et al.,
2005; Relaix et al,, 2005), SCs can only be distinguished at
later stages; in chickens, they are present at low numbers on
embryonic day 14 (E14) and become the majority at E18 (Hartley
et al., 1992; Feldman and Stockdale, 1992; Yablonka-Reuveni,
1995). In contrast to the embryonic and fetal myoblasts, which
undergo proliferation and terminal differentiation during the
first and second waves of myogenesis in the embryo, the SCs
proliferate and do not differentiate (Stockdale, 1992; reviewed
in Chal and Pourquié, 2017). After birth or hatch, upon the
third wave of myogenesis, SCs largely proliferate and then
undergo terminal differentiation. This third wave is short; in
broilers, it lasts around 8 days (Halevy et al., 2000, 2001, 2004,
2006a,b; Allouh et al., 2008). Thereafter, SC activity rapidly
declines, and their numbers drop to 1-5% of total myonuclei.
Satellite cells then become largely quiescent and remain in their
niche in that state. They will only become active again during
muscle regeneration: upon damage (e.g., injury, toxins), stress
(e.g., heat or cold stress), or diseases (myopathies), SCs will be
reactivated into the myogenic program, entering the cell cycle
and undergoing terminal differentiation to form new myofibers
(reviewed in Hawke and Garry, 2001; Zammit et al.,, 2006;
Yablonka-Reuveni, 2011).

The muscle-specific basic helix-loop-helix family of
transcription factors regulates the myogenic program of
embryonic and fetal myoblasts, as well as of SCs, where they are
expressed in a sequential pattern (reviewed in Naya and Olson,
1999). The paired-box containing transcription factor Pax7 plays
an essential role in the formation of adult skeletal muscle (Seale
et al., 2000); it is expressed by quiescent SCs and becomes highly
expressed upon their activation and proliferation, then declines
when the SCs undergo terminal differentiation (Halevy et al.,
2004; Zammit et al., 2006).

Muscle growth and regeneration are tightly regulated by
autocrine and paracrine factors, some of which are involved in
SC activation and proliferation [e.g., hepatocyte growth factor
(HGF), fibroblast growth factor (FGF)], whereas others are
more involved in terminal differentiation and hypertrophy [e.g.,
insulin-like growth factor (IGF), sonic hedgehog] or inhibit these
processes [e.g., transforming growth factor p (TGFf), myostatin]
(reviewed in Hawke and Garry, 2001; Halevy et al, 2006b;
Yablonka-Reuveni, 2011).

Satellite cells are considered to be adult muscle stem cells
due to their ability to divide in an asymmetric manner into
either daughter progenitor cells that will undergo myogenic

differentiation or daughter stems cells that will replenish
the muscle cell reservoir (Collins et al., 2005; Shinin et al,
2006; Kuang et al., 2007; reviewed in Brack and Rando,
2012; Tierney and Sacco, 2016). Moreover, SCs, under specific
environmental cues, possess the ability to transdifferentiate into
other mesenchymal lineages, such as chondrogenic, adipogenic,
or fibrogenic tissues (Asakura et al., 2001; Shefer et al., 2004;
Brack et al., 2007; Yin et al., 2013).

THERMOREGULATION IN BIRDS

Birds are endotherms; hence, they are able to maintain their
body temperature (Tb) within a narrow range. However,
due to genetic selection for growth and meat production
over the last decades (Havenstein et al, 2003a,b), meat-type
poultry have difficulty coping with extreme environmental
temperatures, especially heat stress. The consequences are
adverse effects on food consumption and performance, morbidity
and mortality, and inferior meat quality (Cooper and Washburn,
1998; Sandercock et al, 2001; Yahav et al., 2005; Cahaner,
2008). Among the different approaches used to avoid the
harmful consequences of thermal stress and to improve the
acquisition of thermotolerance are acclimation by thermal
conditioning (TC) during the early postnatal period and
thermal manipulations (TMs) during the incubation period
(Nichelmann and Tzschentke, 2002; Tzschentke et al., 2004;
Yahav, 2009). These approaches are based on the presumed
occurrence of epigenetic adaptation with a lifelong impact due
to changes in factors such as ambient temperature (Ta) at
“critical developmental phases” of the thermoregulation system
during embryogenesis and early posthatch periods (Tzschentke
et al., 2004). This is reflected in a reduction in Tb, decreased
thyroid and corticosterone hormone levels, and changes in the
vasomotor response (Yahav, 2015). Therefore, the ability to define
these “critical phases” is crucial for improving thermotolerance
acquisition. Mid and late embryogenesis are good periods
for TMs (Yahav, 2009), as these are the periods during
which the hypothalamo-pituitary-thyroid axis, associated with
thermoregulation, and the hypothalamo-pituitary—adrenal axis,
associated with stress, are developing (Thommes et al.,, 1984).
The development of the chicken brain and thermoregulation
is completed during the first 10 days posthatch (Arad and
Itsaki-Glucklish, 1991), making this period ideal for TC in
posthatch chicks.

THERMAL CONDITIONING IN THE
EARLY POSTHATCH PERIOD
PROMOTES SC PROLIFERATION AND
MUSCLE GROWTH

The first evidence that mild TC at 37°C for 24 h promotes
body weight (BW) gain in broilers emerged from experiments
aimed at enhancing acclimation of broilers to hot temperatures
before their marketing. Interestingly, only chicks that underwent
TC on day 5 of age, but not later, had higher BW, while
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lower rates of morbidity and mortality were observed in all
treated chicks (Yahav and Hurwitz, 1996; Yahav and Plavnik,
1999). The higher BW was accompanied by higher growth
of the pectoralis muscle (De Basilio et al., 2001). Fine-tuning
experiments showed that TC on day 3 posthatch is optimal for
chicken acclimation to high temperatures, as well as for gains
in BW and performance at marketing (Yahav and McMurtry,
2001). Satellite cell proliferative activity in chickens is at its peak
on day 3 posthatch (Halevy et al., 2004, 2006b), suggesting this
day to be the best time for SC activity induction by TC. Indeed,
in a follow-up study, it was demonstrated that mild TC on
day 3 boosts the number of SCs in the pectoralis muscle and
accelerates their differentiation on later days, resulting in higher
pectoral muscle growth until marketing (Halevy et al., 2001). The
dramatic response of SCs to the TC was most likely due to an
indirect, systemic effect rather than a direct heat effect. Analysis
of different factors that might be affected by the TC revealed
induction of HGF and a muscle IGF-I isotype (Halevy et al.,
2001)—growth factors that are upregulated following muscle
stress (Tatsumi et al., 1998; Goldspink et al., 2008). It also seemed
that a reduction in triiodothyronine (T3) in response to the TC
(Yahav and Hurwitz, 1996; Yahav, 2009) may also have an effect
on the accelerated rate of SC differentiation (Ambrosio et al.,
2017). Despite the promising results of TC on day 3 of age
for both thermal acquisition and pectoralis muscle growth, this
procedure proved to be somewhat demanding for the farmer and
is therefore not widely used in the commercial rearing of broilers.
Conducting TMs on chicken embryos during sensitive periods
of the thyroid and adrenal axes’ development and myogenesis
could provide long-lasting promotive epigenetic effects on both
thermoregulation acquisition and muscle growth.

THERMAL MANIPULATIONS DURING
EMBRYOGENESIS AND SKELETAL
MUSCLE GROWTH

The development of the thyroid and adrenal axes in the chick
embryo between E8 and E12 (Thommes et al., 1984) largely
overlaps with the second wave of myogenesis, when the major
part of the myofiber mass is being generated. Proliferative SC
activity occurs later on, between E15 and E19, with a peak on
E17 (Halevy et al., 2006a; Piestun et al., 2009b); the hypothalamo-
pituitary—adrenal axis is activated during this period (Wise and
Frye, 1975; Epple et al, 1997). These two periods could be
ideal for TMs, to both increase thermotolerance and promote
muscle growth posthatch. However, because egg incubation in
the hatchery must be kept under tight temperature and humidity
control, only mild changes in either timing, temperature, or
duration of the TMs can be made to avoid any major stress
response (Epple et al., 1997; Yahav et al., 2004a,b; Renaudeau
et al., 2012). Different timings and durations of the TMs seem
to have different impacts on long-term thermotolerance and
pectoralis muscle growth. For example, among the wide range
of temperatures and durations for TMs performed from E16
to E18, only an increase in temperature to 39.5°C for 3 h
daily was optimal for the promotion of thermotolerance as

well as performance (Yahav et al., 2004b; Tzschentke and Halle,
2009) and pectoralis muscle growth (Halevy et al, 2006a).
However, this regime had to be reexamined for TMs on earlier
embryonic days. While TMs between E8 and E10 for 3 h
daily did not have any promotive effect on these parameters
(Collin et al., 2007), intermittent TM for 12 h/day between E8
and E16 had a long-lasting effect on thermotolerance, BW and
pectoralis muscle growth (Loyau et al., 2014) up to 70 days
posthatch (Piestun et al, 2013). In another experiment, it
was demonstrated that intermittent, but not continuous TM
between E8 and E16, increases the embryos’ relative BW;
yet, in all embryos, Tb decreased, as did thyroid hormone
levels (Piestun et al, 2009a). Owing to the intermittent TM
between E8 and E16, the increase in pectoralis muscle growth
during embryogenesis was later reflected in increased myofiber
hypertrophy (Piestun et al., 2011) and pectoral muscle growth
(Piestun et al., 2013; Loyau et al., 2014) up to 35 days posthatch.
The phenomenon of a long-term effect of embryonic TM
on muscle growth could have several explanations. First, the
immediate response to the TM was an increase in the number
of myoblasts, a trend that continued posthatch, suggesting an
increase in the muscle progenitor reservoir during the second
and third waves of myogenesis (Piestun et al., 2015). Second,
under a similar TM regime, a gene-array assay on pectoralis
major muscle taken from control vs. treated embryos revealed
different patterns of expression for genes involved in, among
others, cell proliferation, energy metabolism, and mitochondrial
function, vascularization, and muscle growth (Loyau et al., 2016).
Taken together, it is concluded that TMs during periods in
embryogenesis corresponding to the development of the thyroid
and adrenal axes and myogenic waves result in changes in
epigenetic processes, which underlie the changes in specific genes’
expression leading to long-lasting effects on thermotolerance
and muscle growth.

NEGATIVE EFFECTS OF THERMAL
STRESS ON SC MYOGENESIS IN
POSTHATCH CHICKS

The early posthatch period is critical for muscle growth; during
this period, SCs complete their proliferation and undergo
terminal differentiation and fusion to myofibers. Therefore,
changes in nutrition (Halevy et al, 2000; Mozdziak et al,
2002; Bigot et al., 2003; Kornasio et al., 2011; Velleman et al.,
2014; Powell et al., 2014, 2016) or environmental conditions
(Halevy et al, 1998, 2001; Liu et al, 2010; Hadad et al,
2014a) during this period largely affect these processes, resulting
in long-term effects on muscle growth. As already noted,
TC on day 3 of age is beneficial for SC proliferation and
differentiation (Halevy et al., 2001). However, prolonged thermal
stress during the first 2 weeks posthatch had the opposite
effect on these cells. Cell proliferation and numbers declined
along with myofiber hypertrophy (Hadad et al., 2014a; Piestun
et al., 2017; Patael et al, 2019), all of which had short-
and long-term adverse effects on BW and pectoralis muscle
weight (Hadad et al., 2014a,b; Patael et al., 2019). Interestingly,
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these adverse effects were minimal or non-existent under
mild heat stress, where the temperature was only 2°C higher
than commercial production temperatures. Moreover, in chicks
grown under mild cold conditions, the proliferation of SCs
exceeded that in the other groups (Patael et al.,, 2019). Taken
together, it can be concluded that the Ta under which chicks
are reared early posthatch is a critical factor influencing the
immediate activity of the muscle progenitor cells and muscle
hypertrophy at later ages.

Detailed studies on cultured SCs from broilers (Harding et al.,
2015, 2016) and turkeys (Clark et al, 2016, 2017) revealed
that the pectoralis muscle, in particular, is highly sensitive to
temperature changes. Yet, a decline in SCs did not result from
increased apoptosis in either cultured cells (Harding et al,
2015) or the treated chicks (Patael et al., 2019). A surprising
finding was that the heat stress caused dramatic changes in
SC fate toward adipogenesis and in muscle structure toward
myopathy. Accumulation of lipid droplets was noticed shortly
upon heat stress of cultured SCs (Harding et al., 2015; Clark
et al., 2017), in SCs derived from heat-treated chicks (Piestun
et al., 2017), and later, as the cells underwent differentiation,
in myotubes and myofibers. The lipid accumulation was due
to the induction of adipogenic gene and protein expression
in the SCs (Harding et al., 2015; Clark et al., 2017; Piestun
et al., 2017; Patael et al,, 2019), suggesting transdifferentiation
of these cells to the adipogenic lineage. Interestingly, these SCs
did not seem to lose their myogenic characteristics completely,
and along with the fat deposition, they underwent terminal
differentiation to myotubes and fusion to myofibers. It may
well be that, although the myogenic phenotype remains, these
specific myofibers lose their full ability to contract, thus
rendering the muscle less functional and contributing to its
myopathic appearance.

THERMAL STRESS IN THE EARLY
POSTHATCH PERIOD AND PECTORAL
MUSCLE MYOPATHIES

Chronic heat stress, even when mild, during the first 2 weeks
posthatch causes long-term adverse effects on the pectoralis
muscle. The pectoralis muscle of the heat-stressed chicken
presents large amounts of collagen deposition (i.e., fibrotic
tissue) between the myofibers and large areas of fat droplets
(Figure 1; Patael et al.,, 2019), all of which are typical features
of myopathies (Kuttappan et al, 2016; Sihvo et al., 2014,
2017; Velleman et al, 2018). The various myopathies in
poultry, such as white striping, wooden breast, and spaghetti
meat, are thought to result from genetic selection for BW
and, in particular, breast meat production, and inaccurate
or suboptimal nutrition and/or management (Branciari
et al, 2009; Kuttappan et al, 2012, 2016; Petracci et al,
2013; Velleman and Clark, 2015; Tonniges et al, 2019).
These myopathies have a severe economic impact on the
poultry industry due to a sheer loss in meat quantity and
quality (Alnahhas et al., 2016; Kuttappan et al., 2016; Baldi
et al, 2018). The direct metabolic and physiological causes

FIGURE 1 | Morphological structure of pectoralis muscle in cross-sections
derived from control and treated chicks on day 35 of age and stained with
hematoxylin—eosin. Meat-type chick (Cobb strain) groups were reared in
temperature-controlled rooms under various Ta regimes beginning on day 1
and gradually reduced until day 13, as follows: control, commercial
temperature, 33-27°C; hot, 39-33°C; mild hot, 35-30°C; cold, 29-27°C.
From day 14 onward, Ta was similar to all groups. Note the relatively smaller
myofiber diameters in the hot group as compared to the other groups, and
the large areas of fat deposition in the hot and hot mild groups (yellow arrows).
Bar, 50 wm. Adapted from Patael et al. (2019), used with permission.

underlying these myopathies are not fully understood. They
could be due, at least in part, to extensive genetic selection
for BW or pectoral muscle growth, but not for supportive
tissues (e.g., cardiovascular system), leading to lack of
vascularization mainly in the pectoralis muscle and, hence,
lack of oxygen supply and energy storage (Alnahhas et al,
2016; Malila et al, 2019). A very recent study reported a
direct association between dysregulation of lipid metabolism
and the development of wooden breast (Papah and Abasht,
2019). Thermal stress, especially during the early growth
period, probably further aggravates this situation, leading
to myodegeneration, expansion of the muscle’s interstitial
fibro-adipogenic progenitors (Contreras et al,, 2016), and/or
recruitment of myofibroblasts and adipogenic cells from
nearby tissues, resulting in increased fibrotic tissue and fat
deposition between the myofibers (Bailey et al., 2015). This is
in parallel to the reduction in the number of SCs and their
changes in fate, which may lead to ineffective myofiber function
(Harding et al., 2015; Piestun et al., 2017; Patael et al., 2019).
In contrast, featherless broilers subjected to cold stress during
the first week posthatch developed a better vascular system
and had a higher number of muscle cell progenitors and
better muscle hypertrophy than feathered broilers (Hadad
et al, 2014a,b). In addition, broilers that were kept under
colder temperatures during the first 2 weeks posthatch had
hardly any signs of collagen or fat deposition in the pectoralis
muscle (Figure 1; Patael et al., 2019). Taken together, the
evidence suggests that thermal stress should be minimized
in modern broilers that have high rates of metabolism and
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heat production, on the one hand, and a shortage of blood
supply on the other.

CONCLUSION

Changes in Ta have a pronounced impact on muscle growth, as
well as on thermal acclimation in birds in general and in fast
growing poultry in particular. These changes are observed already
during embryonic development and into the posthatch period.
During periods when they are highly active, SCs are very sensitive
to temperature changes; these changes affect their proliferation
and differentiation activities, as well as their fate, with long-
term effects on muscle growth and structure. While short and
mild heat stress promotes SC activity and muscle growth, more
chronic heat stress has severe consequences, even resulting in
muscle myopathies. Therefore, the duration and degree of the
change in Ta, as well as its timing during the embryonic and
posthatch periods, are of the utmost importance in determining
the development and growth of muscle in poultry.
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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
obliqgue 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 (KT) and lower partial pressure of oxygen
(POy), oxygen saturation (sO2), and pH. Additionally, affected males had significantly
higher partial pressure of carbon dioxide (pCO5) and total carbon dioxide (TCO») 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 pCO» and low pH are indicative of
insufficient respiratory gas 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 sO, 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.

Keywords: wooden breast, white striping, broiler, pectoralis major muscle, myopathy, pulmonary phlebitis
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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 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 filets 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, 2019) 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 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., 2019a,b) 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,b). 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 (pO,) and increased total carbon dioxide (TCO,),
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 (K1) 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.

MATERIALS AND METHODS

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.

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.

Birds were euthanized by cervical dislocation at 52 or 53 days
of age. During necropsy, the pectoralis major muscles were
evaluated for gross lesions and palpable firmness associated
with WB and each bird was assigned a WB 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 the same one implemented by Lake et al. (2019) and
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separates unaffected and mildly and moderately affected chickens
with higher resolution.

Blood Analysis

At 47 days of age, 1 ml 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, United States) 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 (pCO;), TCO,, HCO3 ™, BE, oxygen saturation
(sO2), and pO,. 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.

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.

Statistical Analysis

Statistical analyses were performed using JMP software (SAS
Institute, Cary, NC, United States). 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.

Histological Evaluation of Lungs

Of the 103 broilers used in this study, six birds (3 males and 3
females) with the lowest sO values and six birds with the highest
sO; 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 sO, group, 5 birds were classified
as affected, with WB scores of 3-Moderate or 4-Severe, and 1
bird was classified as unaffected, with a WB score of 0-Normal.
In the high sO, 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.
(2017) before histologic evaluation with a light microscope and
morphometric analysis with the Aperio LV1 digital microscope
(Leica Biosystems, Buffalo Grove, IL, United States).

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 sO;
status (high or low), sex, or WB status.

RESULTS AND DISCUSSION

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 1. Wooden breast had a significant association with
the pectoralis major muscle and whole feathered left wing,
which were both larger in affected birds 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
etal., 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).

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
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TABLE 1 | Effects of wooden breast (WB) status, sex, 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
Affected Affected Unaffected Unaffected
Affected Unaffected P-value Male Female P-value Male Female Male Female P-value P-value

Broilers (n) 55 48 65 38 39 16 26 22

Pmajor (99 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

Pminor (g) Mean 81.66 83.58 0.305 80.26 8497 0.074 81.142b g2 17ab 79.382 87.78° 0.047 <0.001
SE 1.55 1.61 1.54 2.06 1.89 2.61 1.98 2.41

Wing (9) 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 7.60% 7.4620 6.15° 7.902 0.018 0.006
SE 0.26 0.28 0.26 0.40 0.35 0.52 0.37 0.48

Heart (9) 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 (9) 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
SE 0.52 0.54 0.52 0.71 0.65 0.91 0.68 0.84

Liver (9) 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 (@)  Mean 4.20 4.46 0.223 4.03 462  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).

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.

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.

Blood Analysis

The effects of WB, sex, WB-sex interaction, and body weight
on 13 blood parameters are shown in Table 2. Compared to
unaffected birds, WB affected birds exhibited significantly higher
venous K* and significantly lower pH, sO,, and pO,. Affected
male birds also possessed significantly higher pCO; and TCO,
values compared to unaffected male birds. Although affected
female birds had pCO; and TCO; 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., 2019a,b),
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.

Elevated pCO; 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 pCO, and pH is well-
established in humans, 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; Yildizdas et al., 2004). Respiratory acidosis occurs when
the body produces more CO, 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
WaB-affected broilers. In the present study, HCO3~ values are
higher in affected males compared to unaffected males, though
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TABLE 2 | Effects of wooden breast (WB) status, sex, 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 (pCO»), total carbon dioxide (TCOy), partial pressure of oxygen (pOy), oxygen

saturation (sO»), bicarbonate (HCO3 ™), and base excess (BE).

wB Sex WB x Sex Body Weight
Affected Affected Unaffected Unaffected
Affected Unaffected P-value Male Female P-value Male Female Male Female  P-value P-value

Broilers (n) 55 48 65 38 39 16 26 22

Na*t (mmol/L) Mean 150.17 149.24 0.123 149.91 14950 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 4.98 491  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 22429 21836 0.119 226712 213.42P 221.878b 223.302°  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 4473 0.984 48.822 457020 40.55P 437720 0.041 0.825
SE 0.88 1.02 0.86 1.55 1.42 1.95 1.26 1.96

TCO, (mmol/l)  Mean 27.81 26.87 0.125 28.01 26.67 0.111 29.062 26.572b 26.96° 26.7820  0.045 0.333
SE 0.38 0.43 0.38 0.58 0.55 0.74 0.53 0.73

pO2 (MmMHg) Mean 39.85 44.75 <0.001 42.03 4257 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 7478 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 0.375 160 -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).

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
CO; 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 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 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., 2019a,b).
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 CO, 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
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requirements and total metabolic rate without contributing to
growth rate. Sarcoplasmic/endoplasmic reticulum Ca?*-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 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
etal., 2017). Subsequent congestion, edema, valvular damage, and
stenosis (narrowing) or obstruction of the venous lumen (Papah
etal., 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 CO5, 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 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 CO, and therefore a common symptom
of respiratory acidosis (Scribner et al.,, 1955; Ladé and Brown,
1963; Kilburn, 1966). Extracellular Kt 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 KT 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 4 from
cells during respiratory acidosis is mediated primarily by
Nat-H* exchange and Na®/K*-ATPase activity, although
extracellular elevation of bicarbonate enhances NaT-HCO3;~
cotransport and prevents the severity of hyperkalemia seen
in metabolic acidosis where bicarbonate levels are reduced
(Aronson and Giebisch, 2011).

Histological Evaluation of the Lungs
Histologic analysis demonstrated that there was no clinically
significant lung disease (pneumonia, etc.) observed in tissues
from either high sO, or low sO, birds to explain detectable
differences in blood oxygen saturation. A single lung specimen
from the low sO, group exhibited moderate localized multifocal
lymphoplasmacytic phlebitis consistent with vascular changes
observed in WB musculature (Figure 1a) and was confirmed to
have been collected from a low sO, WB affected bird following
analysis. All pulmonary tissues examined from both high sO,
and low sO, 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 1b,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.

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.

Altogether, WB status, sex, or sO, status were not associated
with histopathologic changes in the lungs, suggesting that
structural abnormalities or disease in the lungs are not likely
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FIGURE 1 | Lung histopathology of wooden breast-affected broiler chickens with low venous blood oxygen saturation (sO5). (a) Obliterative lymphoplasmacytic
venous inflammation, interpreted as phlebitis (x), 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 sO, values. The number and size of metaplastic foci were greater than
either wooden breast-affected birds with high sO» values or unaffected birds. (c) Higher magnification of region demarcated by dotted line in 1b showing metaplastic
foci in greater detail. [Hematoxylin and Eosin stain, scale bar indicates 100 um in (a,c) and 400 um in (b)].

contributors to the WB phenotype. The chondro-osseous
metaplasia lesions observed in this study are likely sequelae
of the WB syndrome rather than precipitating factors in the
development of the disease. The finding of pulmonary phlebitis
in one WB bird suggests that the phlebitis associated with WB is
not restricted to the musculature but may be systemic in nature.

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), in the lung tissue of WB affected
broilers (Wong, 2018) 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.
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CONCLUSION

The findings of the present study indicate that WB is associated
with blood gas disturbances characterized primarily by increased
venous KT and pCO, and decreased pH, sO, and pO,. The
accumulation of carbon dioxide and acidification of venous 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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The “Woody” or “Wooden” breast disease is a severe myopathy of pectoralis major
muscle recently identified within rapidly growing broiler lines all around the world with
a prevalence rate around 20%, or even higher. Although of significant ethical and
economic impact, little is known regarding the structural and functional aspects of the
contractile apparatus in the woody breast muscle. The aim of the present study was
to determine physiological properties of the contractile system in the morphologically
intact muscle fibers of focally damaged woody breast in comparison with normal muscle
fibers to gain insight into the muscle function of the animal and possibly mechanisms
involved in the disease development. Muscle samples were taken from woody breast
(non-lesioned areas) and normal breast muscles from broilers. Length-tension curves,
maximal active stress, maximal shortening velocity, calcium sensitivity, rate of tension
development, lattice spacing and muscle biochemical composition were investigated
on single skinned fibers. Sarcomeres of woody breast fibers were more compliant,
which is very likely related to the wider spacing (18% wider compared to controls)
between thick and thin filament. No differences were found in optimal sarcomere
length (2.68 + 0.04 vs. 2.65 4+ 0.05 pwm) nor in maximal active stress (116 £+ 17
vs. 125 £ 19 mN mm~—2). However, woody breast fibers had less steep descending
arm as shown in length-tension curve. Woody breast muscle fibers had 40% bigger
sarcomeric volume compared to controls. Content of contractile proteins (myosin and
actin), and maximal shortening velocity were unchanged indicating that the growth in
woody breast muscle fiber was associated with synthesis of new contractile units with
unaltered kinetics. Calcium sensitivity was decreased in woody breast muscle fibers
significantly. In conclusion, the results show that the rapid growth of muscle in woody
breast disease is associated with significant structural and functional changes in the
pectoralis major musculature, associated with alterations in the mechanical anchoring
of contractile filaments.
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INTRODUCTION

Consumption of poultry meat has increased dramatically
worldwide during recent years, due to its comparatively low
environmental impact as well as a healthy nutritional profile,
with low fat and high protein contents. In order to satisfy the
high and increasing demands, breeders have been genetically
selecting broilers toward a fast growth rate, and high breast
muscle (pectoralis major) yield over the past few decades. As a
consequence, the growth rate of broilers has increased during the
last 50 years almost 3-fold, resulting in weights of more than 2 kg
in less than 40 days, with breast weights of about 20% of the whole
carcass weight (Petracci et al., 2015).

Unfortunately, the improvement of growth rate is
accompanied by increasing prevalence rates of several muscular
abnormalities in the breast muscle, such as pale, soft and
exudative (PSE) like meat (Chen et al., 2018), white striping
(Kuttappan et al., 2012) and the woody (also denoted wooden)
breast condition (Sihvo et al., 2014). Compared to the other
two abnormalities, the woody breast is a more recent problem
and has already been reported by several big chicken meat
producing countries worldwide. The prevalence rate is around
10-20% (Trocino et al., 2015) and has been shown even higher in
some reports (Mutryn et al., 2015; Petracci et al., 2019). Woody
breast muscles are easily identified by hand palpation having
a hard consistency, with pale appearance, and in more severe
cases, hemorrhages in lesion areas. Histological examination has
revealed that the affected areas in woody breast muscle usually
have moderate to severe myodegeneration and regeneration,
such as muscle fiber necrosis, infiltration of inflammatory cells,
fibrosis, fat accumulation and centralized nuclei (Sihvo et al.,
2014). Besides the economic loss, woody breast myopathy gives
rise to serious concerns regarding animal welfare (Norring
et al,, 2019). In view of the 10-20% or higher prevalence and
the large number of slaughtered broilers worldwide (more
than 45 billion per year worldwide, AVEC, 2011 report) woody
breast would by far be the most common muscle disease in
the world today.

Ever since woody breast was first reported as a broiler meat
quality deterioration problem several years ago, studies have
been done (see review by Petracci et al, 2019) in aspects
including pathological description of the lesions (Sihvo et al,
2014), post mortem physical and chemical characteristics of
affected breast muscle (Soglia et al., 2015), and the properties
of the muscle during further food manufacturing (Mudalal
et al, 2015). Based on the currently available literature, it is
likely that the occurrence of the woody breast is related to
the heavier breast muscles or hypoxia (Soglia et al, 2015;
Baldi et al., 2017; Dalle Zotte et al., 2017; Papah et al,
2017; Petracci et al, 2019) suggesting that rapid growth is
involved in the pathogenesis. On the muscle fiber level, woody
breast affected muscle tends to have higher abnormal fiber
prevalence, but to our knowledge, little is known regarding
on the structural and functional aspects of the contractile
apparatus within woody breast muscle fibers under physiological
conditions. The proper assembly and organization of the basic
contractile units in each myofibril have critical roles in the

morphology and, most importantly, the function of muscle
fibers. It is also important to note that the structure and
mechanical function of the sarcomere can feedback on the
growth and adaptation of the muscle structure/function, with
significant contacts between the cytoskeleton and signaling
pathways involved in the maintenance of the cellular structure
(e.g., titin in the sarcomere, Lange et al.,, 2005; vimentin and
desmin in the cytoskeleton, Paulin and Li, 2004; Soglia et al.,
2020); dystrophin in the dystroglycan complex (Rahimov and
Kunkel, 2013). It is therefore relevant to gain more knowledge
regarding the structural characteristics and function of the
contractile apparatus in the woody breast muscle, since it will
help us to understand how this myopathy influences muscle
function in vivo, and cast light on mechanisms underlying the
muscle dystrophy disease development in general.

In the current study, we examined woody breast muscle
from a muscle physiology perspective. Muscle samples were
prepared from normal breast and non-lesioned areas of woody
breast. Sarcolemma was permeabilized (skinned preparations)
preserving the intracellular contractile machinery enabling
analysis length-tension curves, maximal active stress and
maximal shortening velocity. Sarcomeric structure was measured
using small angle x-ray scattering. We report alterations in the
mechanical properties, including altered sarcomere mechanics
and structure, which would influence mechanical function in vivo
and possibly be related to the induction of hypertrophic growth.

MATERIALS AND METHODS

Sample Selection

Eight normal and eight woody breast broiler pectoralis major
muscles were dissected from sixteen Ross 308 chickens at 32 days
old of both genders from the regular slaughter line in a local
commercial slaughterhouse (average animal slaughter weight
~2.2 kg as given by the slaughterhouse). Both normal and
woody breast muscles were obtained from the same cohort of
slaughtered animals.

Woody breast affected carcasses were identified by palpation
on the slaughter line at 15 min post mortem together with normal
carcasses. After being excised, the status of the breast muscles
was confirmed visually and by palpating according to the criteria
described by Sihvo et al. (2016) based on the appearance of
white and hard areas vs. normal color and texture. Since the
current study focused on identifying early changes in the woody
breast condition development, we included woody breast affected
muscles with only focal lesions in the cranial area and less
affected medial area. Comparisons were made with normal breast
muscle obtained from non-affected animals. Samples for analysis
were taken from the medial part of normal controls and woody
breast affected muscles. The samples were immediately fixed for
histology or treated with chemical skinning as described below.

The study was fully based on slaughterhouse material obtained
from the normal food production slaughterhouse line, after the
animals were slaughtered. The study does not involve any study
of live animals. No interventions or examinations were done
prior to the slaughter.
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Histological Analysis

Muscle bundles (10 mm long x 2 mm thick) were slightly
stretched, pinned to cork plates and fixed in buffered 4%
paraformaldehyde for 24 h at 4°C. After transfer to a 70%
of ethanol solution, samples were trimmed to obtain both
longitudinal and transverse profiles of the muscle fibers,
embedded in paraffin, sectioned at 4 micrometers, stained with
hematoxylin and eosin, for visualization of tissue and muscle
structure, and examined by light microscopy.

Skinned Fiber Preparations

Fiber bundles (10 mm long x 2 mm thick) were tied at both
ends with silk thread, stretched to the approximate in situ
length on plastic holders and chemically skinned (sarcolemma
permeabilized) essentially as described by in Iorga et al. (2012).
The skinned preparations were kept relaxed in ATP-containing
solution with composition (in mmol L-1): K;EGTA 10, Na,ATP
7, MgAcetate 2, MOPS 10, and K-propionate 122, pH 7.0, with
50% glycerol at —20°C for further analysis.

The woody breast affected samples displayed a mixture
of degenerating muscle and morphologically “normal” muscle
areas. Since we aimed at examining early stages of the myopathy,
we isolated single muscle fibers from the morphologically intact
areas and mounted for subsequent analysis. Fibers with clear
sarcomere patterns and homogeneous width along fiber axis were
included in the experiments.

Sarcomere Length Measurements

Each isolated single fiber was attached using cellulose acetate
glue (Sigma-Aldrich) between a force transducer (AE801,
Kronex) and a micromanipulator enabling length changes.
Experiments were performed in standard relaxation solution
which contained (in mmol L-1) K;EGTA 6, MgATP 5, free
Mg?* 0.5, phosphocreatine 15, MOPS buffer 20, DTE 2 and
K-propionate to an ionic strength of 200, with creatine kinase
0.5-1 mg ml-1 at pH 7.0. Free [Ca?*] was approximately 1 nmol
L-1 (pCa9) (All chemicals were purchased in Sigma-Aldrich). For
each animal, 4-5 fibers were analyzed.

Length-Tension Relationship

To determine the relationship between fiber length and
passive/active force, single fibers were mounted at slack length
between a force transducer and a micro manipulator as described
above, and repeatedly activated at room temperature using a
solution with high Ca2+ (pCa (-log [Ca?t]) = 4.7), same
composition as the relaxing solution, except that K,EGTA
is replaced by K,CaEGTA) and relaxed in between at room
temperature. Muscles were stretched between contraction steps,
and passive and active forces were recorded at each length
step. Fiber length (relative to slack) was determined using light
microscopy. Optimal stretch for active force was 1.3 of the slack
length, and fiber width was determined at that length and used to
calculate the maximal active stress (i.e., force per cross sectional
area). Two to three single fibers from each animal were measured.
For each fiber the force response at each L/Ls step was first
normalized by its maximal force. The data from the fibers of

each animal was averaged, and used as representative in the
statistical analysis.

Fiber Width Determination

Fiber diameter at optimal stretch (1.3 relative to slack length,
L/Ls) was determined from different single fibers (>50 fibers
for both woody and normal beast group) during sarcomere
length measurements, length-tension experiments, force velocity
experiment and krr determinations using light microscopy
and an ocular scale (Zeiss Axiovert 35, inverted microscope,
20 x objective with 2.5 x magnification and a 10 x ocular).
Three measurements at different positions along the long
axis were taken from each fiber and averaged. In total, 6-7
measurements of fiber diameter from each animal were obtained
and the average of these measurements for each animal were
calculated and compared.

Determination of Force-Velocity
Relationship, Stiffness and Rate of

Tension Development

To obtain information on the kinetics of the actin-myosin
interaction we determined the force-velocity relationship, i.e.,
the dependence of shortening velocity on force and the maximal
shortening velocity (Vmax) at room temperature. Single fibers
were mounted as described above between the force transducer
and a motor, enabling rapid changes in muscle length and force
via a computer-controlled feedback system (Aurora Scientific
802B, ON, Canada). A series of 14 force steps was applied at
the plateau of a maximal contraction. Stable after-loaded force
levels were obtained in about 15 ms. For each step, length and
force signals were recorded during 300 ms. The afterload (Pa) and
the isometric force (Po), as well as the mean shortening velocity
(V, between 20 and 70 ms after the force step in muscle length
ML s~!) were analyzed for each step. Force velocity curves were
constructed from the relationship between V and relative force
(Pa/Po). For each animal, 1 fiber was analyzed.

For each force step, the linear regression for the time period
20-70 ms (used to calculate velocity) was extrapolated to the time
of release and the intercept of this line was used to determine the
series elastic recoil.

In separate experiments the rate of tension development
(krr) was estimated using a protocol described by Brenner and
Eisenberg (1986). The fibers were shortened by 28% and re-
stretched to initial length after 30 ms. The apparent rate constant
for the force development was estimated from half-time of
the force increase.

Calcium Sensitivity Measurement

In another series of measurements, two bundles around 0.2 mm
in diameter from each animal sample were analyzed. The
averaged result of the two bundles represented one animal.
Preparations were attached to a force transducer (Kronex) and
stretched to 1.3 times of slack length in relaxing solution. After an
initial activation at pCa 4.7, a series of solutions with intermediate
free [Ca’*], pCa: 9, 6.0, 5.7, 5.5, 5.2, and 4.7, calculated as
described by Fabiato (1988), were used to activate the muscle.
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The maximal force obtained at pCa 4.7 was used to normalize
each contraction in response at lower pCa values. A hyperbolic
equation [F = chy (EC}S‘0 + ch)] was fitted to the normalized force
responses (F) at different free [Ca?T] (c), to determine the ECs
(concentration giving half maximal force) and the Hill coefficient
(h, describing the steepness of the curve).

SDS-PAGE Analysis

A muscle bundle (around 2 mg wet weight, including several
muscle fibers) was dissected from the skinned preparations,
rinsed and homogenized using glass homogenizers in
100 x volume of 1 x Laemmli sample buffer (Bio-Rad)
containing 1% SDS and 50 mmol L™! DTT and heated to 95°C
for 10 min until all the tissue were completed dissolved. Samples
were separated on 4-15% gradient gels (Mini-PROTEAN
TGX Precast Gels, Bio-Rad). Three different volumes of the
homogenates, including one woody and normal breast muscle
sample, together with three different known amounts of albumin
standard and a molecular weight standard were loaded on
each gel. Gels were stained using PAGEBLUE Protein Staining
Solution (Thermo Fisher) and the quantification of stained
protein bands were done using a CHEMIDOC XRS and the
QUANTITY ONE program (Bio-Rad, RRID: SCR_014280).
For each lane, the intensity of the bands corresponding to
myosin heavy chain (MHC, 220 kDa) and actin (42 kDa) were
determined. For each homogenate, a linear regression curve
was fitted to the relation between loaded volume, and the
MHC and actin band intensity respectively. The ratio between
this slope and the slope of the albumin standard was then
used to calculate the protein content (jug mg~! wet muscle
weight) of the sample.

Small Angle X-Ray Scattering

Small angle x-ray scattering (SAXS) was used to determine the
lattice spacing of the normal and woody breast muscle samples.
Skinned muscle preparations were mounted in relaxation
solution in a cuvette with Kapton window and stretched
to different relative length (sarcomere length). The SAXS
experiments were performed at the beamline P03, at Petra III,
DESY, Hamburg (Buffet et al., 2012). A beam with a wavelength
of 0.95 A and a size of 16 x 22 pwm? was used. The equatorial
diffraction patterns were recorded with 0.1 to 1 s exposures using
a PILATUS 300K detector (DECTRIS Ltd.) in 5.1 m distance as
described previously (Liu et al., 2018). The signal was calibrated
using rat tail collagen. A polynomial function was fitted to the
equatorial intensity signal for background subtraction and the
center of mass for the reflections was determined. The spacing
of the equatorial 1.0 and 1.1 reflections were measured. Based
on collagen calibration, djo and d;j; from the muscle samples
were calculated which are related to the spacing between two
adjacent thick filaments mathematically. Lattice volume (Vol)
was determined as described by Millman (1998) by multiplying
lattice area with sarcomere length (SL):

Vol = 2/4/3 x d10% x SL (1)

Vol was estimated from the slope of the relationship between
sarcomere length and 1/(d10)%. The 1.1/1.0 intensity ratio was
determined as an indicator of mass transfer from thick to thin
filament, e.g., when cross-bridge attachment is initiated, an
increase of 1.1/1.0 will be observed according to Millman (1998).

Statistical Analysis

All data are given as mean + SEM with number of animals
indicated. Several muscle fibers were analyzed for each animal,
the average was taken as a representative value for that
animal. Statistical analyses were made using SigmaPlot 14
(RRID: SCR_003210) for Windows (Systat Software Inc.). Two-
way ANOVA, and the Holm-Sidak method were used for
comparisons of normal and woody breast fibers at stretches,
L/Ls > 1.8. Student’s t-test was applied after confirmation of
normality (Shapiro-Wilk) and equal variance (Brown-Forsythe),
and Mann-Whitney Rank Sum Test used for active tension
comparison at L/Ls 1.6.

RESULTS

Figure 1 shows longitudinal- and cross-sections of samples
from normal and woody breast muscles. The control muscle
displays mainly well-organized muscle fibers with equal staining,
with small areas of inflammatory infiltrates centered on larger
blood vessels. In woody breast samples, discontinuities were
found among the fibers in longitudinal sections accompanied
by extensive fibrosis and inflammation. Transverse sectioning of
muscle fibers clearly shows varying fiber diameters, presence of
degrading fibers and a significant fibrosis. These morphological
data thus show a clear dystrophy in the woody breast group
and essentially normal structure in the control group. In the
mechanical analysis, we examined morphologically intact fibers
from woody breast affected muscle; possibly displaying early
changes associated with disease development, and did not include

FIGURE 1 | Histology of woody and normal breast muscle. Longitudinal (a,b)
and cross-sections (c,d) of clinically normal pectoralis major muscle (a,c)
woody breast (b,d) muscles (bar = 0.5 mm).
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FIGURE 2 | Length-force analysis of woody and normal breast muscle.

(A) Relation between muscle length (related to slack length, Ls) and
sarcomere length in normal breast (open circles) and woody breast (filled
circles) muscles (data from eight animals, 4-5 fibers each, grouped according
to L/Ls, each L/Ls: n = 6-30). Filled squares show the relation of woody
breast fibers compressed by 20% (to the same fiber diameter as that of
normal breast fibers) using 4% dextran T-500, and open squares show the
relation of normal breast fibers compressed by 20% using 4% dextran T-500.
For L/Ls values > 1.8, the sarcomere length of the woody breast group was
significantly longer compared to normal muscle fibers (P < 0.05, Two-way
ANOVA). (B) Relation between segment length, i.e., the distance between two
carbon dots adhered to the fiber surface (relative to slack length, Ls,

~60 pwm), and muscle fiber length (relative to slack fiber length). (C) Relation
between sarcomere length and segment length (relative to Ls) in normal (open
circles) and woody (filled circles) muscle fibers (data from six animals, 2—-3
fibers each, grouped according to segment length/Ls, n = 6-13). (D) Active
(circles) and passive (squares) length-force relationships of normal (open
symbols) and woody breast (filled symbols) fibers (average data from eight
animals, 2-3 fibers each, grouped according to L/Ls, each L/Ls: n = 6-8). #
Indicates significant difference in active force at L/Ls = 1.6 (P < 0.05).

severely damaged fibers. Therefore, only skinned fibers with
clearly visible sarcomere patterns were included.

The first step was to investigate the relationship between
sarcomere length and stretch of the fiber (given as muscle
length/slack length, X, L/Ls) in relaxed fibers from both groups.
Figure 2A (including data from 6-30 fibers from 8 samples,
grouped according to L/Ls) showed that for L/Ls values < 1.7,
no difference in sarcomere lengths between normal breast (open
circles) and woody breast groups (filled circles) was observed.
At L/Ls values > 1.8, sarcomeres were longer in the woody

breast groups (P < 0.05, two-way ANOVA) compared to the
normal breast sarcomere lengths. In the control normal breast
muscle, sarcomere length increased with stretch up to ~1.5 L/Ls,
reaching about 3.2 pm, and then increased less steeply with fiber
length increase to about 3.4 pwm at 2.5 L/Ls. In contrast, the
sarcomere length of woody breast fibers increased with stretch
and reached ~4.2 pm at 2.4-2.5 L/Ls. These data suggest that
passive structures limiting sarcomere extension during muscle
fiber stretch are lacking or weaker in the woody breast group.
We observed that upon extreme extension of fiber length, 70%
of normal breast single fibers broke when L/Ls was above 2.6,
whereas most of the woody breast fibers were able to be extended
to 2.8-3.0 L/Ls. We therefore performed the stretch experiments
up to 2.5 L/Ls. Since the stretch experiments of Figure 2A
were done with length normalized to whole fiber length, we
also examined if inhomogeneity along the fiber length or end-
compliance, e.g., in the mounting, could affect the relationship
between stretch and sarcomere length. Figure 2B shows that the
extension of segments (about 60 pm, corresponding to about
25 sarcomeres) followed the extension of the whole fiber and
Figure 2C shows that the difference in sarcomere extension
between normal and woody breast fibers was observed also
using this method.

As shown in Table 1, we found that woody breast fibers
were about 20% wider in diameter compared to normal breast
fibers. To study if the wider fiber diameter was related to the
increased sarcomere extensibility when fibers were stretched

TABLE 1 | Mechanical data and contractile protein expression.

Normal breast Woody breast P

Optimal L/Ls 1.34 +£ 0.05(8) 1.34 £0.03(8) n.s.
Optimal sarcomere length, 2.68 + 0.04(5) 2.65+0.05(6) n.s.
wm

Fiber diameter, pm 73.0 +1.3(8) 88.0 + 2.5(8) e
Maximal active tension, mN 0.50 + 0.08(8) 0.73 £0.08(8) n.s.
Maximal active stress, mN 116 £ 17(8) 125 £ 19(8) n.s.
mm~2

Vmax, ML s~ 1.51 £ 0.08(4) 1.68 £ 0.16(5) n.s.
Stiffness, ML (Pa/Po)~" 0.036 + 0.003(6) 0.043 + 0.004(6) n.s.
krg, s~ 19 + 2(6) 10 £ 1(5) >

ECs0, pCa units 5.81 £ 0.02(6) 571 £0.03(6) *

MHC, g mg~" wet weight 11.0 £ 1.4(5) 126 +£1.4(6) ns.
Actin, ng mg~" wet weight 9.0 + 1.3(5) 8.8+ 1.1(6) ns.

MHC/actin, molar ratio 0.27 £ 0.01(5) 0.31 £0.01(6) *

Fiber diameter, sarcomere length and active force were determined at optimal
stretch (relative to slack length, L/Ls) for active force. The maximal shortening
velocity (Vmax) is given in muscle length/s (ML s~'). The series elastic stiffness
is given as in muscle length/relative force [ML (Pa/Po)-1] where Pa and Po are
afterload and isometric force, respectively. The rate of tension development (k7g) is
given in s=1. The Ca®* concentration where half of maximal force was developed
(ECs0) Is given in pCa units. Number of animals is given in parenthesis. Myosin
heavy chain (MHC) and actin were determined using quantitative SDS-PAGE. For
fiber diameter: 6-7 fibers were analyzed per animal; for optimal lengths, maximal
tension and stress: 2-3 fibers per animal; for Vmax and stiffness 1 fiber per animal;
for MHC and actin: a sample containing several fibers per animal, loaded in different
concentrations on the same gel; for kg, 2 fibers per animal; for ECsp, 2 fiber
bundles per animal. *P < 0.05, P < 0.01, P < 0.001, n.s., non-significant
(Student’s t-test).
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FIGURE 3 | Force-velocity relationship and series elasticity. (A) Shows original traces of the fiber length shortening response (lower) to a rapid change in contraction
force (top), from a normal breast muscle. The force step and length response are indicated in the figure. Shortening velocity = reduction in muscle length
(ML)/shortening time (s). The afterload force (Pa) and reduction in muscle length were determined between 20 and 70 ms after the force step. (B) Shows the velocity
(ML s-1) at different after loads related to the isometric force (Po). Data from 6 experiments were grouped according to Pa/Po and the data for shortening (i.e.,
velocity > 0) were fitted by the hyperbolic Hill equation (Eq. 1). The equation was extrapolated to Pa/Po = 0 to determine the maximal shortening velocity, Vmax (fit to
data in figure: normal breast, open symbols: 2.1; woody breast, filled symbols: 2.0 ML s™'). (C) Depicts the initial elastic recoil for different force steps. The data
between 0.5 and 1.5 Pa/Po were fitted by a straight line [Normal breast, open symbols: 0.037; woody breast, filled symbols: 0.045 ML (Pa/Po)-1].

(Figure 2A), we used osmotic compression (4% dextran added)
to compress the woody breast fiber diameter to the same
size as that of the control group (filled squares, Figure 2A,
diameter 71 £ 5 pm, n = 6). Under these conditions, the
sarcomere length response to stretch in the woody breast
fibers became similar to that of the normal control fibers,
suggesting that the altered coupling between fiber length and
sarcomere length was related to the increase in fiber diameter.
For comparison, the compression of normal breast fibers by
20% (diameter 63 = 4 wm, n = 4) had minor effects on
the relationship between stretch and sarcomere length (open
squares, Figure 2A).

Our next step was to examine the length-force relationships,
i.e., the passive and active force at different stretch (sarcomere
length). As seen in Figure 2D, the relationship between stretch
and active force was bell shaped with an optimal stretch of
~1.3 L/Ls in both groups. The mechanical data are summarized
in Table 1. The woody breast fibers had unchanged optimal
stretch and optimal sarcomere length, but significantly increased
fiber diameter at optimal stretch, compared to the normal
controls. Both the maximal active force and calculated maximal
active stress tended to be higher in the woody breast group,
although not significantly different from the controls. We
observed that at 1.6 L/Ls, the woody breast fibers had significantly
(P < 0.05) higher active force compared to normal breast
fibers in the descending limb of the active length-force curve
(rightmost circles in Figure 2D). Passive force, in the relaxed
muscle, reflecting properties of elastic components in parallel
with contractile components, increased during extension of

the fibers in a similar manner in the two groups (squares
in Figure 2D).

The maximal shortening velocity (Vmax) reflects the turnover
of myosin-actin cross-bridges under unloaded conditions, mainly
determined by the cross-bridge dissociation rate (Huxley, 1957).
To determine this parameter, we performed isotonic quick release
experiments, where the muscle was maximally activated to a
stable isometric force (Po) and then exposed to a series of
after loads (Pa), as illustrated in Figure 3A. The velocity (V)
determined during the time period 20-70 ms after each release
is plotted against relative after load (Pa/Po). In Figure 3B, data
from 4-5 experiments were grouped according to after load and
fitted with the Hill force-velocity equation in the following form:

bx(

a+%

~ 5)

V= )

Vmax was calculated from the fitted parameters a and b as b/a.
The mean values of V,.x determined in individual muscle fibers
are shown in Table 1. The mean values for parameter a were
0.38 £ 0.06 and 0.32 £ 0.08 and b 0.58 £ 0.11 and 0.52 =+ 0.08,
ML s7!, in normal and woody breast respectively, n = 4 and
5. No difference was found between normal and woody breast
muscle fibers suggesting that although we have observed changes
in woody breast muscle fibers, e.g., compliance, fiber width and
lattice spacing (Figure 2 and Table 1), these differences are not
associated with altered kinetics in the actin-myosin interaction
when muscle is doing concentric work (i.e., shortening under
load). It should be noted that the woody breast fibers appeared
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to be somewhat more compliant in the negative velocity region
(Pa/Po > 1) of the force-velocity relationship, which might
suggest altered behavior when muscle is doing eccentric work
(i.e., stretched while contracting).

Results of stiffness and krr determination showed that woody
breast fibers have more complaint sarcomeres compared to
the controls. The isotonic quick release experiments enabled
determination of the properties of the series elastic components
using the initial length change after the force step. It should be
noted that our setup enabled force steps complete within about
15 ms, but would reflect the series elastic components in the
muscles. In Figure 3C the elastic recoil (SE) is plotted against
afterload (Pa/Po). The data between 0.5 and 1.5 Pa/Po were fitted
by a straight line, where the slope would be the inverse of the
spring constant of a linear spring. The values in Table 1 show a
slightly more compliant SE in the woody breast group compared
to that of the normal breast muscle, although the mean values
were not significantly different. In a separate series of experiments
the rate of tension development (krr) was estimated using a
shortening, re-stretch protocol. A significantly lower rate was
observed in the woody breast group (Table 1), since the series-
elastic components are stretched during the force redevelopment,
the data are consistent with a higher compliance associated with
minor changes in cross-bridge kinetics in the woody breast group.

Contractile protein content was determined using quantitative
SDS-PAGE (Figure 4) with Coomassie staining and different
amounts loaded on each gel. We did not perform a detailed
analysis of the protein composition, but no obvious differences
in band appearance were observed on the gels between woody
and normal breast samples, as shown in Figure 4. Using an
albumin standard, we determined myosin heavy chain (Mw.
~220 kD) and actin (Mw. ~42 kD) contents, and related the
contents to skinned fiber wet weight. No significant differences
in myosin or actin were found between normal and woody breast
samples (Table 1), although myosin content was slightly higher

250 kD
150 kD
100 kD

75 kD

50 kD
37 kD

25 kD
20 kD

15 kD
10 kD

FIGURE 4 | SDS-poly acrylamide gel separation of protein extracts from
normal (Lanes 4-6) and woody breast (Lanes 7-9) together with albumin
standard (Lanes 1-3). Three different volumes of samples and amount of
albumin were loaded on each gel. Myosin heavy chain (VHC) and actin (A)
were identified on the basis on their apparent molecular weights.

and the ratio of myosin to actin was significantly higher in the
woody breast group.

Since fiber width was significantly increased in the woody
breast group, we explored the possibility that also the volume of
the contractile unit (sarcomere volume) was changed. We applied
small angle x-ray scattering (SAXS) using synchrotron light. In
principle, the regular lateral arrangement between contractile
filaments results in interference patterns reflecting the filament
distances. A wider spacing result in a smaller angle of the
scattering. The equatorial reflections, the outer 1.1 and the inner
1.0, were recorded from both groups (Figures 5A,B) with a wider
spacing in the woody breast group (i.e., inward movement of
the reflections). Panel C shows a decrease in the lattice spacing
with stretch of sarcomeres in the normal breast group, reflecting
constant volume behavior. With increased sarcomere length,
lattice spacing also declined in the woody breast samples but
was generally wider. As seen also in Figures 2A,C, the woody
breast samples could be extended to higher sarcomere lengths.
Assuming a constant volume behavior the sarcomere volume
could be calculated from data in the sarcomere range 2.2-
3.0 wm, as shown in Figure 5C. The estimated sarcomere volume
was about 40% bigger in the woody breast group compared to
controls, as shown in Figure 5D. The 1.1/1.0 intensity ratio,
reflecting mass transfer between filaments, determined in the
relaxed fibers at optimal stretch was low and not different
between the two groups (normal breast 0.12 £ 0.02; woody breast
0.13 £ 0.03, n = 4 and 3). These data show that the muscles
were fully relaxed and that major differences in the cross-bridge
positioning in relaxed fibers can be excluded.

The force determination at different [Ca?t] determined at
optimal stretch showed a significantly lower Ca?* sensitivity in
the woody breast group. Curve fit to the hyperbolic equation
revealed no difference in the h parameters (normal breast:
3.1 £ 0.3; woody breast: 3.5 & 0.2, n = 6 and 6) but
significantly higher ECsq value (Table 1) reflecting the decreased
Ca*" sensitivity.

DISCUSSION

Woody breast muscle exhibits a pronounced myopathy with
a loss of muscle fibers, which would significantly affect the
contractile function of the breast muscle in the affected animals.
The morphological changes have been reported previously (Sihvo
et al.,, 2014, 2016, 2018; Velleman and Clark, 2015) and also
our histological analysis shows that the affected animals were
identified to have a clear muscle disease. To obtain information
on early stages in the disease development prior to severe cellular
degeneration, the present study focused on the structurally intact
fibers from the woody breast muscle and reported alterations in
sarcomeric structure and compliance.

The histological analysis of woody breast muscle revealed
signs of degeneration and regeneration of muscle cells, including
fiber splitting and fragmentation, increased number of rounded
cellular cross-sections accompanied by fibrosis, which are
consistent with previous observations (Sihvo et al, 2014,
2016, 2018; Velleman and Clark, 2015; Papah etal., 2017).
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Velleman et al. (2017) showed altered sarcomere organization
in woody breast and Papah et al. (2017) observed irregular,
disconnected and altered Z-disks by electron microscopy in
woody breast affected muscle. Most likely these structural
changes reflect an end stage of the myopathy which would be a
consequence of earlier events in the disease process. In view of
the tight links between the contractile system, the cytoskeleton
and the membrane attachment sites, which are all involved in
the maintenance of cellular function, it is possible that early
changes in these structures can be involved in the induction
of hypertrophy. The changes in sarcomeric structure, observed
in the present study, could affect these cellular mechanical
contacts. It might cause altered responses to external mechanical
perturbations and body movement, and eventually initiate the
dystrophy process via membrane injury and/or activation of
cellular signaling for growth and degeneration.

In order to understand the development of the woody
breast condition at a cellular level, it is worthwhile to analyze
morphologically intact fibers rather than degenerated ones.
Therefore, we set up criteria for fibers selected for analysis from
woody breast samples, including only fibers with homogenous
width along the fiber axis and clear sarcomere patterns. These
fibers had significantly increased diameter at defined sarcomere
lengths that are optimal for active force, which suggests that
cellular hypertrophy is an important component in the woody
breast condition, which is in agreement with previous reports
on samples fixed for histology (Clark and Velleman, 2016; Dalle
Zotte et al., 2017). It should be noted that our analysis is based on
single fibers, whereas the behavior of the whole muscle will also
be influenced by the loss of fibers and development of fibrosis in
the later stage of the condition.

To know whether the increase in muscle cell size involved
the addition of contractile components, we determined the

contents of actin and myosin in woody breast muscle fibers.
The amount of myosin and actin per milligram of muscle (i.e.,
concentration) were the same between woody breast and normal
breast muscles. This shows that a net synthesis of sarcomeric
proteins occurs during the hypertrophy in the woody breast,
thereby maintaining the myosin and actin concentrations. To
examine if the increase in contractile proteins was associated
with an increase in parallel-coupled functional myofibrils, we
determined active force development at optimal sarcomere
length. The active stress (i.e., force/cross-sectional area) observed
in our study of normal, control breast muscle (pectoralis major)
is similar to values previous reported in the literature (Reiser
et al., 1992, 1996). In woody breast fibers, the active stress was
maintained, or even slightly increased, which shows that the
increase in cell size is associated with a compensatory increase
in the contractile components. It also shows that a loss of
contractile function, as has been observed in some other forms of
hypertrophic myopathy (e.g., myostatin deficiency, Amthor et al.,
2007), is not a primary component in the degenerative process in
woody breast disease.

Growth and re-arrangement of the sarcomeric units can affect
the contractile performance in different ways. Our measurements
of optimal sarcomere length and active stress suggest that the
length of the sarcomere and the number of parallel-coupled actin-
myosin cross-bridges per cross-section are maintained in the
woody breast muscle fibers. Active force and contractile function
can also be affected by the kinetics of the actin-myosin turn-over;
a faster rate can lower active force, by decreasing the time a cross-
bridge spends in force bearing states which would be associated
with high ATPase and higher maximal shortening velocity (e.g.,
Rome et al., 1999). Myosin heavy chain (MHC) and myosin light
chain (MLC) isoforms greatly influence the maximal shortening
velocity in avian muscle (Lowey et al., 1993). The adult chicken
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pectoralis major muscle comprises mainly fast-twitch type IIB
fibers with a fast myosin heavy chain type, with the addition of
some slow and red-strip fibers located deeper in the tissue (Reiser
et al., 1988, 1996; Remignon et al, 1995). We sampled from
the breast muscle surface region in the 32-day-old broilers and
report a maximal shortening velocity of about 1.6 muscle length/s
(ML s71) at 22°C. These Vyax values for the normal chicken
pectoralis major muscle are lower than the values for unloaded
shortening of fast white muscle fibers previously reported by
Reiser et al. (1996). The difference between the reports might
reflect differences between techniques (isotonic quick release
experiments vs. slack test) or possibly in the age or strain of
chicken studied (ROS 308 vs. White Leghorn/New Hampshire).
Importantly, no difference could be noted in our measurements
between normal and woody breast muscles, suggesting that
the contractile kinetics and the series coupling of sarcomeres
are preserved. The rate of tension development was slower as
predicted by the more compliant series elasticity located in the
fiber or within the sarcomere, although the data do not exclude a
slightly decreased rate of tension development. Modern selection
for rapid growth of broiler is often accompanied by a shift to fast
twitch fiber type that has bigger fiber width. However, our results
of Vnax and kg did not prove that woody breast muscle fibers are
faster. Therefore, the observed increase in cross-sectional area in
woody breast muscle cannot be explained by a shifting of fiber
types to the faster ones.

Although the optimal sarcomere length and active contraction
were similar in the normal and woody breast muscle, we observed
significant changes in the structure and compliance of sarcomeres
in the latter group. In the normal muscle, sarcomeres could not
be extended in the relaxed state beyond about 3.2 wm when
the fibers were stretched, suggesting the presence of structures
limiting extreme sarcomere extension. In contrast, the woody
breast fiber sarcomeres were significantly more extensible and
could be extended almost linearly with stretch up to around
4.3 pm. This suggests that a factor limiting sarcomere extension is
lacking or less prominent in the woody breast muscle fibers. The
loss or conformational changes in cytoskeletal proteins acting as
connecting components along sarcomere axis can be one possible
reason for the compliance, but no obvious changes were seen
in the present SDS-PAGE result. Previous protein analysis of
woody breast muscle has not identified changes in myofibrillar
proteins (Soglia et al., 2015). Therefore, to explain the altered
sarcomere structure and compliance, a more detailed study on
the changes within structural components and signaling factors
is needed in the future.

The present study revealed enlarged sarcomeric volume
in woody breast fibers compared to the controls by about
39%, which could influence the distance between adjacent
thick and thin filaments at each defined sarcomere length.
Muscle and sarcomeres act as constant volume systems, where
elongation in sarcomere length results in a decreased cross-
sectional area. Compression of lattice spacing reduces active
force production but increases force during stretch of active
muscles in frog fibers (Edman, 1999). In mammalian muscle,
lattice compression has relatively fewer effects (Godt and
Maughan, 1981; Zhao and Kawai, 1993; Liu et al.,, 2018), and

only larger compression reduces active force (Maughan and
Godt, 1981; Zhao and Kawai, 1993). It is thus unlikely that
the difference in lattice spacing between normal and woody
breast muscle fibers affected the active force generation at
each stretch step. Nevertheless, the lattice spacing can influence
the passive stress and extensibility of sarcomeres upon longer
fiber length. Resistance might develop when adjacent filament
surfaces touch each other during fiber elongation. As shown
in Figure 5C, the minimum lattice spacing value (djo) is ~
33 nm in both woody and normal muscle fibers. This might
reflect the minimal distance between filaments in the sarcomere
where the myosin heads can be accommodated. The current
study showed wider lattice spacing in woody breast sarcomeres,
which could thus allow more extension before the minimal
lattice spacing was reached. We compressed woody breast fibers
laterally by osmotic force to the diameter of normal fibers and
found that the length coupling between fiber and sarcomere
was similar to that in the controls, reflecting a role of wider
spacing. Since normal fibers were less affected by osmotic
compression, the presented results demonstrated that the effect
of lateral distance on sarcomeric compliance is operating in
swollen sarcomeres, as in the woody breast muscle. We observed
decreased calcium sensitivity in the woody breast group and a
change in the lattice spacing might be a factor contributing to
this phenomenon (Godt and Maughan, 1981). Avian muscles
operate mainly in the sarcomere length range covering the
ascending arm of the length-force relationship (Burkholder and
Lieber, 2001), which did not differ between woody and normal
breast muscle according to our measurements. However, a
less steep descending arm was observed in the woody breast
group where significantly higher force was observed at longer
sarcomere length. This could be a consequence of the wider
filament spacing in the woody breast group as discussed above
(Williams et al., 2013).

Modern genetic selection for fast growth and high breast
yield broilers is achieved by selecting animals with more
profound muscle hypertrophy (Dransfield and Sosnicki, 1999),
with average larger fiber cross-sectional areas (Berri et al., 2007)
and/or increased fiber number (Scheuermann et al., 2004). In
our study woody and normal breast samples were taken from
a flock of the same hybrid and were thus genetically very
homogeneous. This suggests that a genetic predisposition plays
a role in the susceptibility to develop the syndrome and some
environmental factors then trigger the onset of the syndrome
in some animals. It has been shown that animals that grow
even faster with more pronounced fiber enlargement are more
prone to develop woody breast condition (Papah et al., 2017),
which suggests that food intake or animal size are important
triggering factors. It has been suggested that the woody breast
condition is a consequence of hypoxia, increased oxidative stress
and intracellular calcium alterations, which might be due to
insufficient blood supply or impaired metabolism in the fast-
growing animals (Mutryn et al., 2015; Petracci et al., 2019). It is
difficult to ascertain whether these changes are primary or only
consequence of the abnormal hypertrophic growth. The present
study demonstrates the changes in the mechanical anchoring of
contractile filaments in the woody breast muscles. This could
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affect the contractile properties and possibly activating signaling
pathways associated with hypertrophic growth and ultimate
muscle degeneration.
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The poultry industry has placed significant emphasis on the selection of meat-type
broilers for increased body weight, increased meat yield especially the pectoralis major
(breast) muscle, decreased time to processing, and improved feed conversion. Although
significant improvements have occurred in fast-growing meat-type broilers, myopathies
affecting meat quality especially in the pectoralis major muscle have occurred. Many
of the broiler breast muscle myopathies are caused by inflammation leading to the
necrosis of existing muscle fibers and resulting in replacement of the muscle fibers with
extracellular matrix proteins especially fibrillar collagens, fibrosis. This review explores
how the fibrotic deposition and organization of extracellular matrix proteins especially the
fibrillar collagens, Types | and lll, affects the phenotype of the Wooden Breast myopathy,
functional properties of the pectoralis major muscle, and meat quality.

Keywords: collagen, fibrosis, muscle, necrosis, wooden breast

INTRODUCTION

Broilers have been selected for increased growth, carcass weight, pectoralis major (breast) muscle
yield, decreased time to reach processing weight, and improved feed conversion (Havenstein et al.,
1994a,b, 2003; Collins et al., 2014). Despite the overall growth improvements and increased feed
efficiency, the presence of novel necrotic/fibrotic myopathies has been identified. These myopathies
negatively impact breast meat quality and affect the well-being and overall function of the pectoralis
major muscle. Typical named necrotic/fibrotic myopathies include, but are not limited to, Wooden
Breast (WB: Sihvo et al., 2014), White Stripping (WS: Kuttappan et al., 2013), and Spaghetti
Meat (SM: Baldi et al., 2018, 2019). All three of these myopathies affect the visual appearance
of the pectoralis major muscle with increased collagen deposition, and altered fat and protein
levels. Wooden Breast and SM have the most detrimental effects on breast meat quality with WB
affected meat being hard whereas SM meat is soft after cooking. In modern heavy weight fast-
growing broilers, the pectoralis major muscle is eight times larger than broilers marketed in 1955
(Collins et al., 2014). Selection favoring greater pectoralis major muscle growth is due to consumer
preference for a low-fat protein choice that is reasonable in cost. The increase in muscle mass
is correlated with larger myofiber diameters from hypertrophic growth (Dransfield and Sosnicki,
1999), and a decrease in connective tissue spacing between muscle fiber bundles (perimysium) and
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individual myofibers (endomysium) (Yost et al., 2002; Velleman
et al., 2003). The presence of ample connective tissue spacing
is necessary for structure and function of the muscle and
vascularization. Since the pectoralis major is an anaerobic muscle,
the removal of lactic acid the by-product of anaerobic respiration
requires vascular supply.

The fibrotic process of the replacement of muscle fibers
with connective tissue is induced by chronic muscle fiber
damage, necrosis, with associated tissue inflammation. In normal
muscle, the damage will be repaired without changes in the
myofiber structure or fibrosis. However, fibrosis results in
muscles with chronic necrosis leading to the excessive deposition
of fibrillar collagen as is observed with myopathies like WB.
It is not the concentration of fibrillar collagen synthesized
during fibrosis, but the organization of the fibrillar collagen
will determine the tissue flexibility and the tenderness of the
meat. In recent studies, it has been shown that there may be
multiple necrotic/fibrotic myopathies associated with the broiler
pectoralis major muscle (Velleman, 2015, 2019; Velleman and
Clark, 2015; Clark and Velleman, 2017; Velleman et al., 2017).
Many of these myopathies, largely go phenotypically undetected
by palpation due to differences in the organization of fibrillar
collagens. This review focuses on the organization of fibrotic
fibrillar collagen deposited in the extracellular connective tissue
spaces in the broiler pectoralis major muscle in 3 heavy weight
fast-growing commercial broiler with differing incidence of
phenotypically detectable WB.

What Is the Extracellular Matrix and Why
It Is a Key Element Determining Muscle
Function and Meat Quality

The extracellular matrix is defined as all the secreted molecules
extrinsic to the cell composed of collagens, proteoglycans, and
non-collagenous glycoproteins. The composition and structure of
the extracellular matrix is not random as it is tissue-type and age
specific. The matrix is thus dynamically expressed and directly
impacts muscle cell proliferation, adhesion, migration, and the
repair of damaged muscle fibers. In skeletal muscle there are
three layers of connective tissue containing extracellular matrix
macromolecules. They are the endomysium, perimysium, and
epimysium. The epimysium forms a sheath around the entire
muscle, the perimysium encompasses muscle fiber bundles,
and the endomysium surrounds individual muscle fibers. The
predominant extracellular matrix proteins in these layers are the
fibrillar collagens especially Types I and IIL

The fibrillar collagens are characterized by a single triple-
helical domain containing three peptide chains forming an
alpha helix. After the triple helical structure is formed, the
collagen is secreted into the extracellular matrix space where it
is aligned into a quarter stagger array leading to the formation
of collagen fibrils that are stabilized by crosslinking between
the collagens. Crosslinking of the fibrillar collagens is necessary
for both its structural stability and functional properties and is
a major determinant of meat textural properties. The covalent
hydroxylsylpyridinoline (HP) crosslink is a mature, non-
reducible, trivalent crosslink that forms from the condensation

of two divalent ketoimine crosslinks (Reiser et al., 1992).
The formation of HP crosslinks is progressive with age and
the toughening of meat is directly attributable to crosslink
concentration. With tissue injury, the repair process results
in collagen fibrils that have higher levels of HP crosslinking
(Zimmerman et al., 2001). Since collagen HP crosslinking is
progressive with age and increases with tissue injury, fibrotic
myopathies will likely result in increased collagen deposition and
crosslinking like what is observed in the WB myopathy. Despite
the likely increase in collagen crosslinking in severely affected WB
muscle, Baldi et al. (2019) showed that hydroxylysylpyridinoline
concentration, the principle non-reducible crosslink in fibrillar
collagen is not affected in the Ross 308 strain. The muscle
necrotic and fibrotic process is characterized by both changes
in tissue structure and composition of the extracellular matrix.
In fibrotic tissue, there is an excessive deposition of fibrillar
collagen (Alexakis et al., 2007; Serrano and Munoz-Canoves,
2010). Thus, necrotic and fibrotic conditions in skeletal muscle
will result in altered structural architecture and function with
reduced elasticity. Furthermore, there is a general replacement of
skeletal muscle fibers with connective tissue. Meat derived from
pectoralis major muscles with necrotic and fibrotic disorders
like WB will have reduced myofibrillar protein content, reduced
water holding capacity, increased fat, and be tough and texturally
unappealing (Mazzoni et al., 2015).

Overview of Skeletal Muscle

Development and Regeneration

The predisposition to the development of degenerative breast
muscle myopathies has its origins in the formation of muscle
and its continued growth as well as how selection for fast-
growing heavy weights lines has altered the development and
growth of the pectoralis major muscle including the extracellular
matrix environment. The development and growth of skeletal
muscle is a precisely regulated process with specific phases.
Embryonic myoblasts are derived from the somites and once they
migrate to the areas of muscle formation will further proliferate,
align to form multinucleated myotubes, and ultimately muscle
fibers. After the myoblasts form multinucleated myotubes they
withdraw from the cell cycle. During the formation of skeletal
muscle, the muscle fibers will form bundles with the bundles
being separated by perimysial connective tissue spacing and the
individual muscle fibers by endomysial connective tissue. At the
time of hatch, muscle fiber formation is complete (Smith, 1963).

The continued posthatch growth is from the enlargement
or hypertrophy of existing muscle fibers. Hypertrophy is solely
dependent upon a mesodermally derived stem cells population
of adult myoblasts, satellite cells. With myofiber injury, the
satellite cells are responsible for the repair and regeneration of
the myofiber back to its original state.

Having enough perimysial and endomysial connective tissue
spacing is necessary for the livability of the avian pectoralis
major muscle myofibers (Wilson et al., 1990). The perimysium
is a connective layer composed of groups of collagen fibrils
tightly packed that surround the entire muscle fiber bundle.
In comparison, the endomysium contains a thin layer of
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collagen encompassing only individual myofibers. In addition to
providing space between the muscle fiber bundles and myofibers,
the intramuscular areas of connective tissue spacing provide
structural support for the tissue, defines the elasticity or stretch of
the muscle, and contains capillaries necessary for adult myoblast
activity, satellite cells, and the removal of respiration by-products
like lactic acid. Selection for increased breast muscling based
on myofiber hypertrophy and not muscle fiber number through
hyperplasia will result in myofibers and muscle fiber bundles that
occupy the endomysial and perimysial spaces, respectively. As
the connective spaces are diminished in size and the fibers and
fiber bundles begin to touch, fiber degeneration ensues (Wilson
et al., 1990; Velleman et al., 2003). Once the muscle fibers are
damaged, satellite cell-mediated repair mechanisms are invoked.
When myofiber degeneration occurs the sarcolemma (myofiber
plasma membrane) is disrupted which initiates necrosis from
the influx of calcium from the sarcoplasmic reticulum. The
necrosis of the muscle fibers leads to an immune response (Orimo
et al, 1991) with the infiltration of immune cells including
neutrophils and macrophages to phagocytize the cellular debris.
In necrotic/fibrotic disorders like WB the pectoralis major muscle
tissue has observable lysis of existing muscle fibers with immune
cell infiltration.

The degeneration or necrosis of the muscle fibers will initiate
satellite cell repair mechanisms. Satellite cells are, in general,
quiescent and must be activated to reenter the cell cycle to
proliferate and differentiate. Satellite cells require the appropriate
niche environment for activation. For satellite cell activity to
occur, the muscle stem cell niche must contain vascularization
within 21 pwm of the satellite cells (Christov et al., 2007). However,
in meat-type broilers affected with WB the muscle is under
oxidative stress (Abasht et al., 2016). One of the characterizing
features of WB muscle is a reduction in circulatory supply.
The reduction in circulatory supply in the pectoralis major
muscle is further augmented by the pectoralis major muscle
being an anaerobic muscle. Anaerobic glycolytic metabolism does
not require oxygen. Thus, the pectoralis major muscle being
a fast twitch Type II muscle does not require by nature an
extensive circulatory network. Further reduction in circulatory
supply in WB affected muscle will suppress satellite cell-mediated
myofiber regeneration. Regeneration is a process of constructing
parallel arrays of microfibrils. Alterations in the reconstruction
of the myofibrillar structure will negatively impact the contractile
properties of the muscle (Velleman et al., 2018) and meat quality
by reducing protein content. Velleman et al. (2018) showed that
the WB condition resulted in a deposition of smaller diameter
myofibrils with a lack of normal sarcomere structure ranging
from moderate to severe (Figure 1). In contrast, during normal
posthatch muscle growth, myofiber diameter should continue to
increase with age through satellite cell-mediated hypertrophic
growth (Moss and LeBlond, 1971) while maintaining normal
sarcomere structure in the myofibrils.

The degeneration of muscle fibers results in inflammation
of the pectoralis major muscle tissue leading to an increased
deposition of extracellular matrix proteins like collagen and
proteoglycans. The extracellular matrix proteins form an
architectural network outside the cell which determines, in part,

Score 2 Score 3 Score 4 Score 5

Score 1

FIGURE 1 | Representative transmission electron microscopy images for
sarcomere organization scoring from 1 to 5. (A) Score of 5 shows sarcomeres
with normal structure; (B) score of 4 means mildly altered; (C) score of 3
means further disorganized from a score of 4 but still moderate; (D) score of 2
means severely altered sarcomere structure; and (E) score of 1 means
complete absence of sarcomere structure. A = A zone; | = | zone; M = M-ling;
Z = Z-line. Bar = 1 um. (Figure reproduced from Velleman et al., 2018. Avian
Dis. 62, 28-35).
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the structural stability of the tissue, stretch, and water-holding
capacity. Measures of extracellular matrix protein concentration
alone will not determine the functional attributes of the tissue.
For example, the primary phenotypic feature of WB is a hard
pectoralis major muscle detected by palpation (Sihvo et al,
2014). As shown by Velleman and Clark (2015), the phenotypic
incidence of WB does not align with microscopic assessment for
necrosis and fibrosis with the incidence being significantly higher
when evaluated microscopically.

Formation and Organization of
Intramuscular Collagen Fibrils:
Relationship to the Phenotype of
Wooden Breast

The process of fibrosis is a self-perpetuating response to muscle
necrosis resulting in the progressive overproduction of fibrillar

collagens Types I and III in the perimysial and endomysial
connective tissue spaces. The phenotypic characteristics of
necrotic/fibrotic myopathies is not a direct relationship to the
concentration of these collagens. There are numerous factors
determining the tissue phenotype resulting from fibrosis. These
include, but are not limited to fibril diameter, degree of
crosslinking, proteoglycan localization and type, fibril alignment,
and morphometric organization of the collagen fibrils.

All collagens are composed of three polypeptide chains with
the amino acid repeat Glycine-X-Y where X and Y are any
amino acid but are frequently proline or lysine. The polypeptide
chains will wrap around each other intracellularly to form a
right-handed triple helix. At this point, the collagen molecule
is exocytosed into the extracellular space where fibril and fiber
formation take place. The collagen fiber is the functional form
impacting tissue structure, elasticity, and ultimately meat quality.
After secretion, the collagen molecules will align in parallel to

WB Unaffected

Line A

Line B

Line C

reproduced from Velleman et al., 2017. Avian Dis. 61, 481-490).

FIGURE 2 | Masson trichrome staining of collagen organization in wooden breast (WB)-unaffected and -affected pectoralis major muscle. (A,C,E) are representative
images of WB-unaffected pectoralis major muscle from Lines A, B, and C, respectively. (B,D) are representative images of WB-affected pectoralis major muscle from
Lines A and B, respectively. The arrows highlight fibrillar collagen and the boxes contain enlargements of the fibrillar collagen. Scale bar = 100 pm. (Figure

ffected

W P

WB A
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forming a quarter staggered array which is a necessary step
leading to the assembly of collagen fibrils. The collagen fibrils are
stabilized by the formation of reversible divalent crosslinks. The
alignment of the collagen molecules is not a random process and
after alignment there are gap and overlap areas within the quarter
staggered array. The length of one overlap zone is 67 nm and this
is termed a D banding-period. If the alignment of the collagen
molecules is altered, the length of the D-period will be modified
affecting collagen fibril function. After collagen fibril formation,
the collagen fibrils will come together forming collagen fibers.
With maturation, divalent ketoimine crosslinks are replaced
with trivalent non-reversible HP crosslinks. The HP crosslink
is a critical factor in tissue stiffening. After three collagen
triple helices are linked together, additional helices are linked
together increasing collagen fibril diameter and crosslinking. The
formation of HP crosslinks is a progressive process with age and
is likely a major factor in the phenotypic detection of WB by
palpation and the reduction in meat quality.

Since the WB myopathy is characterized by excessive
collagen fibril deposition, it is of importance to understand
the ultrastructural intramuscular organization of the fibrillar
collagens in fast growing meat-type broiler lines of differing
parental lineage. To comprehensively study collagen fibril
structure, a series of studies was conducted examining collagen
fibril structure in three fast growing commercial broiler lines
with distinctly different levels of phenotypically detectable WB
(Velleman and Clark, 2015; Velleman et al., 2017; Tonniges
et al., 2019). These lines will be referred to as A, B, and C.
Line C does not exhibit any WB whereas Line A has a high
degree of affected birds, and Line B has an intermediate level
of phenotypic detection of WB affected birds. Velleman and
Clark (2015) and Velleman et al. (2017) using light microscopy
observed that Line A with a high degree of phenotypically WB
affected birds, had perimysial collagen fibers characterized by
parallel packing (Figure 2). In contrast, Line B by palpation
had a low percentage of birds categorized as WB affected. Light
microscopic examination revealed that the perimysial collagen
was not packed but diffuse in structure. Furthermore, histological
examination of the pectoralis major muscle showed that 70%
of the Line B birds had microscopically observable necrosis
and fibrosis. Therefore, phenotypic palpation for breast muscle
hardness, a standard approach used by the broiler industry, is an
insufficient measure for pectoralis major muscle fibrosis.

Transmission electron microscopy (TEM) analysis was used
to further investigate histological differences, measure collagen
D-periodicity, and collagen fiber diameter in Lines A, B, and
C affected and unaffected WB birds (Velleman et al., 2017).
Velleman et al. (2017) showed that WB affected Line A muscle
had overall smaller average collagen fibril diameter and longer
average collagen D-period compared to unaffected Line A
muscle. Line B showed no such differences. Fibrotic collagen
of WB-affected muscle of Line A exhibited D-period length
and fibril diameter more like endomysial collagen of unaffected
muscle of Line A. However, the fibrillar structure of fibrotic
collagen in Line B affected with WB was similar to perimysial
collagen of Line B-unaffected muscle. The endomysial collagen of
Line A was changed with the WB myopathy while the endomysial

collagen of Line B was not. Endomysial collagen of Line A
exhibited decreased fibril diameter and increased D-period
length with WB. Changes in D-period length and collagen fibril
diameter are a direct consequence of the arrangement of collagen
within the collagen fibril. Modifications of the collagen fibril
are suggestive of changes in the molecular packing of collagen
monomers, which will affect collagen function by altering protein
binding sites or the flexibility of the collagen fibril.

More importantly the TEM study by Velleman et al
(2017) demonstrated that there are different fibrotic collagen
organizations in the pectoralis major muscle of fast-growing
meat type broilers. These differences in fibrosis are likely unique
myopathies. Myopathies like WB have increased stiffness or
hardness of the pectoralis major muscle likely due to high levels
of collagen crosslinking which results in tightly packed collagen
fibrils. Fibrotic myopathies undetected by palpation is due to the
collagen fibrils being diffuse with lower levels of crosslinking,
and the pectoralis major muscle remains texturally soft and in
extreme case SM may be found. Despite not being phenotypically

FIGURE 3 | Decorin immunogold transmission electron microscopy images of
collagen fibrils from wooden breast-affected muscle of Line A (A) and Line B
(B). White arrowheads indicate gold particles labeling collagen fibrils. Insets
show enlarged images of gold labeling individual collagen fibrils in the region
indicated by the white box. Scale bar = 500 nm. (Figure reproduced from
Tonniges et al. (2019). Avian Dis. 63, 48-60).
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detectable, necrosis and fibrosis will still alter the nutritional
value of the breast meat by reducing protein levels and increasing
fat concentration.

Since the organization of collagen fibrils is altered by the
fibrotic process, it is necessary to determine mechanistically
how this organizational change occurs. A primary candidate
for altering collagen fibrillar structure is the chondroitin
and dermatan sulfate proteoglycan decorin. Decorin plays
a critical role in the formation of the quarter stagger
array aligning the collagen helices (Weber et al., 1996) and
subsequent HP crosslinking (Reiser et al., 1992) by binding
to the D banding period. Extracellular matrix organization
has been implicated in other fibrotic conditions including
but not limited to lung fibrosis (Blaauboer et al., 2014)
and human renal fibrosis disease (Stokes et al., 2000).
Velleman and Clark (2015) reported a high correlation
of decorin expression in WB affected muscle in Line A
but not in Line B.

Tonniges et al. (2019) investigated the association of decorin
binding and collagen organization in Lines A, B, and C using
TEM and immunogold labeling decorin. The WB myopathy
caused larger diameter collagen fibril bundles. However, Line
A with the high phenotypic detection of WB had larger
collagen fibril bundles compared to WB affected pectoralis major
muscles in Line B. Line A had collagen fibril bundles upto
8.4 pm and Line B had a maximum diameter of 5.1 pm.
It was further found that Line A WB affected muscle had
smaller diameter collagen fibril bundles with more decorin
collagen binding than Line B. Figure 3 shows a representative
TEM decorin immunogold image for Lines A and B. In
addition to the observable differences in decorin-collagen
binding, the images also illustrate the distinct differences in
collagen organization.

To summarize this review provides novel insight into the
fibrillar organization of collagen in the broiler pectoralis major
muscle and its impact on the phenotypic detection of WB
affected birds. Despite Tonniges et al. (2019) reporting that
smaller diameter collagen fibril bundles in WB affected muscle
having more decorin-collagen binding, it is unlikely for decorin
to play a major role in the alignment and organization fibrotic
fibrillar WB collagen. In contrast decorin knockout studies in
mice demonstrated irregular collagen fiber organization was
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The elevated ultimate pH (pH,) found in wooden breast (WB) meat suggests an
altered muscular energetic status in WB but also could be related to a prematurely
terminated post-mortem pH decline. The aims of this study were to explore the factors
contributing to the elevated pH, and establish whether the occurrence of WB defect
alters muscle post-mortem carbohydrate metabolism and determine if the contractile
apparatus reflects such changes. A total of 24 carcasses from Ross 308 male chickens
were obtained from a commercial producer and harvested using commercial processing
procedures. Carcasses were categorized into unaffected (NORM) and WB groups
(n = 12 each), and samples were collected from cranial bone-in pectoralis major (PM)
muscles at 15 min and 24 h post-mortem for the determination of pH, glycolytic
metabolites, adenonucleotides, buffering capacity, phosphofructokinase (PFK) activity,
and in vitro pH decline. Twenty-four additional deboned PM samples (12 NORM and
12 WB) were collected from the same processing plant to assess muscle histology
and sarcomere length at four different locations throughout the PM muscle. Data show
that the reduced glycolytic potential of WB muscles only partially explains the higher
(P < 0.001) pH, of WB meat, as residual glycogen along with unaltered PFK activity
suggests that neither glycogen nor a deficiency of PFK is responsible for arresting
glycolysis prematurely. The dramatic reduction in ATP concentrations in the early post-
mortem period suggests a defective ATP-generating pathway that might be responsible
for the reduced pH decline in WB samples. Further, the addition of excess of ATPase
extended post-mortem glycolysis of WB meat in an in vitro glycolytic system. WB-
affected samples have longer (P < 0.001) sarcomeres compared to NORM, indicating
the existence of compromised energy-generating pathways in myopathic muscles that
may have had consequences on the muscle contraction and tension development,
as in vivo, also during the post-mortem period. Considering the overall reduced
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Post-mortem Metabolism in Wooden Breast

glycolytic potential and the myodegenerative processes associated with WB condition,
we speculate that the higher pH, of WB meat might be the outcome of a drastically
impaired energy-generating pathway combined with a deficiency and/or a dysfunction
of muscle ATPases, having consequences also on muscle fiber contraction degree.

Keywords: wooden breast, post-mortem metabolism, pH, sarcomere length, glycolysis

INTRODUCTION

In an attempt to address the ever-growing demand for poultry
meat, selection pressures on chicken genetics have resulted
in huge gains in animal growth rates, feed conversion, and
enhanced growth of the pectoralis major (PM) muscle chickens,
which represents the most profitable portion in the broiler
industry, at least in Western countries (Petracci et al., 2019).
As a result, however, the incidence of metabolic and growth-
related disorders affecting PM muscles of broiler chickens has
increased, suggesting genetic improvements have given rise
to the occurrence of muscular abnormalities (Griffin et al.,
2018; Velleman, 2019). Among these, wooden breast (WB) has
been reported in several plants all over the world with an
occurrence up to 50% of affected individuals within the same
flock (Griffin et al., 2018; Livingston et al., 2018), resulting in
costly economic deficits (Kuttappan et al., 2017b). This global
widespread muscular abnormality appears as either a focally or
diffusely palpably firm consistency in the breast muscle, which
is undesirable, pale, out-bulging, and often displays superficial
exudate and petechiae (Sihvo et al, 2014). Microscopically,
WB-affected muscles exhibit an altered muscular architecture,
showing a diffuse thickening of the endomysial and perimysial
connective tissue associated with several degrees of fiber
necrosis, inflammatory cell infiltrations, as well as extreme
collagen and fat deposition (Sihvo et al, 2014; Soglia et al,
2016; Clark and Velleman, 2017). Moreover, selection for
enhancing breast muscle mass has increased muscle fiber size
through greater post-hatch hypertrophic growth (Clark and
Velleman, 2017; Velleman, 2019), thus reducing capillary-to-
fiber ratio and resulting in severe circulatory insufficiency (i.e.,
hypoxia), oxidative stress mechanisms, as well as remarkable
alterations in muscle metabolism (Sihvo et al., 2018). Indeed,
metabolomic studies provide evidence of dysregulated lipid
and carbohydrate metabolism in affected birds (Mutryn et al.,
2015; Abasht et al, 2016; Papah et al., 2017) to such a
degree that the elevated ultimate pH (pH,) of WB meat is
usually considered a hallmark of this muscular abnormality.
However, even though many aspects of WB abnormality have
been investigated at the molecular level, to the best of our
knowledge, there has not been any indication concerning post-
mortem metabolism of WB-affected muscles. Considering that
glycogen is not usually a limiting factor in chicken PM muscle
(Chauhan and England, 2018), the high pH, of WB meat
may be related to a prematurely terminated post-mortem pH
decline. Thus, having information about the enzymes and
metabolites involved in post-mortem glycolysis might be crucial
to understand the reasons behind the altered energetic status of
myopathic muscles and provide new insights into this condition.

Moreover, since the rate and the extent of post-mortem muscular
acidification influence the degree of myofibrillar contraction
(Ertbjerg and Puolanne, 2017), it could be speculated that
the extreme stiffness of WB muscles might be partially due
to a hypercontraction of sarcomeres caused by an abnormal
acidification process or premature rigor formation. Within this
context, the present study aimed at widening the knowledge
about WB condition by exploring the factors contributing
to the elevated pH, and establishing whether its occurrence
exerts an effect on muscle post-mortem glycolysis and muscle
fiber contraction.

MATERIALS AND METHODS

Muscle Sampling

A total of 24 carcasses were obtained from the same flock of
broiler chickens (Ross 308 strain, males, 48 days of age, 3.0-
3.5 kg live weight), reared and harvested using standard US
commercial procedures. Carcasses were selected immediately
after evisceration (~15 min post-mortem) from the line
of a commercial broiler processing plant and categorized
by experienced personnel in unaffected (NORM) and WB
(n = 12/group) based on the criteria proposed by Sihvo et al.
(2014). More specifically, WB carcasses were selected based on
palpable hardness and muscle rigidity throughout the whole
PM muscle, picking the most severe cases. Carcasses were
stored in cold storage room at 4°C, and samples of about
1 cm?® were collected from the cranial position of bone-
in PM muscles of each carcass at both 15 and 1,440 min
(24 h) post-mortem, snap frozen in liquid nitrogen, and stored
at —80°C until analyses. Samples were then used for the
assessment of pH, glycolytic metabolites, adenine nucleotides,
buffering capacity, phosphofructokinase (PFK) activity, and
in vitro pH decline. Further, 24 additional deboned PM
muscles were collected from the deboning line of the same
commercial broiler processing plant at 3 h post-mortem and
categorized into NORM and WB (n = 12/group) following
the same criteria described before. Fillets were stored at 4°C
until 24 h post-mortem (i.e., until rigor mortis resolution),
and samples from four different locations throughout the
PM muscle were obtained in order to evaluate the spatial
effects of WB condition on muscle histology and sarcomere
length. Specifically, samples were collected from anteroventral,
anterodorsal, posteroventral, and posterodorsal regions of WB-
affected PM muscles, while samples from NORM breast muscles
were acquired from anteroventral section (Figure 1). Samples
belonging to anterodorsal and posterodorsal positions were
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FIGURE 1 | Schematic diagram of pectoralis major muscle sampling location
for the evaluation of muscle histology and sarcomere length (AV, anteroventral;
AD, anterodorsal; PV, posteroventral; PD, posterodorsal).

collected by making an incision in the breast muscle in order
to obtain samples located 1.5 cm underneath the anteroventral
and posteroventral samples, respectively. All the aspects of
rearing, handling, transportation, and harvest of birds were
accomplished under US laws.

pH and Glycolytic Metabolites

Samples were processed as described by Matarneh et al.
(2018) with slight modifications. Briefly, frozen 15- and
1,440-min PM muscle samples (n = 12/group) were powdered
under liquid nitrogen using a mortar and pestle, and three
aliquots of approximately 0.1 g were collected. Powdered
samples were lysed using a Tissue Lyser II system (Qiagen,
Boston, MA, United States) in 0.8 ml of ice-cold 5 mM
sodium iodoacetate and 150 mM KCI solution (pH = 7.0).
Following centrifugation at 17,000 x g for 5 min and
equilibration to 25°C, pH of supernatants was directly
measured using an Orion Ross Ultra pH glass electrode
(Thermo Scientific, Pittsburgh, PA, United States). Samples
designated for glucose, glucose-6-phosphate (G6P), lactate,
and adenine nucleotides (ATP, ADP, AMP, and IMP)
were lysed in 1 ml of ice-cold 0.5M perchloric acid and
incubated on ice for 20 min. Homogenates were centrifuged
at 17,000 x g for 5 min, then supernatants were transferred
into new tubes and neutralized with 2M KOH. As for muscle
glycogen determination, another sample was lysed in 1 ml
of 1.25M HCI, heated at 90°C for 2 h, and centrifuged
at 17,000 x g for 5 min. Following, supernatants were
transferred into new tubes and neutralized with 1.25M
KOH. Glycogen, glucose, G6P, and lactate were determined
using enzymatic methods modified for a 96-well plate as
described by Hammelman et al. (2003), and glycolytic
potential (GP) was calculated as suggested by Scheffler
et al. (2013) following the equation: GP (umol/g) = 2 *

(glucose + G6P + glycogen) + lactate. Adenine nucleotide
concentrations were quantified using HP Agilent 1100
HPLC system (Agilent Technologies, Santa Clara, CA) and
external standards.

In vitro Glycolysis Model

Frozen 15-min NORM and WB samples (n = 6/group) were
powdered in liquid nitrogen and homogenized at 1:10 (wt/vol) in
a glycolysis buffer containing 5 mM MgCl,, 10 mM Na;HPOy,
60 mM KCl, 5 mM Na-ATP, 0.5 mM ADP, 0.5 mM NAD™,
25 mM carnosine, 30 mM creatine, 40 mM glycogen, and
10 mM sodium acetate (pH 7.4) (England et al, 2014). In
order to test the effect of ATPase on muscle acidification,
either 0 or 2 U/ml of ATPase were incorporated into the
in vitro model. Reaction vessels were incubated at 25°C for
the duration of the trial. Aliquots for pH determination were
removed from reaction vessels at 0, 15, 30, 120, 240, and
1,440 min and homogenized at 1:4 (vol/vol) ratio with a 25 mM
sodium iodoacetate and 750 mM KCI solution (pH = 7.0).
Samples were centrifuged at 17,000 x g for 5 min, equilibrated
to 25°C, and pH was measured directly using an Orion
Ross Ultra pH glass electrode (Thermo Scientific, Pittsburgh,
PA, United States).

Phosphofructokinase Activity Assay

PFK activity of both NORM and WB PM muscles (n = 6/group)
was determined according to the procedures described by
England et al. (2014). Briefly, ~0.1 g of the 15-min samples
was homogenized at 1:10 (wt/vol) in ice-cold 100 mM K;HPOy4
solution (pH = 7.4). Subsequently, aliquots of tissue homogenate
were added to a reaction buffer containing 120 mM MES, 3.2 mM
MgSOy4, 2 mM ATP, 1 mM NADH, 3 mM fructose-6-phosphate,
2 U/ml triosephosphate isomerase, 1 U/ml glycerol-3-phosphate
dehydrogenase, and 1 U/ml aldolase (pH = 7.0). Enzymatic
activity was measured spectrophotometrically at 340 nm and

reported as nmol NADH x min~1 x gfl.

Buffering Capacity

Buffering capacity of NORM and WB samples (n = 12/group)
was determined according to Matarneh et al. (2015). Briefly,
~1 g of the 1,440 min meat was homogenized in 5 mM sodium
iodoacetate and 150 mM KCI solution (pH = 7.0) at 1:10 ratio
(wt/vol). After equilibration to 25°C, samples were titrated using
0.IM NaOH. Samples pH was measured using an Orion Ross
Ultra pH glass electrode (Thermo Scientific, Pittsburgh, PA,
United States) and buffering capacity was calculated as follows:
buffering capacity = AB/ApH, where AB is the increment of
base expressed as pmol NaOH/g of tissue, and ApH is the
corresponding pH variation.

Histology

Muscle samples of approximately 1 ¢cm® were removed from
anteroventral, anterodorsal, posteroventral, and posterodorsal
regions of WB de-boned chicken PM muscles (n = 12)
at 24 h post-mortem. Meat samples were placed in 10%
(vol/vol) buffered formalin fixative (pH = 7) and stored at
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4°C. Subsequently, samples were dehydrated in a graded series
of ethanol, oriented for cross-sectional fiber sectioning, and
paraffin-embedded. Paraffin blocks were cut at 6 pm with a
microtome, mounted on saline-coated microscope slides, and
hematoxylin and eosin stained. In more detail, muscle sections
were stained with hematoxylin for 6 min, rinsed with running
deionized water, submerged in eosin for 2 s, and rinsed again with
deionized water. Slides were then rinsed in 50 and 70% ethanol
10 times, then in 95% ethanol for 30 s, then in 100% ethanol for
60 s. Muscle sections were then rinsed in xylene seven times, dried
with a Kimwipe, and mounted. Digital photomicrographs were
taken using a Nikon ECLIPSE microscope (Nikon Instruments,
Inc., United States) equipped with a 40 x objective.

Sarcomere Length

Muscle samples of approximately 1 cm® and oriented along
the muscle fibers were collected at 24 h post-mortem from the
anteroventral zone of NORM PM (n = 6) and anteroventral,
anterodorsal, posteroventral, and posterodorsal locations
of WB PM de-boned muscles (n = 6/location) used for
histology evaluation, placed in 10% (vol/vol) buffered formalin
fixative (pH = 7.0) and stored at 4°C. Subsequently, samples
were dehydrated in a graded series of ethanol, oriented for
longitudinal fiber sectioning, and paraffin-embedded. Paraffin
blocks were cut at 3 pm with a microtome, mounted on
saline-coated microscope slides, and hematoxylin and eosin
stained. Each slide contained a minimum of two sections. Digital
photomicrographs were taken with Nikon ECLIPSE microscope
(Nikon Instruments, Inc., United States) equipped with an
oil immersion 100 x objective and processed using Image]
software NIH Image. For each section, 15 myofibrils at least 5
sarcomeres long were selected for the assessment of sarcomere
length, which was evaluated as the ratio between the total length
of the myofibril (ie., the distance between A bands) and the
number of sarcomeres.

Statistical Analysis

Overall data from the experiment were analyzed using the one-
way ANOVA option of the GLM procedure of SAS software
(SAS Institute, Inc., United States). Data concerning pH,
glycolytic metabolites, and adenine nucleotides were analyzed
using the occurrence of WB defect as the main effect within
each sampling time (15 and 1,440 min). As for the in vitro
study, the statistical model included the addition of ATPase
to the meat as the main effect for each sampling time (0,
15, 30, 120, 240, and 1,440 min), while results concerning
buffering capacity between NORM and WB groups were
compared within each pH value. Data regarding sarcomere
length detected from AV sampling position were analyzed
by comparing unaffected and affected samples, while the
spatial influence of WB through affected PM muscles was
evaluated using sampling location (anteroventral, anterodorsal,
posteroventral, and posterodorsal) as the main effect. Data
regarding the effect of WB condition on muscle glycolytic
potential and PFK activity were analyzed by comparing NORM
and WB experimental groups. Means were then evaluated
using Tukey’s multiple range test of the GLM procedure and
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FIGURE 2 | Average pH of unaffected (NORM) and wooden breast (WB)
broiler pectoralis major muscles (n = 12/group) at 15 and 1,440 min
post-mortem. Data represent means + SEM. Asterisks indicate significant
difference within the time point (**P < 0.001).

considered significant at P < 0.05. All data are expressed as
means & SEM.

RESULTS AND DISCUSSION
pH and Glycolytic Metabolites

Given that selection programs have exerted significant
consequences on muscle metabolism (Petracci et al., 2017),
understanding post-mortem glycolysis in WB-affected birds may
be useful in providing greater understanding into this muscular
abnormality. Results concerning the effect of WB condition on
muscle pH and glycolytic metabolites are displayed in Figures 2,
3, respectively. While no differences were detected at 15 min
post-mortem, a significantly higher pH,, of 6.32 (P < 0.001) was
observed in muscles affected by WB. The higher pH, of WB
meat found within this experiment and confirmed by previous
studies (Mudalal et al., 2015; Kuttappan et al.,, 2017b; Baldi
et al., 2019; Tasoniero et al., 2019) is commonly considered
a hallmark of this myopathy, whereas the regular pH,, values
of chicken pectoral muscles range typically from 5.8 to 5.9
(Petracci et al., 2017).

Accordingly, lactate contents followed pH decline, with WB
muscles accumulating less lactate by 1,440 min post-mortem
(P < 0.001; Figure 3A). Reduced lactate formation was also
found in severely affected WB chickens by Malila et al. (2019)
and might be explained with the loss of lactate dehydrogenase
(LDH) enzyme from abnormal muscle fibers (Abasht et al.,
2016). Moreover, it has been recently suggested that decreased
lactate concentrations found in WB meat might be linked to
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difference within the time point (***P < 0.001; **P < 0.01).

FIGURE 3 | Average lactate (A, umol/g), glycogen (B, umol/g), glucose (C, jwmol/g), and glucose-6-phosphate (D, pmol/g) of unaffected (NORM) and wooden
breast (WB) broiler pectoralis major muscles (n = 12/group) at 15 and 1,440 min post-mortem. Data represent means + SEM. Asterisks indicate a significant
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an alteration of genes involved in lactate metabolism due to
chronic hypoxic conditions responsible for exportation of lactate
out of muscle cells (Zhao et al., 2019). However, lower lactate
levels at 1,440 min along with the higher pH, of WB samples
suggest premature cessation of post-mortem metabolism, which
is often thought to be associated with the depletion of muscular
glycogen and/or an indication of a reduced amount prior to
harvest. Curiously, glycogen content was found to be lower
in WB-affected muscles at 15 min post-mortem (P < 0.001;
Figure 3B), corroborating the findings of Abasht et al. (2019)
and Malila et al. (2019), but no differences were detected
at 1,440 min. It has been reported that glycogen storage in
breast muscle decreases with the increase in muscle fiber size
(Berri et al., 2007), suggesting that selection for hybrids with
high growth rate and muscle yield (mainly achieved through
fiber hypertrophy) might lead to reduced muscular glycogen
concentrations in modern broiler breast muscles. On the other
hand, G6P concentrations at both 15 and 1,440 min were
likewise reduced in WB meat (P < 0.01 and P < 0.001,
respectively; Figure 3D), while glucose concentration was found

to be higher (P < 0.001; Figure 3C) in NORM samples at
1,440 min. As a direct consequence of the diminished content
of glycolytic metabolites, WB-affected muscles exhibit lower
glycolytic potentials (P < 0.001), reduced by 30% when compared
to NORM samples (Figure 4). Lower glycolytic potential in
WB muscles indicates reduced substrate flux through glycolysis
and, therefore, lower production of both HT and lactate,
causing a higher pH, of the forthcoming meat. These results
confirmed what has been extensively reported in previous genetic
and proteomic studies (Abasht et al.,, 2016; Zambonelli et al.,
2016; Kuttappan et al., 2017a; Malila et al., 2019), suggesting
that muscles showing severe myopathic lesions are usually
characterized by downregulated carbohydrate metabolism and,
as a consequence, a reduced content of glycolytic metabolites.
Indeed, overall data collected within this study corroborate
altered glycogen and glucose metabolic pathways. Considering
the extreme hypoxic conditions and inflammatory processes
taking place in WB muscles, the reduced content of glycolytic
metabolites could be explained by a rerouting of the carbohydrate
flow from glycolysis to other metabolic pathways in order to
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FIGURE 4 | Glycolytic potential (umol lactate/g meat) of unaffected (NORM)
and wooden breast (WB) broiler pectoralis major muscles (n = 12/group). Data
represent means + SEM. Asterisks indicate a significant difference between
experimental groups (**P < 0.001).
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FIGURE 5 | Average phosphofructokinase (PFK) activity [nmol nicotinamide
adenine dinucleotide (NADH) * min™* * g~ '] of unaffected (NORM) and
wooden breast (WB) pectoralis major muscles (n = 6/group). Data represent
means + SEM.

contrast muscle inflammation (Lake et al., 2019). Finally, the
presence of residual glycogen in WB muscle found at 24 h
post-mortem suggests that glycolysis did not arrest prematurely
due to substrate deficiency.

Phosphofructokinase Activity

In the presence of residual glycogen, Matarneh et al
(2018) reported that pH, is determined by the activity of
PFK, a key regulatory enzyme in the glycolytic pathway

that irreversibly catalyzes the conversion of fructose 6-
phosphate into fructose 1,6-biphosphate. Results concerning
PFK activity are reported in Figure 5. Surprisingly, no
differences were detected in PFK activity between affected
and unaffected muscles, meaning that PFK is not responsible
for arresting post-mortem glycolysis in WB-affected samples.
However, Minchenko et al. (2002) reported that in hypoxic
conditions, PFK plays a key role as a regulator of glucose
consumption in order to maintain energetic homeostasis.
With this in mind, the unaltered PFK activity found in
WB muscles might represent an attempt of muscle cells to
combat hypoxia by regulating glucose metabolism through
different mechanisms. Further explanation for this outcome
remains to be studied.

Adenine Nucleotides

In an attempt to better understand post-mortem metabolism
in WB-affected muscles, adenine nucleotides levels were also
measured. England et al. (2014) reported that in some cases,
the depletion of adenosine nucleotides (ATP, ADP, IMP, and
AMP) could arrest glycolysis while PFK is still functioning.
Results concerning adenine nucleotides levels are shown in
Figure 6. ATP content (Figure 6A) was 50% lower in WB-
affected muscle at 15 min post-mortem (P < 0.001) compared
to NORM (3.10 vs. 6.51 pmol/g). Intriguingly, WB-affected
samples had higher IMP levels at 15 min post-mortem. No
differences were detected in AMP concentrations (Figure 6C),
while both ADP (Figure 6B) and IMP (Figure 6D) contents
were lower in WB muscles at 1,440 min post-mortem (P < 0.05
and < 0.001, respectively). The lower IMP content found at
1,440 min within this study corroborates findings from Abasht
et al. (2016) and Soglia et al. (2019), who suggest that lower
levels of adenosine nucleotides along with higher levels of
catabolites such as xanthine and urate might explain a greater
nucleotide degradation in affected muscles. On the other hand,
lower ADP concentration of WB muscle at 1,440 min post-
mortem might be the result of WB muscles attempting to
combat the deficit in ATP concentrations by generating ATP
from two molecules of ADP. This reaction also produces one
molecule of AMP, which in turn could be deaminated to IMP
and NHj3. This might also explain the higher content of IMP
in WB muscles at 15 min post-mortem, as muscle attempts to
compensate for the lack of ATP in the first minutes after the
death. However, the reasons behind the drastic reduction in ATP
content might be different. The first hypothesis is related to
creatine, a compound that plays a key role in muscular energy
metabolism since it is directly involved in ATP synthesis in vivo
(Mora et al., 2008). A study conducted by Sundekilde et al.
(2017) revealed that dystrophic muscles present significantly
lower creatine content, thus suggesting a perturbation in the
energy-generating pathway. This result has also been confirmed
by Soglia et al. (2019) and Wang et al. (2019) who found
remarkably reduced creatine content in muscles affected by
WB. Thus, being creatine present in lower concentrations in
myopathic muscles, it is reasonable to speculate that the ATP-
generating pathway might be compromised, resulting in reduced
ATP concentrations in the early post-mortem. The second
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FIGURE 6 | Average ATP (A, umol/g), ADP (B, pmol/g), AMP (C, umol/g), and IMP (D, wmol/g) of unaffected (NORM) and wooden breast (WB) broiler pectoralis
major muscles (n = 12/group) at 15 and 1,440 min post-mortem. Data represent means 4+ SEM. Asterisks indicate a significant difference within the time point
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hypothesis concerns the impaired mitochondrial functionality of
WB muscles found in a recent study (Sihvo et al., 2018), where the
authors reported that WB-affected samples exhibit mitochondrial
swelling, vacuolation, and cristae loss, clear indicators of osmotic
imbalance and hypoxia. The same authors also suggest that
muscles that experienced distress, such as hypoxia at any time
during the lifetime of an animal, might be more prone to
develop post-mortem alterations. Under these circumstances,
since in vivo ATP synthesis happens through mitochondrial
respiration, it is reasonable to postulate that the reduced ATP
content found within this study might be partially due to
the impaired mitochondria functionality found in WB-affected
muscles. Aside from these theories, it is noteworthy to highlight
that the severe histopathological lesions associated with WB
condition (which will be discussed later in the paper) might
represent the most logical explanation for the reduced nucleotide
content found within affected samples, since the presence of
necrotic fibers may have resulted in a lower ATP content.
However, the drastic reduction in ATP concentrations in the early
post-mortem period, along with the remarkably lower glycolytic
potential of myopathic muscles, undoubtedly provoked a reduced
extent of pH decline in WB samples (i.e., higher pH,). ADP and

AMP were not depleted by 1,440 min post-mortem, suggesting
that adenine nucleotides alone were not likely responsible for
arresting post-mortem glycolysis.

Buffering Capacity

The pH, of a muscle also depends on the buffering systems of
the muscle itself (Laack et al., 2001), thus, exploring muscle’s
buffering capacity may provide further knowledge about WB
post-mortem glycolysis. Buffering capacity was significantly
affected by the occurrence of WB defect (Figure 7). WB samples
exhibited significantly lower buffering capacity (P < 0.001) for
each pH value considered within the range of 6.4-7.0, meaning
that WB-affected muscles have a lower ability to buffer H
produced during post-mortem glycolysis. However, a reduced
buffering capacity should have implied the achievement of a
lower pH,, yet in WB meat, this condition is coupled with
an overall reduced glycolytic potential that consequently led to
decreased H™ accumulation. Nevertheless, muscle’s ability to
buffer the acidic end-products of glycolysis is due by half to
myofibrillar proteins, while phosphate compounds and histidine-
containing dipeptides (e.g., anserine and carnosine) contributed
to the other half (Matarneh et al, 2017). In more detail,
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FIGURE 7 | Buffering capacity (umol H*-pH=1.g~") (pH range 6.4-7.0) in unaffected (NORM) and wooden breast (WB) pectoralis major muscles (n = 12/group).
Data represent means + SEM. Asterisks indicate a significant difference within the same pH value (**P < 0.001).

anserine and carnosine, in light of their pKa (6.38 and 7.04,
respectively), are considered the most important compounds for
the maintenance of muscle homeostasis and prevention of tissue
damage (Davey, 1960; Jung et al., 2013). As in vivo, also during
the conversion of muscle to meat histidine dipeptides play a
determinant role in counteracting rapid changes in pH. However,
a recent study conducted by Soglia et al. (2019) revealed that
the concentrations of these compounds were significantly lower
in WB muscles compared to unaffected ones. More specifically,
anserine and carnosine levels were reduced by 37.2 and 46.1%,
respectively, in myopathic muscles, corroborating data from
Sundekilde et al. (2017). Within this context, it is reasonable to
assume that the reduced content of buffering compounds coupled
with compromised muscle fibers structure and functionality
(Sihvo et al., 2014; Velleman and Clark, 2015) severely affected
the buffering capacity of muscles affected by WB condition.

In vitro pH Decline

Considering the overall dataset, the reduced content of glycolytic
metabolites only partially explains the higher pH,, detected in WB
muscle. Residual glycogen found in WB samples at 1,440 min
post-mortem along with unaltered PFK activity suggests neither
glycogen content nor PFK activity was responsible for arresting
glycolysis. On the other hand, the absence of G6P at 1,440 min
raises the possibility that glycogenolysis was somehow inhibited.
Thus, since post-mortem glycolysis is regulated by ATPase
activity (Scopes, 1974), an in vitro system was used to simulate
muscle acidification with or without excess ATPase in order
to further test the factors contributing to the higher pH, in
WB meat. Using this system, we were able to compare pH
decline in affected and unaffected samples with or without 2 U
ATPase under the same environment (Figure 8). Because muscle
samples from both groups were homogenized in the same buffer,
differences in pH decline should be a function of the incorporated
muscle tissue. The pH of the in vitro system was significantly
affected by the addition of ATPase in the buffer. At both 0 and
15 min post-mortem, the addition of ATPase significantly raised

muscular pH. NORM + ATPase and WB + ATPase groups
showed significantly higher pH values when compared to their
counterparts without ATPase. Scopes (1974) explained that the
increased muscle pH with the addition of ATPase is due to
immediate use of H ions with ADP and phosphocreatine to
produce creatine and ATP prior to anaerobic glycolysis. Thus,
for every re-phosphorylation of ADP by phosphocreatine, a
H™T ion is consumed by the creatine kinase reaction, causing
a slight increase of the pH (Scopes, 1974). However, after an
initial slower rate, addition of ATPase increased the rate of
pH decline of NORM + ATPase samples, which exhibited the
lowest pH values for each time point. This is likely due to
the addition of an excess ATPase to the system that stimulated
additional glycolytic flux and consequently results in a lower pH.
After 30 min post-mortem, the addition of ATPase appeared
to increase the rate of pH decline in WB muscle and, at
1,440 min, reaction vessels containing WB muscle with an excess
of ATPase showed significantly lower values when compared
to their counterparts without ATPase (5.67 vs. 6.01; P < 0.05).
No statistically significant differences were detected between
NORM and WB + ATPase groups at 1,440 min, suggesting
that an excess of ATPase can extend in vitro post-mortem
glycolysis in WB muscles. Considering the presence of significant
damaged/abnormal myofibers in WB tissue, it is reasonable to
hypothesize that a deficiency and/or a dysfunction of muscular
ATPases might be one of the factors responsible for arresting
post-mortem glycolysis prematurely in WB muscles. Further,
given the abundance of myosin ATPase in skeletal muscle, ATP
hydrolysis by myofibrillar component likely drives post-mortem
metabolism (Ferguson and Gerrard, 2014). Thus, further studies
should be conducted in order to investigate if post-mortem
metabolism is repressed because of a deficiency rather than a
reduced functionality of myosin ATPases.

Histology
Although the effect of WB abnormality on muscle fibers and
microstructure has been deeply investigated, few studies take into
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consideration the evaluation of fiber morphology throughout
different zones of PM muscle (Clark and Velleman, 2017; Soglia
et al., 2017). Figure 9 contains representative images showing
the morphological structure of anteroventral, anterodorsal,
posteroventral, and posterodorsal regions of broiler PM affected
by WB. In agreement with previous studies (Sihvo et al., 2014;
Clark and Velleman, 2017; Soglia et al., 2017), anteroventral
region exhibited severe myodegenerative lesions, including
several extensive macrophage infiltrations, accumulation of fat
(i.e., lipidosis) and connective tissue (i.e., fibrosis), as well as

the presence of necrotic fibers surrounded by inflammatory cell
infiltrates. The anteroventral region appears to have the highest
degree of macrophage infiltration when compared to all other
locations. Affected areas are demarcated by the replacement of
damaged fibers with the deposition of connective tissue, causing
a complete reorganization of the skeletal muscle structure.
According to Sihvo et al. (2014), a severe thickening in the
interstitial tissue separating muscle fiber bundles and nuclei
internalization have been widely detected in anteroventral area.
The main causes associated with this altered histological profile
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have been widely attributed to the reduced microcirculation
due to excessive development of the pectoral muscle, which
consequently leads to impaired muscle fiber metabolism and
oxygen supply (Zambonelli et al, 2016; Sihvo et al, 2017).
Among published studies, there are contrasting results about
the effect of WB defect on the histologic characteristics of
breast muscle’s inner cranial region probably due to the severity
grade of the myopathy. According to Soglia et al. (2017), the
anterodorsal zone exhibited several myodegenerative traits, such
as fibrosis, lipidosis, necrotic fibers surrounded by macrophage
infiltrations, and the presence of giant and hypercontracted
fibers. Thickening of the endomysial spaces with deposition of
connective tissue was observed as well. Moreover, the existence of
fibers characterized by small diameters could be the result of fiber
lysis, a process taking place in the muscle as a reparative and/or
adaptive mechanism against fiber necrosis and degeneration.
Additionally, Clark and Velleman (2017) found the presence
of regenerating myofibers in the same region of PM muscles
affected by WB. In the most severe cases, WB abnormality affects
both the cranial and the caudal regions of superficial pectoral
muscle (Kuttappan et al., 2016). From histological examinations
conducted within this study, the posteroventral region showed
an overall compromised muscular structure architecture, nearly
comparable to what was observed for the anteroventral region.
In addition to fibrosis, lipidosis, and fiber lysis, thickening of
the perimysial and endomysial spaces and inflammatory cell
infiltrations surrounding necrotic fibers have been observed.
These findings are quite conflicting with what was observed in
the same broiler PM region by Clark and Velleman (2017), who
reported that the histological profile of the posteroventral area
was just slightly affected by the occurrence of WB myopathy.
However, the divergence detected between these studies might be
ascribable to the different severity grades of WB condition and/or
slaughter age of animals. Furthermore, based on the current
knowledge, no studies have been conducted to investigate the
histological traits of caudal deep section of PM muscle affected
by WB. Contrary to other locations, the histological profile of
posterodorsal region did not appear as severely compromised as
other sampling locations. Neither infiltrating inflammatory cells
nor fiber necrosis were found, while endomysial and perimysial
spacing, as well as nuclei internalization and endomysial
connective tissue proliferation, were evident. Generally, when
compared to their superficial counterparts, the histological profile
of the deep sections appeared to be less impacted by the
occurrence of WB. The different degrees of myodegeneration
between the upper and the inner sections of the pectoral muscle
might be attributed to the different distance from the blood
vessels responsible for oxygen translocation (Soglia et al., 2017).
The greater physical proximity of the muscle fibers to capillaries
and vessels might have resulted in a better oxygenation of
the muscular tissue, thus limiting muscle damages related to
oxidative stress.

Sarcomere Length

Because the rate and the extent of post-mortem muscular
acidification influence the degree of myofibrillar contraction
(Ertbjerg and Puolanne, 2017), it has been speculated if the
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FIGURE 10 | Average sarcomere length (um) assessed in the anteroventral
region of unaffected (NORM) and wooden breast (WB)-affected pectoralis
major muscles (n = 6/group). Data represent means + SEM. ***P < 0.001.
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FIGURE 11 | Average sarcomere length (um) assessed in the anteroventral
(AV), anterodorsal (AD), posteroventral (PV), and posterodorsal (PD) positions
of pectoralis major muscles affected by WB myopathy (n = 6/position). Data
represent means + SEM. (a—c) Means lacking a common letter significantly
differ (P < 0.05).

extreme stiffness of WB muscles could be partially due to
a hypercontraction of sarcomeres caused by an abnormal
acidification process. Contrary to what was expected, WB
samples belonging to the anteroventral region (superficial,
cranial) showed significantly (P < 0.001) longer sarcomeres when
compared to samples collected from the same area of NORM
PM muscles (1.86 versus 1.66 pm, respectively; Figure 10).
This result corroborates data from Tijare et al. (2016) and
Sun et al. (2018), where investigators suggested that the longer
sarcomeres detected in the cranial region of WB muscle might
be due to the increased collagen content and the loss of
muscle fiber vitality that might prevent shortening. In light of
the results collected within this study, it could be postulated
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that the overall reduced content of ATP detected among WB-
affected samples might result in a defective shortening process.
Specifically, because the force for shortening is ATP-driven
(Ertbjerg and Puolanne, 2017), with a reduced content of
ATP present in the muscle, the sarcomeres are less likely
to shorten because there is not enough energy to allow
muscle contraction (Owens and Sams, 1997). Moreover, a
study conducted by Mutryn et al. (2015) suggested that the
higher concentration of reactive oxygen species detected in
WB muscles may impact calcium release from the sarcoplasmic
reticulum, damaging the ability of muscle cells to contract.
Thus, it is reasonable to hypothesize that the hypoxic conditions
along with the compromised energy-generating pathways of
myopathic muscles might have consequences on the degree
of muscle contraction, as in vivo, also during post-mortem.
Moreover, considering these outcomes, it can be postulated
that the typical hardness of WB muscles is not due to
muscle fiber hypercontraction, otherwise, it is more likely
linked to the excessive collagen deposition, as suggested in
previous studies (Sihvo et al, 2014; Soglia et al, 2016;
Baldi et al., 2019). Further, considering that sarcomere length
is not uniform across the muscle (Moo et al, 2016), the
spatial effect of WB myopathy on sarcomere length was
investigated in different regions of PM muscle (anterodorsal,
anteroventral, posteroventral, and posterodorsal) (Figure 11).
Intriguingly, samples belonging to the anteroventral region
of WB fillets showed the longest sarcomere length values
(1.86 pwm), while those belonging to the posterodorsal area
exhibited the shortest (1.71 wm) and anteroventral and
posteroventral displayed intermediate values (1.80 and 1.83 pm,
respectively). Further, the superficial sections of both cranial and
caudal regions (anteroventral and posteroventral, respectively)
showed significantly longer (P < 0.05) sarcomeres when
compared to their deep counterparts. These divergences
detected along muscle’s thickness might be attributed to
the different physical conformation and morphology of WB
muscles, which usually show out-bulging and swollen areas
in both cranial and caudal zones. In addition, considering
fiber morphology results, anteroventral and posteroventral
regions showed the most outstanding damages linked to WB
disease (i.e., extreme collagen deposition, inflammatory cell
infiltrations, endomysial, and perimysial spacing, etc.). Thus,
it is reasonable to hypothesize that the profound injuries
detected at histological level linked to a loss of muscle
fiber functionality and vitality might have led to defective
myofiber contraction mechanism in vivo that in turn resulted in
longer sarcomeres.

CONCLUSION

This study aimed to better understand the effects of WB
condition on muscle post-mortem metabolism in an attempt
to provide new insights about the factors contributing to the
high pH,, of affected muscles. Reduced glycolytic potential only

partially explains the higher pH, in WB meat, as residual
glycogen and PFK activity were unaffected in WB samples,
arguing against glycogen content or PFK activity being the
primary culprit for arresting glycolysis in WB. Further, the
dramatic reduction in ATP concentrations in the early post-
mortem period might suggest a defective ATP-generating
pathway in vivo. It should be pointed out that the severe
histopathologic damages associated to WB condition in general,
and fiber necrosis in particular, might represent the logical
culprits for the reduced ATP content found in WB. However,
since ADP and AMP were not depleted by 24 h post-
mortem, adenine nucleotides alone were not responsible for
arresting post-mortem glycolysis. It has been also tested that
the addition of excess ATPase through an in vitro glycolytic
system can extend post-mortem glycolysis in WB muscles.
In light of all the mechanisms involved in the occurrence
of WB abnormality, it might be complex to define a single
factor contributing to the higher pH, of affected muscles.
Considering the overall reduced glycolytic metabolites and
the extreme myodegenerative processes associated with WB
condition, data suggest that the higher pH, of WB meat might
be the outcome of a drastically impaired energy-generating
pathway combined with a deficiency and/or a dysfunction of
muscle ATPases, having consequences also on muscle fiber
contraction degree.
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Muscle satellite cells (MSCs) are myogenic stem cells that play a critical role in post-
hatch skeletal muscle growth and regeneration. Activation of regeneration pathways
to repair muscle fiber damage requires both the proliferation and differentiation of
different MSC populations as well as the function of resident phagocytic cells such
as anti-inflammatory and pro-inflammatory macrophages. The Wooden Breast (WB)
phenotype in broiler chickens is characterized by myofiber degeneration and extensive
fibrosis. Previous work indicates that the resident MSC populations expressing the
myogenic regulatory factors, Myf-5 and Pax7 are larger and more proliferative in broilers
severely affected with WB vs. unaffected broilers. To further characterize the cellular and
molecular changes occurring in WB-affected muscles, samples from pectoralis major
(PM) muscles with varying severity of WB (WB score O = normal; 1 = mildly affected;
2 = severely affected) were collected at 25 and 43 days post-hatch (n = 8 per score per
age) and processed for cryohistological and protein expression analyses. Collagen per
field and densities of macrophages and MyoD+-, Myf-5+, and Pax7+ MSC populations
were quantified on immunofluorescence-stained cryosections. Relative collagen protein
expression was quantified by fluorescent Western Blotting. In both 25 and 43-days-
old broilers, the proportion of collagen per field (P < 0.021) and macrophage density
(P < 0.074) were greater in PM exhibiting severe WB compared with normal. At day
43, populations of MyoD+, Myf-54+:MyoD+ MSC were larger and relative collagen
protein expression was greater in WB-affected vs. unaffected broilers (P < 0.05). Pax7+
MSC relative to total cells was also increased as WB severity increased in 43-days-old
broilers (P < 0.05). Densities of Myf-5+ (P = 0.092), MyoD+ (P = 0.030), Myf5+:MyoD+

Frontiers in Physiology | www.frontiersin.org

114 May 2020 | Volume 11 | Article 529


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00529
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.00529
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00529&domain=pdf&date_stamp=2020-05-27
https://www.frontiersin.org/articles/10.3389/fphys.2020.00529/full
http://loop.frontiersin.org/people/961323/overview
http://loop.frontiersin.org/people/237665/overview
http://loop.frontiersin.org/people/788321/overview
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Ferreira et al.

Wooden Breast Muscle Cellular Characterization

(P = 0.046), and Myf-5+:MyoD+:Pax7+ (P = 0.048) MSC were greater in WB score
1 birds compared with WB score O and 2 birds. Overall, alterations in the resident
MSC and macrophage populations and collagen protein content were observed in WB-
affected muscle. Further investigation will be required to determine how these changes
in cell population kinetics and local autocrine and paracrine signaling are involved in the
apparent dysregulation of muscle maintenance in WB-affected broilers.

Keywords: Wooden Breast, muscle satellite cell, myogenic stem cell, macrophage, collagen infiltration, broiler

chicken

INTRODUCTION

Both global and domestic demand for chicken meat continue to
steadily increase making it arguably the most important meat
protein source in the world. In the United States (US), the
demand is greatest for high quality, white (breast, pectoralis major
muscle, PM) meat. To meet this demand, the commercial poultry
industry has placed tremendous genetic selection pressure on
breast meat yield, growth rate, and feed efficiency traits and has
made remarkable improvements over the last 40 years (Zuidhof
et al, 2014). Unfortunately, along with those tremendous
improvements has come a severe meat quality defect, the cause
of which has yet to be elucidated. The defect referred to as
both Woody Breast and Wooden Breast (WB) is characterized
by visible bulging and extreme palpable hardness of the PM.
The WB phenotype has been characterized by histopathologists
as a degenerative myopathy that manifests in fast-growing,
high-meat-yielding broiler chickens and results in myofiber
necrosis, excessive fibrosis, and immune cell infiltration inside
the perimysium (Petracci and Cavani, 2012; Sihvo et al., 2014;
Velleman and Clark, 2015). The safety and wholesomeness of
the product are not negatively impacted, but the poultry industry
nevertheless continues to incur large economic losses due to
decreased product acceptability and functionality (Kuttappan
et al,, 2016; Soglia et al., 2016; Tasoniero et al., 2016; Tijare et al,,
2016). From a product quality standpoint, the WB phenotype has
been reasonably well-characterized. However, to date, the specific
cellular and molecular mechanisms that lead to the development
of WB are still unclear.

Skeletal muscle satellite cells (MSCs) play a critical role in
post-hatch broiler chicken skeletal muscle fiber hypertrophic
growth and are essential for normal muscle maintenance and
repair (Armand et al., 1983; Yablonka-Reuveni et al, 1987).
The rapid increase in the muscle fiber cross-sectional area
(CSA) that occurs in broiler chickens during the normal 4
to 10-week rearing period is mediated by extensive MSC
proliferation, differentiation (accompanied by withdrawal from
the cell cycle), and fusion with the existing muscle fibers
(Campion, 1984; Hutton et al., 2014). Thus far, the relationship
between MSC function in rapidly-growing, high-yielding broilers
and the development of the WB myopathy has been largely
unexplored. However, it is known that the activation of
muscle repair and regeneration pathways requires both the
proliferation and differentiation of different MSC populations
as well as the function of resident phagocytic cells such as
anti-inflammatory and pro-inflammatory macrophages, which

produce cytokines known to impact MSC function (Cantini et al.,
1994). The relationships among the different MSC populations
and macrophages and how they relate to collagen infiltration in
WB-affected muscle are unclear. Therefore, the objective of this
work was to explore the changes in the heterogeneity of myogenic
regulatory factor (MRF) expression in MSC populations and to
quantify macrophage densities and collagen protein expression
in broilers with increasing severity of WB over time.

MATERIALS AND METHODS
Bird Husbandry

The Auburn University Institutional Animal Care and Use
Committee approved the use of live birds and all procedures
performed in this experimental protocol (PRN 2016-2829). As
previous described by Meloche et al. (2018a), day-old, male,
Yield Plus x Ross 708 broiler chicks were obtained from a
commercial hatchery (n = 480, Aviagen Group, Huntsville, AL,
United States). Chicks were vaccinated for Newcastle disease,
Marek’s disease, and infectious bronchitis at the hatchery. From 1
to 6 days of age, chicks were housed in groups of 8 in raised floor
pens (0.03 m?/bird) bedded with new pine shavings, containing
individual feeders, 2 nipple waterers per pen located in a solid-
sided, temperature-controlled, dehumidified research facility. At
7 days of age, all chicks were weighed and the lower and upper
12% of the BW range were excluded. The remaining 360 chicks
were identified with wing bands and allocated by weight into the
individual-housing pens (0.20 m?/bird). Ambient temperature
was set to 33°C on day 0 and reduced to maintain comfort
until day 43. Birds were exposed to a photoperiod of 23 h from
placement to 7 days of age, followed by a photoperiod of 18 h
for the remainder of the experiment. Light intensity was set at
30 lux from 1 to 7 days of age, 10 lux from 8 to 14 days of age,
5 lux from 15 to 24 days of age, and 3 lux from 25 to 43 days
of age. Light intensity settings were verified at bird level (30 cm)
using a photometric sensor with National Institute of Standards
and Technology-traceable calibration (Model No. 403125, Extech
Instruments, Waltham, MA, United States) for each intensity
adjustment. All birds consumed fresh water and feed offered in
four dietary phases on an ad libitum basis. Birds whose samples
were chosen for this experiment all consumed the same corn and
soybean meal-based Control grower 2 diet (formulated at 100%
of primary breeder nutrient reccommendations for digestible Lys)
from days 15 to 25 which is described in detail in Table 1 of
Meloche et al. (2018a).
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TABLE 1 | Effect of Wooden Breast on density, relative density, and heterogeneity of Pectoralis major muscle satellite cell populations in broiler chickens

at 25 days of age.

Cell population?3 Wooden Breast Score’ SEM* P-value
Normal (0) Mild (1) Severe (2)
Density, cells per mm?
Myf-5—:MyoD—:Pax7— (non-myogenic) 412.69 521.44 547.55 107.92 0.650
Myf-5+ 106.63 84.75 1389.37 19.46 0.161
MyoD+ 16.38 16.50 12.00 6.44 0.855
Pax7+ 60.25 60.63 78.75 13.85 0.567
Myf-5+:MyoD+ 37.38 39.50 35.00 13.31 0.972
Myf-5+:Pax7+ 11.25 17.25 7.50 6.50 0.573
MyoD+:Pax7+ 6.75 12.75 15.75 5.06 0.454
Myf-5+:MyoD+:Pax7+ 18.00 21.00 45.50 9.59 0.109
Relative density, % of total DAPI+
Myf-5—:MyoD—:Pax7— (non-myogenic) 61.69 67.46 62.14 0.05 0.644
Myf-5+ 15.94 10.96 15.82 0.03 0.459
MyoD+ 2.45 2.14 1.36 0.01 0.487
Pax7+ 9.01 7.84 8.94 0.01 0.825
Myf-5+:MyoD 5.58 511 3.97 0.02 0.825
Myf-5+:Pax7+ 1.68 2.23 0.85 0.01 0.569
MyoD+:Pax7+ 1.01 1.65 1.79 0.01 0.649
MyoD+:Myf-5+: Pax7+ 2.69 2.72 516 0.01 0.173
Relative density, % of total myogenic
Myf-5+ 41.59 33.65 41.78 0.05 0.374
MyoD+ 6.38 6.55 3.59 0.02 0.537
Pax7+ 23.50 24.07 23.60 0.06 0.997
Myf-5+:MyoD+ 14.58 15.68 10.49 0.04 0.587
Myf-5+:Pax7+ 4.39 6.85 2.25 0.02 0.416
MyoD+:Pax7+ 2.63 5.06 4.72 0.02 0.593
Myf-5+:MyoD+: Pax7+ 7.02 8.34 13.64 0.03 0.104

The Pectoralis major muscles of all birds were visually assessed and scored on a 3-point scale (0 = normal; 1 = mild; 2 = severe) for Wooden Breast (n = 8 per score).
2DAPI = 4'6-diamindino-phenylindole nuclear counterstain. All subsequent cell populations may be assumed to be DAPI+. 3Total describes every cell positive for the
specific immunofiuorescence target protein, regardless of the status of other targets; Non-myogenic describes cells not positive for Myf-5, Pax7, MyoD, or any combination
thereof: Myogenic describes cells positive for Myf-5, Pax7, MyoD, or any combination thereof. * SEM = highest standard error of the pair-wise mean comparisons. ?Means
within the same row with different superscripts differ P < 0.05. *YMeans within the same row with different superscripts differ 0.0501 < P < 0.70.

Wooden Breast Scoring and Muscle
Sample Collection

At days 25 and 43 post-hatch, birds (n = 50 per
day) were euthanized by CO, asphyxiation followed
immediately by  cervical dislocation and  samples

(®1.25 cm x 0.635 cm x 0.635 cm) from the anteroventral
portion of the left PM muscle were excised and processed
for cryohistological immunofluorescence staining analyses
according to procedures adapted from Hutton et al. (2014) and
described in Meloche et al. (2018a). Muscle samples immediately
adjacent those taken for cryohistology were also collected
from each bird, snap frozen in liquid nitrogen, and stored at
—80°C prior to analysis for protein expression by quantitative,
fluorescent Western Blotting as described below. Samples for
this experiment (n = 8 per WB score per day) were obtained
from birds with WB scores of 0, 1, and 2 on a 3-point scale (WB
score 0 = normal, 1 = mildly affected, and 2 = severely affected)
as determined by visual evaluation and physical palpation of
the PM muscles at sampling. All PM muscles were scored by

the same evaluator and considered “normal” if there was no
palpable hardness in any of the PM, “mild” if palpable hardness
was present in less than half the total PM muscle surface area,
and “severe” if it exceeded this limit.

Cryohistological Immunofluorescence
Analysis

Samples stored at —80°C prior to analysis were warmed to
—20°C for at least 16 h and subsequently cryosectioned using a
Leica CM 1950 cryomicrotome. Serial 5-pum-thick, cross-sections
were cut from each PM sample, mounted on positively charged
glass slides (VWR International, Westchester, PA, United States),
and stored at 4°C before immunofluorescence staining as
described in Meloche et al. (2018a). All slides were briefly
counter-stained with 4’,6-diamidino-phenylindole (DAPL; 1 pg
per mL; VWR International) to facilitate determination of total
nuclear density. Control cryosections processed as described
above, but without the addition of either primary or secondary
antibodies, were used to ensure that no fluorescence signal
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beyond natural autofluorescence was observed for the selected
combination of antibodies confirmed to be cross-reactive with
chicken described below.

Immunofluorescence-stained cryohistological slides were
imaged at 100-fold and 200-fold magnification with an
inverted fluorescence microscope (Nikon Eclipse, Ti-U; Nikon
Instruments, Inc., Melville, NY, United States) fitted with a UV
light source (Nikon Intensilight). Images were captured and
analyzed using an Evolve 512 EMCCF camera (Photometrics,
Tucson, AZ, United States) and Elements imaging software
(Nikon Instruments, Inc.). A representative digital image at
both magnifications was captured from each slide (2 slides per
bird). Slides were simultaneously immunofluorescence-stained
for the nuclear MRF MSC markers, Myf-5, MyoD, and Pax7 for
determination of MSC population densities and heterogeneity
of MRF expression, The MSC populations (Myf-5+, MyoD+,
Pax7+, Myf-5+: MyoD+, Myf-5+: Pax7+, MyoD+:Pax7+,
and Myf-5+:MyoD+:Pax7+) were enumerated in the 200-fold
magnification images and their densities expressed on a per mm?

basis (Tables 1, 2). All cell populations enumerated were also
DAPI+ in addition to their immunofluorescence profile. The
total number of DAPI+ nuclei per image was determined in
each image as a measure of nuclear density and to determine
Total DAPI+ cells. Any cells positive for Myf-5, MyoD, Pax7
or any combination thereof were considered myogenic and
those not positive for any of the target antigens were considered
non-myogenic using antibodies previously validated for cross-
reactivity with chicken (Yablonka-Reuveni, 1995; Day et al., 2009;
Tejeda et al., 2019). Additional serial slides from 43-days-old
birds were immunofluorescence-stained for sarcomeric myosin,
collagen, and Pax7 to facilitate the visual illustration of the
extensive collagen infiltration and increases in the local MSC
populations observed in PM muscles severely affected with WB
compared with those receiving normal WB scores (Figures 1A-
C). The proportion of collagen fluorescence in each image was
determined using the binary component in Elements software
as previously reported by Murphy et al. (2011). Subsequently,
additional slides with serial cryosections to those stained for

TABLE 2 | Effect of Wooden Breast on density, relative density, and heterogeneity of Pectoralis major muscle satellite cell populations in broiler chickens

at 43 days of age.
Cell population®3 Wooden Breast Score! SEM* P-value
Normal (0) Mild (1) Severe (2)
Density, cells per mm?
Myf-5-:MyoD—:Pax7— (non-myogenic) 267.43 308.41 403.76 56.25 0.236
Myf-5+ 123.62% 187.12Y 121.38¢ 22.83 0.092
MyoD+ 3.75% 30.63° 9.002 7.06 0.032
Pax7+ 13.50% 26.25Y 52.87Y 11.43 0.067
Myf-5+:MyoD+ 58.132 177.13P 57.378 36.38 0.046
Myf-5+:Pax7+ 0.75 7.50 3.75 2.79 0.252
MyoD+:Pax7+ 10.50 12.00 3.00 4.08 0.269
Myf-5+4:MyoD+:Pax7+ 30.007 72.37° 41.87ab 11.63 0.048
Relative density, % of total DAPI+
Myf-5—:MyoD—:Pax7— (non-myogenic) 52.71ab 37.572 58.29° 0.06 0.050
Myf-5+4+ 24.37 22.80 17.52 0.04 0.272
MyoD+ 0.742 3.73° 1.292 0.01 0.033
Pax7+ 2.6728 3.192 7.630 0.01 0.042
Myf-5+:MyoD+ 11.46 21.58 8.28 0.05 0.115
Myf-5+:Pax7+ 0.15 0.92 0.54 0.01 0.452
MyoD+:Pax7+ 2.07 1.46 0.43 0.01 0.121
Myf-5+:MyoD+:Pax7+ 5.91 8.82 6.05 0.01 0.243
Relative density, % of total myogenic
Myf-5+ 51.54 36.51 42.02 0.06 0.174
MyoD+ 1.56 5.98 3.12 0.01 0.105
Pax7+ 5.632P 5,122 18.30° 0.03 0.029
Myf-5+:MyoD+ 24.23 34.56 19.86 0.06 0.191
Myf-5+:Pax7+ 0.31 1.46 1.29 0.01 0.702
MyoD+:Pax7+ 4.382 2.3430 1.040 0.01 0.085
Myf-5+:MyoD+:Pax7+ 12.51 14.12 14.50 0.03 0.864

" The Pectoralis major muscles of all birds were visually assessed and scored on a 3-point scale (0 = normal; 1 = mild; 2 = severe) for Wooden Breast (n = 8 per score).
2DAPI = 4'6-diamindino-phenylindole nuclear counterstain. All subsequent cell populations may be assumed to be DAPI+. 3Total describes every cell positive for the
specific immunofluorescence target protein, regardless of the status of other targets, Non-myogenic describes cells not positive for Myf-5, Pax7, MyoD, or any combination
thereof: Myogenic describes cells positive for Myf-5, Pax7, MyoD, or any combination thereof. * SEM = highest standard error of the pair-wise mean comparisons. abp\eans
within the same row with different superscripts differ P < 0.05. **Means within the same row with different superscripts differ 0.0501 < P < 0.10.
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Wooden Breast Score, d 43
Normal (0)

Severe (2)

FIGURE 1 | Effect of Wooden Breast (WB) on pectoralis major muscle satellite
cell (MSC) populations and collagen infiltration 43 days post-hatch in broiler
chickens. (A-C) Shows a representative cryohistology immunofluorescence
staining images for sarcomeric myosin (red), collagen (green), and Pax7+
MSC (white) among normal (WB score 0) and severely affected (WB score 2)
PM muscle at 43 days of age (n = 8 per score). (A) Demonstrates the obvious
myofiber disorganization and degeneration (red) as well as the increase in the
density of Pax7+ MSC (white) in the WB-affected muscle compared with
normal muscle. (B,C) lllustrate the clear increases in collagen infiltration (green)
in the WB-affected muscle compared with normal. Scale bar = 100 pm.
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FIGURE 2 | Effect of Wooden Breast (WB) on pectoralis major muscle
collagen infiltration 43 days post-hatch in broiler chickens. (A,B) Demonstrate
the increase in the proportion of collagen per digital image in muscles severely
affected by WB on both day 25 (P = 0.005) and 43 (P = 0.021), respectively
(n = 8 per score). #PMeans with different superscripts differ P < 0.05.

MREF heterogeneity were immunofluorescence-stained from each
bird and the 200-fold digital images were used to determine the
proportion of collagen per image and density (per mm?) of the
total macrophages, including both pro and anti-inflammatory
populations using a general leukocyte/macrophage marker
previously validated for use in chickens Mast et al. (1998)
(Figures 3A-C).

Primary antibodies utilized were as follows: rabbit IgG Type-
1, al Collagen [Cat. No. sc-8784-R, 1:1,500 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA (SCB)]; mouse IgGl
Monocyte/Macrophage (Cat. No. sc-52603, 1:750 dilution; SCB);
mouse IgG2b MyoD (Cat. No. sc-377460, 1:2,000 dilution;
SCB); rabbit IgG Myf-5 (Cat. No. sc-302, 1:100 dilution;
SCB), mouse IgG2b sarcomeric myosin (Cat. No. MF20, 1:10
dilution, Developmental Studies Hybridoma Bank (DSHB), Iowa

City, IA, United States) and mouse IgG2b Pax7 (Cat. No.
PAX7, 1:10 dilution, DSHB). Secondary antibodies (1:1,000
dilution) used for detection of the primary antibodies were as
follows: AlexaFluor 488 Goat anti-rabbit IgG (H+L), AlexaFluor
546 Goat anti-mouse IgGl, AlexaFluor 633 Goat anti-mouse
IgG2b, AlexaFluor 546 Goat anti-mouse IgG2b, AlexaFluor
633 Goat anti-mouse IgGl, and AlexaFluor 546 Goat anti-
mouse IgG2b (Thermo Fisher Scientific/Invitrogen, Waltham,
MA, United States).

Quantitative Fluorescent Western Blot

Protein Expression Analysis
Pectoralis major muscle tissue samples (~250 mg) were placed
in ice cold T-PER lysis buffer (Cat. No. 78510; Thermo
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FIGURE 3 | Effect of Wooden Breast (WB) on relative collagen protein expression in the pectoralis major muscle of broiler chickens at 25 and 43 days post-hatch
using fluorescent Western Blot analysis. Collagen protein expression was first normalized to total protein on a per lane (individual bird) basis and then set relative to
the mean normal (WB score 0) expression (n = 8 per score per d). At 25 days of age (A,B), broiler PM muscle collagen protein expression was similar among all WB
scores (P = 0.655). At day 43 (C,D), collagen protein expression was increased in WB-affected PM muscles (WB scores 1 and 2) compared with normal (WB score

Fisher Scientific) supplemented with a 2X final concentration
of Halt protease and phosphatase inhibitor cocktail (Cat. No.
78441; Thermo Fisher Scientific). Samples were homogenized
using a Qiagen TissueLyser II (Cat. No. 85300; Qiagen,
Germantown, MD, United States) twice at 30 Hz for 2 min
using the manufacturer’s instructions for homogenization. After
homogenization, samples were centrifuged at 12,000 x g for
10 min. Supernatants were carefully removed and protein
concentrations were determined using a Pierce BCA Protein
Assay Kit (Cat. No. 23225; Thermo Fisher Scientific) with
a NanoDrop One spectrophotometer (ND-ONEC-W; Thermo
Fisher Scientific). Samples at 160 g of total protein were mixed
with lysis buffer to achieve a 20-pL final volume. Samples were
then mixed with 1 pL of Cy5 dye from the Amersham QuickStain
Protein Labeling Kit (Cat. No. RPN4000; GE Healthcare,
Chicago, IL, United States) to stain total protein. Samples were
incubated at room temperature in the dark for 30 min per
the manufacturer’s instructions for the Amersham QuickStain
Protein Labeling Kit. After, 4X Fluorescent Compatible Sample
Buffer (Cat. No. LC2570; Invitrogen) and p-mercaptoethanol
were added to each sample to achieve a final concentration of

1X sample buffer and 10 mM B-mercaptoethanol. Samples were
vortexed, and then heated to 95°C and held for 3 min. Samples
were loaded onto 4 to 20% gradient Criterion TGX precast midi
gels (Cat. No. 5671094; Bio-Rad, Hercules, CA, United States)
with Amersham ECL Plex Fluorescent Rainbow Markers (Cat.
No. RPN851E; GE Healthcare) being added to the first and
last lanes of each gel. Gels were electrophoresed at 80 V for
10 min and then 120 V for 60 to 65 min (until the dye front
reached the bottom of the gel) in a Criterion Electrophoresis Midi
Vertical Cell (Cat. No. 1656001; Bio-Rad). After electrophoresis,
gels were transferred to low-fluorescent polyvinylidene fluoride
(PVDF) membranes from a Trans-Blot Turbo RTA Midi LF
PVDF Transfer Kit (Cat. No. 1704275; Bio-Rad) using a Trans-
Blot Turbo Transfer System (Cat. No. 1704150; Bio-Rad) per
the manufacturer’s instructions. Membranes were then blocked
for 1 h at room temperature using Intercept (TBS) Blocking
Buffer (Cat. No. P/N: 927-60001; LI-COR Biosciences, Lincoln,
NE, United States). After blocking, membranes were incubated
in anti-Type 1, al Collagen (Cat. No. sc-8784-R; SCB) primary
antibody diluted 1:500 in Intercept T20 (TBS) Antibody Diluent
(Cat. No. P/N:927-65001; LI-COR) overnight (~16 h) at 4°C.
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The following morning, membranes were washed three times for
5 min each in tris-buffered saline + 0.01% Tween 20 (TBST).
Membranes were incubated in AlexaFluor Plus 555 Goat anti-
Rabbit IgG (H+L) Highly Cross-Absorbed Secondary Antibody
(Cat. No. A21428; Thermo Fisher Scientific) diluted 1:5,000 in
Intercept T20 (TBS) Antibody Diluent at room temperature for
1 h. Membranes were then washed three times for 5 min each
in TBST and allowed to air dry for 3 h in a dark room. Dried
membranes were imaged using an Amersham Imager 600 (Cat.
No. 29083461; GE Healthcare) using the fluorescent settings
for green/Cy3 (collagen, and green fluorescent protein ladder
markers), and red/Cy5 (total protein and red fluorescent protein
ladder markers) channels for 5 and 4 s, respectively. Fluorescent
band intensity for collagen and total protein were quantified
using Image Quant TL 8.1 software (Cat. No. 29000737; GE
Healthcare). Collagen protein expression was first normalized to
total protein on a per lane (individual bird) basis and then set
relative to the mean WB score 0 expression (Figure 2).

Statistical Analysis

Statistical analysis was performed using the GLIMMIX procedure
of SAS (PC version 9.4, SAS Inst. Inc., Cary, NC, United States).
For all data analysis, WB score served as the fixed effect and
the Satterthwaite adjustment was used to correct degrees of
freedom with individual bird serving as the experimental unit.
Bird BW and PM weight were tested as possible covariates for
all independent variables and were found to be insignificant
resulting in their exclusion from the model. Proportional data
were analyzed using the events/experiments syntax with a
binomial distribution and both continuous and proportional
data were analyzed using an R-side covariance structure. All
treatment means were separated using the PDIFF option and
considered different when P < 0.05. Tendencies for differences
among treatment means were declared when 0.0501 < P < 0.10.

RESULTS

Muscle Satellite Cell Population

Heterogeneity

Heterogeneity of MSC populations in broilers with varying WB
severity were assessed and are reported in Table 1 (day 25)
and 2 (day 43). Heterogeneity and densities of the Myf-5+,
MyoD+, and Pax7+ MSC in the PM of broilers harvested at
25 days post-hatch were similar among WB score (P > 0.10;
Table 1). However, at day 43 post-hatch, there were considerable
alterations in the Myf-5+, MyoD+, and Pax7+ MSC populations
in PM of broilers with varying WB scores (Table 2). In 43-
days-old broilers, as WB score increased the density of the
Pax7+ MSC (P = 0.067) and relative density of MyoD+:Pax7+
MSC as a proportion of the total MSC population tended
to increase (P = 0.085). Score 1 or mildly WB-affected birds
also had increased densities of Myf-54+ (P = 0.092), MyoD+
(P = 0.03), Myf5+:MyoD+ (P = 0.046) compared with normal
and severely affected (score 2) birds. In addition, the density of
MSC expressing all 3 MSC markers (Myf-54+:MyoD+:Pax7+)
was greater in muscles of mildly affected birds compared with

unaffected and severely affected with WB (P = 0.048). The density
and relative densities of the Myf5+:Pax7+ and MyoD+:Pax7+
MSC populations were unaltered by WB (P > 0.10). The relative
density of Pax7+ MSC as a proportion of total DAPI4 and total
myogenic cells was greater in severely affected broilers compared
with mildly affected birds (P < 0.042; Figure 1A). Densities of the
non-myogenic Myf-5-:MyoD-:Pax7- populations were similar
among WB scores (P = 0.236). However, the mildly affected
(score 1) PM had lower proportions of total cells considered non-
myogenic than muscles from unaffected or severely affected birds
43 days post-hatch (P = 0.05; Table 2).

Collagen Infiltration and Collagen

Protein Expression

Collagen infiltration into WB-affected PM muscle was assessed
at both 25 and 43 days post-hatch in PM muscle cryosections
by immunofluorescence staining and digital fluorescence
microscopic analysis (Figures 1, 4) and quantitative results are
displayed in Figure 2. At both ages, severely affected broilers
(WB score 2) exhibited greater proportions of collagen per image
compared with mildly affected and normal birds (P < 0.021;
Figures 1, 2). Relative collagen protein expression in PM tissue
was also assessed at both days 24 and 43 in the same birds
sampled for the cryohistology analysis using fluorescent Western
Blotting (Figure 3). On day 25 post-hatch, relative collagen
expression was similar among WB score (P = 0.655), while on
day 43, birds affected with WB had increased collagen protein
expression compared with unaffected broilers (P = 0.001).

Muscle Macrophage Density

The density of the total macrophage population (including
both pro- and anti-inflammatory cells populations) in
the PM of broilers was assessed by cryohistological and
immunofluorescence analysis at both days 25 and 43 post-hatch
in broilers with varying degrees of WB severity (Figure 4)
and quantitative results are shown in Figure 5. The density
of macrophages increased as WB score increased at both 25
(P =0.023) and 43 (P = 0.074) days post-hatch (Figure 5).

DISCUSSION

The cellular and molecular mechanisms involved in the
development of the broiler chicken WB myopathy are still
not well-understood and the underlying cause has yet to be
elucidated. Many different nutritional and management strategies
have been aimed at eliminating the condition. Those strategies
have included feed restrictions to slow growth rates, reductions
in dietary nutrient density and specific nutrients, addition of
antioxidants and chelated minerals, changes in electrolytes,
changes in management such as restricting lighting and changing
temperature conditions in the hatching and rearing facilities
(Trocino et al., 2015; Wedekind et al., 2016; Chen et al., 2017;
Kindlein et al,, 2017; Livingston and Brake, 2017; Manangi
et al.,, 2017; Meloche et al., 2018b,c,d). Yet, all these different
nutritional and management strategies have failed to completely
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FIGURE 4 | Effect of Wooden Breast (WB) on macrophage density (per mm?)
and collagen infiltration into the pectoralis major (PM) muscle of broilers reared
to 43 days of age (n = 8 per score per d). (A) Show representative
cryohistological immunofluorescence staining images from normal (WB score
0) and severely WB-affected (WB score 2) PM muscles of broilers at 43 days
of age for macrophages (red), (B,C) illustrate the location of the macrophages
(red) in relation to the collagen (green) co-immunostaining located largely
between myofibers. Scale bar = 100 pm.

eliminate the WB myopathy in fast-growing, high-yielding
commercial broilers.

The broiler industry’s inability to eliminate WB through post-
hatch nutritional and management strategies combined with its
widespread manifestation in a large proportion of the modern
commercial broiler genetic lines grown globally suggests that
selection of modern broilers over the last several decades for
breast meat yield and feed efficiency placed inadvertent selection
pressure on post-hatch hypertrophic growth of muscle fibers
instead of pre-hatch muscle fiber hyperplastic growth. It is
possible that this has contributed to post-hatch muscle tissue
architecture with limited vascularity and oxygenation capacity
creating a cellular environment that is simply incompatible
with normal muscle growth and maintenance resulting in the
WB myopathic phenotype. This theory is supported by recent
work focused on exploring the differential transcriptomic and

A SEM <38
P=10.023
"E 600
= b
= 500
2, 400 ab
& L
%0 300 T I
=2 1
3 200
(%}
§ 100
0
Normal (0) Mild (1) Severe (2)
Wooden Breast Score, d 25
B SEM <50
P=0.074
. 600 y
g
g 500 -
2. 400 T
w2
& 300 1 1
g |
=
g 200
é 100
0
Normal (0) Mild (1) Severe (2)
Wooden Breast Score, d 43
FIGURE 5 | Effect of Wooden Breast (WB) on macrophage density (per mm?)
in the pectoralis major (PM) muscle of broilers reared to 43 days of age (n =8
per score per d). (A) Demonstrates that macrophage density increases as WB
score increases in 25-days-old broilers (P = 0.023). (B) Demonstrates that
macrophage density tended to increase as WB score increased in
43-days-old broilers (P = 0.074). #PMeans with different superscripts differ
P < 0.05.

proteomic gene expression profiles in which dysregulation of
various metabolic and muscle maintenance pathways have been
observed (Mutryn et al., 2015; Abasht et al., 2016; Soglia et al.,
2016, 2019; Kuttappan et al., 2017; Brothers et al., 2019; Greene
etal., 2019).

The role of MSC function in the development of the
WB phenotype is also not clear. However, the limited work
conducted to date suggests that MSC function eventually
becomes compromised in WB-affected broilers, leaving the
rapidly growing PM improperly maintained, thus creating
an environment in which collagen infiltration/fibrosis occurs
(Velleman, 2015; Daughtry et al., 2017). The increases in mRNA
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for the MRE MyoD and Myogenin, and the collagen cross-
linking regulator, Decorin, in broilers with severe WB (Velleman
and Clark, 2015) combined with the observation that MSC
differentiation capacity is reduced as broilers age (Daughtry et al.,
2017) support this view. Our previous findings that the mitotic
activity of MSC populations and myofiber CSA distributions are
significantly altered as WB scores increase further support the
idea that MSC function is compromised in WB-affected broilers
(Meloche et al., 2018a).

The WB myopathic phenotype in broilers has been largely
characterized from a histopathological standpoint using paraffin
histology, single antigen immunohistochemistry, and various
traditional histological stains such as hematoxylin, eosin,
and Masson’s trichrome with light microscopy methods. In
the current study, our objective was to use a combination
of cryohistological and immunofluorescence microscopy and
quantitative protein expression techniques to expand the
exploration of the cellular and molecular changes that occur
in WB-affected broilers over time. Here, we characterized the
heterogeneity of MSC populations expressing 3 MRF (Myf-
5, MyoD, and Pax7) and quantified macrophage density,
collagen infiltration, and collagen protein expression in normal,
mildly affected, and severely affected broilers at 25 and
43 days of age. The use of experimental techniques such as
cryohistology and multiplexed immunofluorescence staining as
well as quantitative fluorescent Western Blotting to explore
the WB myopathy at the cellular and molecular level is novel
compared with current literature employing traditional paraffin
histological analyses.

Here, no differences in the Myf-5, MyoD, and Pax7-
expressing MSC populations were observed at day 25 in broilers
differentially affected with WB (Table 1). This finding is in
agreement with our previous study where the size of the total
Myf-54 and Pax7+ populations were similar in PM muscles from
birds with WB scores of 0, 1, and 2 at day 25 post-hatch (Meloche
et al, 2018a). On day 43, however, there were alterations
in the Myf-5, MyoD, and Pax7-expressing MSC populations
(Table 2). Interestingly, the Score 1 or mildly WB-affected birds
had increased densities of Myf-5+, MyoD+, Myf5+:MyoD+,
Myf-5+:MyoD+:Pax7+ MSC populations compared with WB
scores of 0 and 2 (Table 2). The changes observed in this
study at 43 days in the various Myf-5 and Pax7-expressing
MSC populations among various WB scores are also similar
to those observed in our previous work (Meloche et al.,
2018a). The shifts observed in the MSC populations expressing
MyoD at day 43 are in agreement with previous reports of
increased MyoD mRNA transcripts in muscle severely affected
with WB (Velleman and Clark, 2015). However, the reason
for these shifts in the MSC growth kinetics that occur during
the development of the WB myopathy are not clear. Perhaps
in a mildly affected bird, the MSC are still in the process
of trying to repair the damage and in birds of the same
age that have already progressed to the severe phenotype this
process has already ended. Based on these results, further
investigation of the proliferation and differentiation capacity
of MSC from WB score 0, 1, and 2 birds both in vitro and
in vivo is warranted.

The quantitative increases in collagen infiltration in
immunofluorescence-stained PM cryosections within both
the endomysial and perimysial layers of connective tissue in
WB-affected muscles observed in this study (Figures 1, 4)
align with previous literature in which traditional paraffin
histopathology methods were utilized to demonstrate this
striking characteristic of the WB myopathy (Sihvo et al,, 2014,
2017; Velleman and Clark, 2015). In addition, the increased
relative collagen protein content of WB-affected muscle observed
in 43-days-old broilers is supported by others’ work in which the
in vivo collagen synthesis rates are upregulated in WB-affected
broilers (Maharjan et al., 2019).

The increases in PM macrophage density as WB score
increased are in alignment with previous qualitative work
describing immune cell infiltration as a histopathological
characteristic of the WB myopathy (Sihvo et al., 2014, 2017).
We are unaware of other reports in which density of these
resident phagocytic immune cells has been quantified in
relation to WB severity over time. The major limitation of our
macrophage analysis is the inability to distinguish between
the pro- and anti-inflammatory macrophage populations
due to the absence of commercially available antibodies
reactive to these macrophage populations in chickens.
Further characterization of these functionally divergent
macrophage populations as well as their cell signaling secretory
products is warranted.

Overall, the shifts in the MSC population MRF heterogeneity
observed previously as well as in this study are novel and
may indicate dysregulation of the MSC proliferation and
differentiation processes in WB-affected muscles. Determining
whether this apparent issue with MSC function is a symptom or
cause of the WB myopathy, how local macrophages are involved,
and what autocrine and paracrine cell signaling mechanisms may
be driving this apparent inability to maintain rapidly growing
muscles in today’s high-yielding, commercial broiler chickens will
require further investigation.
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