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TAGGEDPABSTRACT Satellite cells (SCs) are muscle stem
cells responsible for muscle hypertrophic growth and the
regeneration of damaged muscle. Proliferation and dif-
ferentiation of the pectoralis major (p. major) muscle
SCs are responsive to thermal stress in turkeys, which
are, in part, regulated by mechanistic target of rapamy-
cin (mTOR) and Frizzled7 (Fzd7)-mediated wingless-
type mouse mammary tumor virus integration site fam-
ily/planar cell polarity (Wnt/PCP) pathways in a
growth dependent-manner. It is not known if chicken p.
major SCs respond to thermal stress in a manner similar
to that of turkey p. major SCs. The objective of the cur-
rent study was to investigate the effects of thermal stress
and mTOR and Wnt/PCP pathways on the prolifera-
tion, differentiation, and expression of myogenic tran-
scriptional regulatory factors in SCs isolated from the p.
major muscle of a current modern commercial (MC)
broiler line as compared to that of a Cornish Rock
(BPM8) and Randombred (RBch) chicken line in the
1990s. The MC line SCs had lower proliferation and dif-
ferentiation rates and decreased expression of myoblast
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determination factor 1 (MyoD) and myogenin (MyoG)
compared to the BPM8 and RBch lines. Heat stress (43°
C) increased proliferation and MyoD expression in all
the cell lines, while cold stress (33°C) showed a suppres-
sive effect compared to the control temperature (38°C).
Satellite cell differentiation was altered with heat and
cold stress in a cell line-specific manner. In general, the
differentiation of the MC SCs was less responsive to
both heat and cold stress compared to the BPM8 and
RBch lines. Knockdown of the expression of either
mTOR or Fzd7 decreased the proliferation, differentia-
tion, and the expression of MyoD and MyoG in all the
cell lines. The MC line during proliferation was more
dependent on the expression of mTOR and Fzd7 than
during differentiation. Thus, modern commercial meat-
type chickens have decreased myogenic activity and
temperature sensitivity of SCs in an mTOR- and Fzd7-
dependent manner. The decrease in muscle regeneration
will make modern commercial broilers more susceptible
to the negative effects of myopathies with muscle fiber
necrosis requiring satellite cell-mediated repair.
TaggedEnd
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TAGGEDH1INTRODUCTION TAGGEDEND

TaggedPThe quality of poultry breast meat is, in part, the
direct result of the growth, structure, and cellular biol-
ogy of the pectoralis major (p. major: breast) muscle
(Dransfield and Sosnicki, 1999; Duclos et al., 2007).
Thus, the cellular mechanisms regulating muscle devel-
opment and growth, and repair or regeneration of dam-
aged muscle will impact breast meat quality. One of the
focuses of the poultry industry has been on the selection
for increased growth performance, particularly on
increased body weight and breast muscle yield at proc-
essing age (Havenstein et al., 2003,2004,2007; Collins
et al., 2014). Muscle structural defects including reduced
connective tissue spacing and decreased capillary den-
sity due to excessive muscle fiber hypertrophy have been
observed in the p. major muscle of modern heavy-weight
rapid-growing poultry lines (Velleman et al., 2003;
Joiner et al., 2014). Loss of connective tissue spacing
results in myofibers making direct contact with each
other increasing the incidence of myofiber degeneration
in the p. major muscle of faster-growing poultry (Wilson
et al., 1990; Velleman et al., 2003). Inadequate capillary
supply in the p. major muscle reduces the capacity to
remove anaerobic respiration byproducts like lactic acid,
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TaggedEnd2 XU AND VELLEMAN
which may further exacerbate muscle damage (Velleman
et al., 2003; Joiner et al., 2014). Accompanying the
structural defects, conditions like wooden breast (Sihvo
et al., 2014; Papah et al., 2017), pale soft exudative
(Barbut, 1997; Owens et al., 2000; Strasburg and
Chiang, 2009), and white stripping (Soglia et al., 2018;
Zampiga et al., 2019), which can have a negative impact
on meat quality, have been identified in the p. major
muscle of modern rapid-growing poultry lines. TaggedEnd

TaggedPThe formation of myofibers occurs prior to hatch
(Smith, 1963). Muscle growth after hatch is mainly
dependent on the hypertrophy of existing myofibers,
which occurs through the proliferation, differentiation,
and donation of nuclei from muscle stem cells called sat-
ellite cells (SCs) (Moss and Leblond, 1971; Cardiasis
and Cooper, 1975). Satellite cells have the peak mitotic
activity during the first week after hatch (Mozdziak
et al., 1994; Halevy et al., 2000), and then, become
mitotically quiescent in mature muscle (Schultz et al.,
1978; Schultz and Lipton, 1982). In response to extrinsic
stimuli such as muscle injury (Bischoff, 1975; Snow,
1977) and exercise (Darr and Schultz, 1987; Bazgir
et al., 2017), the quiescent SCs will re-enter the cell cycle
and regenerate the damaged muscle. Given the critical
role of SCs in posthatch muscle hypertrophy and muscle
regeneration, muscle structural damage resulting in
meat quality problems may, in part, be associated with
changes in the myogenic activity of SCs. For example,
wooden breast is a necrotic and fibrotic myopathy
(Sihvo et al., 2014; Papah et al., 2017) having a negative
impact on chicken breast meat quality (Mudalal et al.,
2015; Soglia et al., 2016). A growing number of studies
have indicated that SCs in wooden breast-affected
chicken p. major muscle are not able to regenerate myo-
fibers to the original size indicating impaired regenera-
tion of myofiber structure mediated by the SCs
(Velleman and Clark, 2015; Clark and Velleman, 2016;
Velleman et al., 2018). The impaired SC-mediated myo-
fiber regeneration is likely a key factor in the develop-
ment of necrotic and fibrotic myopathies in the chicken
p. major muscle. TaggedEnd

TaggedPDespite growth selection strategies being similar
between chickens and turkeys (Havenstein et al.,
2003,2004,2007; Collins et al., 2014), myofiber necrotic
and fibrotic myopathies like wooden breast have not
been reported to date in the p. major muscle of modern
commercial meat-type turkeys. As reported by Xu et al.
(2021), SCs isolated from the p. major muscle of modern
commercial turkeys have increased proliferation and dif-
ferentiation compared to that of slower-growing turkeys.
The difference between chickens and turkeys in the inci-
dence of necrotic and fibrotic myopathies may be associ-
ated with differences in the myogenic and regenerative
potential of p. major SCs. TaggedEnd

TaggedPIn poultry, SC myogenic activity is highly responsive
to temperatures, particularly during the first week after
hatch when SCs exhibit the highest mitotic activity
(Halevy et al., 2001; Xu et al., 2021). In in vitro studies,
heat stress increased both proliferation and
differentiation of chicken (Halevy et al., 2001; Harding
et al., 2016) and turkey (Clark et al., 2016; Xu et al.,
2021) p. major muscle SCs while cold stress showed an
inhibitory effect. As homeotherms, birds maintain the
body temperature only in a small range (Yahav, 2000).
Newly hatched chicks and poults have an immature
thermal regulatory system (Dunnington and Siegel,
1984; Modrey and Nichelmann, 1992), and thus, are sus-
ceptible to the fluctuation of temperatures. Thermal
stress-induced changes in satellite cell (SC) proliferation
and differentiation at an early age will have long-lasting
effects on the growth and morphological structure of the
p. major muscle (Piestun et al., 2017; Patael et al.,
2019). TaggedEnd
TaggedPSatellite cell myogenic activity is regulated by signal

transduction pathways and gene expression networks.
In the turkey p. major muscle, changes in SC prolifera-
tion and differentiation in response to growth selection
and thermal stress are regulated by mechanistic target
of rapamycin (mTOR) pathway (Xu et al., 2022b)
and the Frizzled7 (Fzd7)-mediated wingless-type
mouse mammary tumor virus integration site family/
planar cell polarity (Wnt/PCP) pathway (Xu et al.,
2022a). Downstream genes regulated by the mTOR
and Wnt/PCP pathways in myogenic SCs including
myoblast determination factor 1 (MyoD) and myoge-
nin (MyoG) (Le Grand et al., 2009; Zhang et al., 2015;
Xu et al., 2022a,b). As myogenic transcriptional regu-
latory factors, MyoD is required for SC activation and
proliferation (Rudnicki et al., 1993; Yablonka-Reuveni
and Rivera, 1994) while MyoG is required for SC differ-
entiation and myotube formation (Brunetti and Gold-
fine, 1990; Hasty et al., 1993). In addition to regulating
SC myogenic activity, the mTOR pathway is able to
promote myofiber hypertrophy by stimulating protein
synthesis (Bodine et al., 2001; Wang and Proud, 2006)
while the Wnt/PCP pathway is involved in the migra-
tion of SCs during myogenesis (Fortier et al., 2008;
Wang et al., 2018). Thus, any alterations in the activ-
ity of the mTOR and Wnt/PCP pathways in SCs will
change muscle hypertrophic growth, regeneration
potential, morphological structure, and impact meat
quality. TaggedEnd
TaggedPOur previous studies have reported both hot and cold

thermal stress affect the proliferation and differentiation
of turkey p. major muscle SCs through the mTOR and
Wnt/PCP pathways in a growth-dependent manner
(Xu et al., 2021, 2022a,b). Although sharing similarities,
chickens and turkeys are different species. Comparisons
of SC myogenic activity, temperature sensitivity, and
pathway responsiveness among a current commercial
broiler line (MC), a Randombred broiler line (RBch)
composed of all commercial parent stocks available in
1997 (Harford et al., 2014), and a Rock Cornish line
(BPM8) from 1995 (McFarland et al., 1997) will pro-
vide valuable information as to how chicken SCs have
changed with growth selection. Possible differences in
SC function and mechanism between chickens and tur-
keys may be a major aspect affecting the incidence of
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degenerative or necrotic myopathies in the p. major
muscle. Thus, the objective of the current study was to
investigate the effects of thermal stress as well as the
mTOR and Wnt/PCP pathways on the proliferation,
differentiation, and expression of myogenic regulatory
transcriptional factors in SCs isolated from the p. major
muscle of a current MC meat-type chickens as compared
to that of BPM8 and RBch chicken lines from the 1990s.
Effects of the mTOR and Wnt/PCP pathways on the
function of SCs were investigated through knocking
down the expression of the critical genes mTOR and
Fzd7 with small interfering RNA (siRNA). The myo-
genic transcriptional regulatory factor genes detected in
this study were the proliferation marker, MyoD, and the
differentiation marker, MyoG. Studying SC functional
differences between older lines and a modern commercial
chicken line is necessary, because changes in SC myo-
genic activity and thermal sensitivity will affect breast
muscle growth and development, morphological struc-
ture, and ultimately meat quality. In addition, results of
the current study will also provide cellular mechanistic
information regarding the role of mTOR and Wnt signal
transduction pathways in the regulation of chicken SC
myogenic activity during thermal stress. TaggedEnd
TAGGEDH1MATERIALS AND METHODS TAGGEDEND

TaggedH2Satellite Cells TaggedEnd

TaggedPSatellite cells used in this study were previously iso-
lated from the p. major muscle of 5-wk female BPM8, 4-
wk male RBch, and 4-wk male MC line chickens accord-
ing to the method of Velleman et al. (2000). The BPM8
SCs were cultured to the sixth pass while the RBch and
MC SCs were cultured to the fourth pass, and all the
cells were stored in the lipid nitrogen until use. TaggedEnd
TaggedH2Small Interfering RNA TaggedEnd

TaggedPSmall interfering RNAs targeting mTOR (Gene bank
ID: XM_417614.8) and Fzd7 (Gene bank ID:
NM_204221.3) were designed using Invitrogen Block-iT
software (https://rnaidesigner.thermofisher.com/rnaiex
press/setOption.do?designOption=stealth&pid). The
mTOR siRNA and Fzd7 siRNA were synthesized stealth
duplex siRNAs (Thermo Fisher Scientific, Waltham,
MA). The mTOR siRNA targets the mTOR open read-
ing frame from 4,427 to 4,450 with the following
sequence: sense strand: 50-CAA AGA UGA CUG GUU
GGA AUG GUU A-30; antisense strand: 50-UUA CCA
UUC CAA GUC AUC UUU G-30. The Fzd7 siRNA tar-
gets the Fzd7 open reading frame from 2,069 to 2,080
with the following sequence: sense strand: 50-CCG GAC
UUC ACA GUC UUC AUG AUC A-30; antisense
strand: 50-UGA UCA UGA AGA CUG UGA AGU
CCG G-30. A stealth siRNA with 48% guanine and cyto-
sine content was used as the negative control siRNA
(Thermo Fisher Scientific). TaggedEnd

TaggedPTo determine the knockdown efficiency of the synthe-
sized mTOR and Fzd7 siRNA, 18,000 of BPM8, RBch
and MC line SCs were plated in each well of 24-well gela-
tin-coated plates in 500 mL of Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis,
MO) transfection medium supplemented with 10%
chicken serum (Sigma-Aldrich) and 5% horse serum
(Sigma-Aldrich) and incubated in a 95% air/5% CO2
incubator (Thermo Fisher Scientific) at 38°C allowing
the cells attach to the plates. After 24 h attachment,
cells were transfected with 20 pmol/mL of the negative
control siRNA, mTOR siRNA, or Fzd7 siRNA with 1
mL of Lipofectamine 2000 (Thermo Fisher Scientific) in
each well according to the manufacturer’s protocol.
After 6 h of transfection, the transfection medium was
replaced with McCoy’s 5A growth medium (Sigma-
Aldrich) containing 10% chicken serum, 5% horse
serum, 1% antibiotics-antimycotics (Corning, Corning,
NY), and 0.1% gentamicin (Gemini Bio-Products, West
Sacramento, CA) for 72 h of proliferation, and the
growth medium was changed every 24 h. At 72 h of pro-
liferation, cells were removed from the incubator and
total RNA was extracted for gene expression analysis by
real-time quantitative PCR (RT-qPCR) as described
below in the Gene Expression Analysis section. The
transfection experiment was repeated twice indepen-
dently to confirm knockdown efficiency of mTOR and
Fzd7 siRNAs. TaggedEnd
TaggedH2Proliferation AssayTaggedEnd

TaggedPFor the cell proliferation assay without a knockdown
of mTOR or Fzd7, cells from each chicken line were
plated in DMEM plating medium containing 10%
chicken serum, 5% horse serum, 1% antibiotics-antimy-
cotics, and 0.1% gentamicin in 24-well gelatin-coated
plates with 15,000 cells per well, and incubated at 38°C
in a 95% air/5% CO2 incubator. After 24 h of attach-
ment, the plating medium was replaced with growth
medium. Cells from each chicken line were randomly
assigned to be incubated at 33°C, 38°C, or 43°C for
72 h of proliferation. During the 72 h of proliferation, 1
plate from each temperature group was removed from
the incubator every 24 h and stored at �70°C until
assayed. TaggedEnd
TaggedPFor the knockdown study, cells from each chicken line

were plated in 48-well gelatin-coated plates in the trans-
fection medium with 18,000 cells per well, and incubated
at 38°C in a 95% air/5% CO2 incubator. After 24 h of
attachment, cells in each well were transfected with 20
pmol/mL of mTOR siRNA, Fzd7 siRNA, or the control
siRNA with 1 mL of Lipofectamine 2000 for 6 h at 38°C.
After 6 h of transfection, the transfection medium was
replaced with growth medium, and cells were randomly
assigned to be incubated at 38°C, 43°C, or 33°C for 72 h,
with the growth medium changed every 24 h. At 24 h
intervals, the culture plates were removed from the incu-
bator, rinsed with phosphate buffered saline (PBS,
171 mM NaCl, 3.35 mM KCl, 1.84 mM KH2PO4, and
10 mM Na2HPO4, pH7.08), and stored at �70°C until
assay. TaggedEnd
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TaggedPThe proliferation assay was conducted according to
the method of McFarland et al. (1995). All plates were
removed from �70°C and thawed at room temperature
for 15 min, 200 mL of 0.05% trypsin-EDTA (Thermo
Fisher Scientific) in 10 mM Tris, 2 M NaCl, and 1 mM
EDTA (TNE) was added to each culture well and incu-
bated at room temperature for 7 min. The plates were
then returned to �70°C overnight. After thawing the
plates for 15 min at room temperature, 1.8 mL of TNE
buffer containing 0.2% (1 mg/mL) Hoechst dye (Sigma-
Aldrich) was added to each well, and the plates were
gently agitated for 2 h at room temperature. DNA-
incorporated Hoechst dye was measured using a Fluoros-
kan Ascent FL plate reader (Thermal Fisher Scientific).
A standard curve with double-stranded calf thymus
DNA (Sigma-Aldrich) was used to determine sample
DNA concentration. The proliferation assay was
repeated in 2 independent cultures with 4 replicate wells
per treatment per culture. TaggedEnd
TaggedH2Differentiation AssayTaggedEnd

TaggedPFor the cell differentiation assay without a knock-
down of mTOR or Fzd7, 9,000 cells from each chicken
line were plated in DMEM plating medium containing
10% chicken serum, 5% horse serum, 1% antibiotics-
antimycotics, and 0.1% gentamicin in each well of 24-
well gelatin-coated plates, and incubated at 38°C in a
95% air/5% CO2 incubator. After 24 h of attachment,
the plating medium was replaced with growth medium.
Cells from each chicken line were randomly assigned to
be incubated at 33°C, 38°C, or 43°C for 72 h of prolifera-
tion with the growth medium changed daily. At 72 h of
proliferation, the growth medium was replaced with
DMEM differentiation medium containing 3% horse
serum, 1% antibiotics-antimycotics, 0.1% gentamicin,
0.1% gelatin (Thermo Fisher Scientific), and 1 mg/mL
bovine serum albumin (BSA, Sigma-Aldrich) for 72 h of
differentiation with the media changed every day. Cells
were removed from the incubator every 24 h, rinsed with
PBS, and stored at �70°C until assay.TaggedEnd

TaggedPFor the knockdown study, SCs (11,000 cells per cell
line) were plated in each well of 48-well gelatin-coated
plates in 500 mL of transfection medium and incubated
at 38°C in a 95% air/5% CO2 incubator. After 24 h of
attachment, cells in each well were transfected with
20 pmol/mL of mTOR siRNA, Fzd7 siRNA, or the con-
trol siRNA with 0.5 mL of Lipofectamine 2000. After 6 h
of transfection at 38°C, the transfection medium was
replaced with growth medium, and the cells were ran-
domly assigned to be incubated at 38°C, 43°C, or 33°C
for 72 h of proliferation with the growth medium
changed daily. After 72 h of proliferation, the growth
medium was replaced with the differentiation medium
for 72 h of differentiation with the media changed every
24 h. Cells were collected at 48 h of differentiation,
rinsed with PBS, and stored at�70°C for the differentia-
tion assay.TaggedEnd
TaggedPSatellite cell differentiation was assayed by measuring
creatine kinase activity using a modified method of Yun
et al. (1997). All plates were removed from �70°C and
thawed at room temperature for 15 min, and 500 mL of
creatine kinase buffer [20 mM glucose (Thermo Fisher
Scientific), 20 mM phosphocreatine (Calbiochem, San
Diego, CA), 10 mM mg acetate (Thermo Fisher Scien-
tific), 10 mM adenosine monophosphate (Sigma
Aldrich), 1 mM adenosine diphosphate (Sigma Aldrich),
1 Unit/mL glucose-6-phosphate dehydrogenase (Wor-
thington Biochemical, Lakewood, NJ), 0.5 Unit/mL
hexokinase (Worthington Biochemical) 0.4 mM thio-
nicotinamide adenine dinucleotide (Oriental Yeast Co.,
Tokyo, Japan), 1 mg/mL BSA, to 0.1 M glycylglycine,
pH 7.5] was added to each well including the standard
curve wells containing creatine phosphokinase with con-
centrations from 0 to 140 milliunits/well, Sigma-
Aldrich). The optical density of each well was measured
at a wavelength of 405 nm using a BioTek ELx800 (Bio-
Tek, Winooski, VT) plate reader. The differentiation
assay was repeated in 2 independent cultures with 5
wells per treatment per culture. TaggedEnd
TaggedH2Myotube Diameter Measurement TaggedEnd

TaggedPCell culture and transfection procedures were the
same as the procedures as described in the Differentia-
tion Assay section. At 48 h of differentiation, photomi-
crographs of SCs and myotubes in each treatment group
were taken with an Olympus IX70 fluorescence micro-
scope equipped with a QImaging Retiga Exi Fast digital
camera (Qimaging, Surrey, British Columbia, Canada)
and CellSens software (Olympus America, Center
Valley, PA). The diameter of the myotubes was mea-
sured using Image Pro Software (Media Cybernectics,
Silver Spring, MD). Five to 10 different myotubes were
randomly selected with 10 measurements were con-
ducted per well. If the randomly selected myotube had
branches in the photomicrograph, both main myotube
and the branches were measured. The measurements
were independently repeated in 2 cultures with 5 repli-
cate wells per treatment per culture. TaggedEnd
TaggedH2Gene Expression Analysis TaggedEnd

TaggedPFor cell gene expression without knockdown of mTOR
or Fzd7, cells from each cell line were plated in 24-well
gelatin-coated plates with 15,000 cells per well in the
plating medium, and were incubated at 38°C in a 95%
air/5% CO2 incubator. After 24 h of attachment, the
plating medium was replaced with growth medium for
72 h of proliferation with the medium changed every
day. At 72 h of proliferation, the growth medium was
replaced with differentiation medium for 48 h of differen-
tiation with the medium changed at 24 h intervals. Cells
from each group were removed from incubator at 72 h of
proliferation and 48 h of differentiation and stored at
�70°C until RNA isolation. TaggedEnd



TaggedEndTable 1. Primer sequences for real-time quantitative polymerase chain reaction.

Primer Sequence Product size
GenBank accession

number

MyoD1 50-GAC GGC ATG ATG GAG TAC AG-30 (forward) 201 bp6 AY641567.1
50-AGC TTC AGC TGG AGG CAG TA-30 (reverse)

MyoG2 50-GGC TTT GGA GGA GAA GGA CT-30 (forward) 184 bp D90157.1
50-CAG AGT GCT GCG TTT CAG AG-30 (reverse)

Fzd73 50-TCT ACC CGC TGG TCA AGG T-30 (forward) 249 bp NM204221.3
50-GGG CAT CCG ATG TGT TCT G-30 (reverse)

mTOR4 50-GTC AAG GAC CTA ACC CAG GC-30 (forward) 261 bp XM417614.8
50-ATG CCC GTT GCT TCC CAT TA-30 (reverse)

GAPDH5 50-GAG GGT AGT GAA GGC TGC TG-30 (forward) 200 bp U94327.1
50-CCA CAA CAC GGT TGC TGT AT-30 (reverse)

1MyoD, myogenic determination factor-1.
2MyoG, myogenin.
3Fzd7, frizzled-7.
4mTOR, mechanistic of rapamycin.
5GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
6bp, number of base pairs.
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TaggedPFor the knockdown study, cells from each chicken line
(18,000 cells/well) were plated in 24-well gelatin-coated
plates in plating medium, and incubated at 38°C in a
95% air/5% CO2 incubator. After 24 h of attachment,
cells in each well were transfected with 20 pmol/mL of
mTOR siRNA, Fzd7 siRNA, or the control siRNA with
1 mL of Lipofectamine 2000 for 6 h at 38°C. After 6 h of
transfection, the transfection medium was replaced with
growth medium, and cells were randomly assigned to be
incubated at 38°C, 43°C, or 33°C for 72 h, and the
growth medium was changed every 24 h. At 72 h of pro-
liferation, the growth medium was replaced with differ-
entiation medium for 48 h of differentiation with the
medium changed daily. Cells were collected at 72 h of
proliferation and 48 h of differentiation and stored at
�70°C until RNA isolation. TaggedEnd

TaggedPTotal RNA from each sample was extracted using
RNAzol (Molecular Research Center, Cincinnati, OH).
A spectrophotometer (NanoDrop ND-1000, Thermo
Fisher Scientific) was used to measure the concentration
of each RNA sample. Reverse transcription was per-
formed with Moloney Murine Leukemia Virus Reverse
Transcriptase (M-MLV; Promega, Madison, WI) to
produce cDNA from total RNA. RT-qPCR was con-
ducted with a DyNAmo Hot Start SYBR Green qPCR
kit (Thermo Fisher Scientific). Information for all the
primers is listed in Table 1. Primers for MyoD, MyoG,
and an internal control gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were previously
designed and confirmed the specificity in this lab as
reported by Harding et al. (2016). Primers for mTOR
and Fzd7 were designed using primer-BLAST tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/),
and the specificity of the mTOR and Fzd7 primers was
confirmed by DNA sequencing the PCR product. The
RT-qPCR was performed in a DNA Engine Opticon 2
real-time machine (Bio-Rad). Each RT-qPCR reaction
included the following cycling conditions: 1) denatur-
ation at 94°C for 15 min; 2) amplification for 35 cycles
with each cycle including denaturation for 30 s at 94°C,
annealing for 30 s at 55°C for GAPDH and mTOR, at
58°C forMyoD andMyoG, or at 60°C for Fzd7, and elon-
gation for 30 s at 72°C; and 3) a final elongation at 72°C
for 5 min. A standard curve of each gene was generated
using serial dilutions of purified PCR products (Liu
et al., 2006). Arbitrary concentrations from 1 to 100,000
were assigned to each serial dilution. An arbitrary molar
concentration for each amplified sample was calculated
according to the threshold cycle and was normalized by
GAPDH. The RT-qPCR for each gene was indepen-
dently repeated in 2 cultures with 12 wells per treatment
per culture. TaggedEnd
TaggedH2Statistical Analysis TaggedEnd

TaggedPData from proliferation, differentiation, myotube
measurement, and gene expression analysis without
knockdown of gene were analyzed as a mixed model at
each sampling time in SAS (SAS 9.4, SAS Institute Inc.,
Cary, NC). Two fixed effects of temperature and cell
line, an interaction effect between temperature and cell
line, and a random effect of repeat experiment were
included in this mixed model. The statement of lsmean
in the MIXED procedure was used to determine each
mean value and the standard error of the mean (SEM).
Differences between each mean were separated with the
pdiff option. In addition, for the proliferation and differ-
entiation assays, the REG procedure was used to evalu-
ate the linear relationship between sampling time and
cellular response in each treatment group. Difference in
the linear response was determined with the contrast
statement. P ≤ 0.05 was considered as statistically sig-
nificant. TaggedEnd
TaggedPData from proliferation, differentiation, myotube

measurement, and gene expression analysis with knock-
down of mTOR or Fzd7 were analyzed as a mixed model
at each sampling time in SAS. This model including 3
fixed effects (temperature, cell line, and knockdown of
gene), 3 two-way interaction effects (temperature and
cell line, temperature and knockdown of gene, and cell
line and knockdown of gene), and a random effect of
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repeat experiment. The statement of lsmean in the
MIXED procedure was used to determine each mean
value and the SEM. Differences between each mean
were separated with the pdiff option. P ≤ 0.05 was con-
sidered as statistically significant. TaggedEnd
TAGGEDH1RESULTS TAGGEDEND

TaggedH2Effect of Thermal Stress on the Proliferation
of Satellite Cells From Different Chicken
Lines TaggedEnd

TaggedPThe effect of hot (43°C) and cold (33°C) thermal stress
on the proliferation of the BPM8, RBch, and MC SCs
was measured at 0, 24, 48, and 72 h of proliferation
(Table 2). A significant interaction effect between cell
line and temperature was observed at 24 h (P = 0.031),
48 h (P < 0.001), and 72 h (P < 0.001). For the effect of
cell line, the proliferation of BPM8 SCs was higher than
that of the RBch line at all the temperatures at 24, 48,
and 72 h (P < 0.001). The proliferation of the RBch line
SCs was greater compared to the MC line only at 38°C
and at 72 h (P < 0.001). For the temperature effect, heat
stress (43°C) increased the proliferation of the BPM8,
RBch, and MC line SCs compared to the control temper-
ature (38°C) at 24, 48, and 72 h (P < 0.001). In contrast,
with the cold stress (33°C), SC proliferation was
decreased in all the 3 cell lines compared to the control
temperature at 48 and 72 h (P < 0.001). TaggedEnd

TaggedPFrom 0 to 72 h, proliferation of SCs linearly increased
as a function of sampling time in all the cell lines at all
the temperatures (Table 2). Within each temperature
group (38°C, 43°C, or 33°C), the slope of linear regression
was greater (P < 0.001) in the BPM8 line SCs (38°C:
slope 5.56, 43°C: slope 7.51, and 33°C: slope 1.50) com-
pared to the RBch (38°C: slope 2.80, 43°C: slope 4.64,
and 33°C: slope 0.32) and MC (38°C: slope 2.19, 43°C:
slope 4.47, and 33°C: slope 0.38) lines, respectively. For
the temperature effect, heat stress increased (P < 0.001)
the slope of the linear regression while cold stress showed
an inhibitory effect (P < 0.001) in each cell line.TaggedEnd
TaggedEndTable 2. Effect of temperature on the proliferation of satellite cells iso
(RBch), and modern commercial chickens (MC)1.

Line Temperature2 0 h

BPM8 33 82.63a,w § 6.74 17
38 69.05ab,w § 4.92 21
43 58.24bc,w § 7.21 28

RBch 33 72.88ab,z § 6.74 11
38 57.17bc,w § 5.10 11
43 64.88abc,w § 6.74 18

MC 33 55.75bc,z § 6.74
38 55.11c,x § 4.92 10
43 51.50c,w § 6.74 17

P value3 L £ T 0.366
1Mean DNA concentration (ng/well) § standard error of mean (SEM).
2Incubation temperature (°C).
3Interaction effect between cell line and temperature (L £ T).
a-fMean DNA concentration (ng/well § SEM) within a column (sampling tim
w-zMean DNA concentration (ng/well § SEM) within a row (line and tempe
P ≤ 0.05 was considered as significantly different.
TaggedH2Effect of Thermal Stress on the
Differentiation of Satellite Cells From
Different Chicken Lines TaggedEnd

TaggedPThe effect of hot (43°C) and cold (33°C) thermal
stress on the differentiation of the BPM8, RBch, and
MC line SCs was measured at 0, 24, 48, and 72 h of dif-
ferentiation (Table 3). An interaction effect between
cell line and temperature was significant at 0 h (P <
0.001), 24 h (P < 0.001), 48 h (P < 0.001), and 72 h (P <
0.001). At the control temperature of 38°C, SC differen-
tiation was higher in the BPM8 line compared to the
RBch (P < 0.001) and MC line (P < 0.001), respec-
tively, at 0 and 24 h. At 48 and 72 h, the differentiation
of the RBch line SCs was greater compared to the
BPM8 (P < 0.001), and the differentiation of the BPM8
line was higher than that of the MC line (P < 0.001) line
at 38°C. At 43°C, SC differentiation was greater in both
BPM8 (P < 0.001) and RBch (P ≤ 0.011) line SCs com-
pared to the MC line at all the sampling times. At 33°C,
the BPM8 cells had a greater differentiation level com-
pared to the RBch (P < 0.001) and MC (P < 0.001) lines
only at 0 h. For the temperature effect, the differentia-
tion of the BPM8, RBch, and MC line SCs was lower at
43°C compared to the control temperature (38°C) at 0
and 24 h (P < 0.001). At 48 h, heat stress decreased the
differentiation of RBch line SCs (P < 0.001), however,
had no significant effect on the differentiation of either
BPM8 (P = 0.315) or MC line (P = 0.121). At 72 h,
heat stress increased (P < 0.001) the differentiation of
the BPM8 SCs and decreased (P < 0.001) the differenti-
ation of the RBch SCs. At all the sampling times, cold
stress inhibited the differentiation in all the cell lines
(P < 0.001). TaggedEnd
TaggedPFrom 0 to 72 h, SC differentiation linearly increased

with sampling time in all the cell lines at 38°C and 43°C
(Table 3). At 38°C, the slope of linear regression was the
highest in the RBch line SCs among the 3 cell lines
(BPM8: slope 1.53, RBch: slope 5.84, and MC: slope:
0.67, P < 0.001). At 43°C, either the BPM8 (slope 3.56,
P < 0.001) or the RBch (slope 3.28, P < 0.001) line had
lated from Cornish Rock chickens (BPM8), Randombred chickens

Sampling time

24 h 48 h 72 h

4.30c,x § 7.06 225.10d,y § 18.98 305.70e,z § 35.61
5.40b,x § 4.99 436.50b,y § 13.42 880.10b,z § 25.18
3.00a,x § 7.06 629.30a,y § 18.98 1134.70a,z § 35.61
2.10de,z § 7.06 120.90e,z § 18.98 120.60f,z § 35.61
8.90d,x § 4.99 234.10d,y § 13.42 460.60d,z§ 25.18
0.10c,x § 7.06 379.40c,y § 18.98 746.90c,z§ 35.61
93.50e,z § 7.06 109.10e,z § 18.98 111.20f,z § 35.61
9.80de,x § 4.99 211.30d,y § 13.42 369.90e,z § 25.18
0.90c,x § 7.06 365.40c, y § 18.98 701.80c,z § 35.61

0.031 < 0.001 < 0.001

e) without a common letter are significantly different.
rature) without a common letter are significantly different.



TaggedEndTable 3. Effect of temperature on the differentiation of satellite cells isolated from Cornish Rock chickens (BPM8), Randombred chick-
ens (RBch), and modern commercial chickens (MC)1.

Sampling time

Line Temperature2 0 h 24 h 48 h 72 h

BPM8 33 7.12c,z § 0.38 1.86ef,y § 0.60 1.85e,y § 0.91 2.49e,y § 0.98
38 12.10a,x § 0.32 13.44a,x § 0.38 25.29b,z § 0.75 19.44c,y § 0.78
43 8.35b,x § 0.40 8.30c,x § 0.65 23.83bc,y § 1.22 32.94b,z § 1.50

RBch 33 4.63de,z § 0.40 0.88f,y § 0.50 1.41e,y § 1.04 3.76e,z§ 1.07
38 8.19b,x § 0.27 11.49b,x § 0.42 31.73a,y § 0.91 49.39a,z § 0.78
43 6.40c,w § 0.40 8.67c,x § 0.60 21.62c,y § 1.36 29.15b,z § 1.50

MC 33 3.93e,z § 0.36 0.87f,y § 0.60 0.46e,y § 1.12 1.18e,y § 1.31
38 4.07e,y § 0.27 3.13e,y § 0.46 4.91d,y § 0.83 9.20d,z § 0.75
43 5.03d,x § 0.34 6.07d,y § 0.56 7.22d,y § 1.22 10.39d,z § 1.30

P value3 L £ T <0.001 <0.001 <0.001 <0.001
1Mean creatine kinase activity (Unit/well) § standard error of mean (SEM).
2Incubation temperature (°C).
3Interaction effect between cell line and temperature (L £ T).
a-fMean creatine kinase activity (Unit/well § SEM) within a column (sampling time) without a common letter are significantly different.
w-zMean creatine kinase activity (Unit/well § SEM) within a row (line and temperature) without a common letter are significantly different.
P ≤ 0.05 was considered as significantly different.
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a greater slope in the linear regression compared to that
of the MC line (slope 0.67). During cold stress (33°C),
SC differentiation linearly decreased with sampling time
in all the cell lines with the BPM8 (slope �0.62, P <
0.001) and MC (slope �0.50, P < 0.001) line SCs showed
a greater linear reduction in differentiation than that of
the RBch line (slope �0.14).TaggedEnd
TaggedH2Effect of Thermal Stress on Myotube
Diameter in Satellite Cells From Different
Chicken Lines TaggedEnd

TaggedPIn addition tomeasuring SC differentiation, the diame-
ter of myotubes was measured at 48 h of differentiation
(Figure S1). Myotube diameter was greater in the BPM8
line compared to the RBch line (P < 0.001), and the
diameter of the RBch line was larger than that of the MC
line (P < 0.001) at both 38°C and 43°C. Heat stress fur-
ther increased the myotube diameter in all the cell lines
(P < 0.001) whereas cold stress decreased the myotube
diameter in the BPM8 and RBch lines (P< 0.001).TaggedEnd
TaggedH2Effect of Thermal Stress on the Expression
of Myogenic Transcriptional Regulatory
Genes in Satellite Cells From Different
Chicken Lines TaggedEnd

TaggedPAt 72 h of proliferation, an interaction effect between
cell line and temperature was significant in affecting the
expression of MyoD (P < 0.001, Figure 1A). At 38°C and
33°C,MyoD expression was higher in the BPM8 SCs com-
pared to the RBch line (P ≤ 0.018), and was higher in the
RBch line than that in the MC line (P < 0.001). At 43°C,
the BPM8 SCs had a greater expression in MyoD com-
pared to the RBch line (P < 0.001), while the RBch line
showed a greater MyoD expression than that of the MC
line (P < 0.001). For the temperature effect, heat stress
increased theMyoD expression in the RBch and MC lines
(P < 0.001) whereas the cold stress suppressed the
expression ofMyoD in all the cell lines (P< 0.001). At 48 h
of differentiation, an interaction between line and temper-
ature effects was significant (P < 0.001, Figure 1B). At 38°
C and 43°C, both BPM8 (P < 0.001) and RBch (P <
0.001) line SCs had a greater MyoD expression compared
to the MC line, respectively. At 33°C, MyoD expression
was higher in the BPM8 line compared to the MC line (P
< 0.001), and was higher in the MC line than that of the
RBch line (P < 0.001). Both heat and cold stress increased
the expression ofMyoD in the BPM8 line (P< 0.001). The
expression of MyoD was lower at 33°C compared to 38°C
and 43°C only in the RBch line SCs (P < 0.001). For the
MC line,MyoD expression had no significant change with
heat stress (P = 0.086) whereas significantly decreased
with cold stress (P< 0.001).TaggedEnd
TaggedPAt 72 h of proliferation, a significant interaction effect

between cell line and temperature was observed in affect-
ing MyoG expression (P < 0.001, Figure 1C). The expres-
sion of MyoG was greater in the BPM8 SCs compared to
the RBch (P ≤ 0.004) and MC line (P < 0.001) at all the
temperatures. Heat stress increased the expression of
MyoG in all the cell lines (P < 0.001) while cold stress sup-
pressed MyoG expression only in the RBch line
(P = 0.013). At 48 h of differentiation, there was a signifi-
cant interaction between line and temperature effects
(P < 0.001, Figure 1D). At 38°C, RBch SCs had a higher
MyoG expression compared to the BPM8 line (P < 0.001),
and the expression ofMyoG was greater in the BPM8 line
compared to the MC line (P < 0.001). At 43°C, MyoG
expression was greater in the BPM8 SCs compared to the
RBch line (P < 0.001), and was higher in the RBch line
compared to the MC line (P= 0.021). At 33°C, the BPM8
cells showed higher expression in MyoG than that in the
RBch (P = 0.007) and MC (P = 0.001) line, respectively.
For the temperature effect, heat stress decreased the
MyoG expression in both RBch (P < 0.001) and MC
(P = 0.006) lines, however, had no significant effect on
MyoG expression in the BPM8 line (P = 0.951). Cold
stress decreased the expression of MyoG in both the
BPM8 (P=0.044) andRBch (P< 0.001) line SCs.TaggedEnd



TaggedFigure

Figure 1. Effect of temperature on the expression of myogenic determination factor-1 (MyoD) and myogenin (MyoG) in satellite cells isolated
from Cornish Rock chickens (BPM8), Randombred chickens (RBch), and modern commercial chickens (MC). Satellite cells isolated from the
BPM8, RBch, and MC chicken lines were incubated at 38°C, 43°C, or 33°C. Expression of MyoD was determined at 72 h of proliferation (72hP)
(A) and 48 h of differentiation (48hD) (B). Expression of MyoG was determined at 72 h of proliferation (72hP) (C) and 48 h of differentiation
(48hD) (D). Each graph bar represents a mean arbitrary unit, and each error bar represents the standard error of the mean. Within each tempera-
ture group, mean values with different letters are significantly different (P ≤ 0.05). TaggedEnd
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TaggedH2Effect of mTOR Knockdown on Chicken
Satellite Cell Proliferation and Differentiation
During Thermal Stress TaggedEnd

TaggedPTo confirm the knockdown of mTOR, expression of
mTOR mRNA was determined with RT-qPCR at 72 h
of proliferation in the BPM8, RBch, and MC line SCs
(Figure 2A). At 72 h of proliferation, expression of
mTOR decreased 2.47-fold (P < 0.001), 3.50-fold (P <
0.001), and 2.87-fold (P < 0.001) in the BPM8, RBch,
and MC mTOR knockdown groups compared to the
negative control groups, respectively (Figure 2A). TaggedEnd

TaggedPA significant interaction effect among the effects of
cell line, temperature, and knockdown of mTOR was
observed at 72 h of proliferation in affecting the pro-
liferation of SCs (P < 0.001, Figure 2B). At all the
temperatures, knockdown of mTOR decreased (P <
0.001) the proliferation of SCs in the BPM8 (38°C:
5.69-fold, 43°C: 5.85-fold, 33°C: 3.40-fold), RBch (38°
C: 5.83-fold, 43°C: 5.72-fold, 33°C: 3.26-fold), and
MC (38°C: 5.57-fold, 43°C: 6.64-fold, 33°C: 3.08-fold)
line SCs, respectively. TaggedEnd

TaggedPFor SC differentiation, an interaction effect among
cell line, temperature, and knockdown ofmTOR was sig-
nificant at 48 h of differentiation (P < 0.001, Figure 2C).
At 38°C and 43°C, SC differentiation was lower (P <
0.001) in the BPM8 (38°C: 2.85-fold, 43°C: 21.59-fold),
RBch (38°C: 5.89-fold, 43°C: 2.79-fold), and MC (38°C:
3.08-fold, 43°C: 1.52-fold) mTOR knockdown groups
compared to the control groups. At 33°C, knockdown of
mTOR had no significant effect on the differentiation of
SCs in all the cell lines (P ≥ 0.690). TaggedEnd
TaggedPFor the myotubes, knockdown of mTOR significantly

decreased the diameter of myotubes in all the cell lines
at 38°C (P < 0.001, Figure S2) and 43°C (P < 0.001,
Figure S3) [BPM8 (38°C: 1.51-fold, 43°C: 1.65-fold),
RBch (38°C: 1.72-fold, 43°C: 1.59-fold), and MC (38°C:
1.20-fold, 43°C: 1.29-fold)]. At 33°C, the myotube diam-
eter was smaller only in the BPM8 (1.08-fold,
P = 0.005) and RBch (1.09-fold, P = 0.002) mTOR
knockdown groups compared to the controls (Figure
S4). TaggedEnd
TaggedH2Effect of Fzd7 Knockdown on Chicken
Satellite Cell Proliferation and Differentiation
During Thermal Stress TaggedEnd

TaggedPExpression of Fzd7 mRNA was quantified by RT-
qPCR at 72 h of proliferation after knockdown the Fzd7
expression in the BPM8, RBch, and MC line SCs at the
beginning of proliferation (Figure 3A). Expression of
Fzd7 was 2.18-fold (P < 0.001), 1.68-fold (P < 0.001),
and 2.63-fold (P < 0.001) lower in the BPM8, RBch, and
MC Fzd7 knockdown groups compared to the control
groups, respectively (Figure 3A).TaggedEnd
TaggedPFor SC proliferation, a significant interaction was

observed among the effects of Fzd7 knockdown,
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Figure 2. Effect of temperature and knockdown of mechanistic tar-
get of rapamycin (mTOR) on the proliferation and differentiation of
satellite cells isolated from Cornish Rock chickens (BPM8), Random-
bred chickens (RBch), and modern commercial chickens (MC).
(A) Expression of mTOR was measured at 72 h of proliferation after
knockdown of mTOR at the beginning of proliferation in the BPM8,
RBch, and MC line SCs. Asterisk (*) above the bars represents a signifi-
cant difference between the 2 adjacent groups (P ≤ 0.05). (B) Satellite
cells isolated from the BPM8, RBch, and MC chicken lines were trans-
fected with either a control small interfering RNA (siRNA) or an
mTOR siRNA at the beginning of proliferation, and then incubated at
38°C, 43°C, or 33°C for 72 h of proliferation. Each bar represents mean
DNA concentration (mg/well) with an error bar representing the stan-
dard error of the mean. (C) Satellite cells isolated from the BPM8,
RBch, and MC chicken lines were transfected with either a control
siRNA or a mTOR at the beginning of proliferation, and then incu-
bated at 38°C, 43°C, or 33°C for 72 h of proliferation followed by 48 h of
differentiation. Each bar represents mean creatine kinase activity
(Unit/well) with an error bar representing the standard error of the
mean. Within each temperature group in (B) and (C), mean values
without a common letter are significantly different (P ≤ 0.05). TaggedEnd

TaggedFigure

Figure 3. Effect of temperature and knockdown of mechanistic tar-
get of frizzled-7 (Fzd7) on the proliferation and differentiation of satel-
lite cells isolated from Cornish Rock chickens (BPM8), Randombred
chickens (RBch), and modern commercial chickens (MC). (A) Expres-
sion of Fzd7 was measured at 72 h of proliferation after knockdown of
Fzd7 at the beginning of proliferation in the BPM8, RBch, and MC line
SCs. Asterisk (*) above the bars represents a significant difference
between the 2 adjacent groups (P ≤ 0.05). (B) Satellite cells isolated
from the BPM8, RBch, and MC chicken lines were transfected with
either a control small interfering RNA (siRNA) or an Fzd7 siRNA at
the beginning of proliferation, and then incubated at 38°C, 43°C, or
33°C for 72 h of proliferation. Each bar represents mean DNA concen-
tration (mg/well) with an error bar representing the standard error of
the mean. (C) Satellite cells isolated from the BPM8, RBch, and MC
chicken lines were transfected with either a control siRNA or a Fzd7
siRNA at the beginning of proliferation, and then incubated at 38°C,
43°C, or 33°C for 72 h of proliferation followed by 48 h of differentia-
tion. Each bar represents mean creatine kinase activity (Unit/well)
with an error bar representing the standard error of the mean. Within
each temperature group in (B) and (C), mean values without a common
letter are significantly different (P ≤ 0.05). TaggedEnd
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temperature, and cell line at 72 h of proliferation
(Figure 3B). In all the temperature groups, knockdown
of Fzd7 decreased (P < 0.001) the proliferation of SCs in
the BPM8 (38°C: 4.80-fold, 43°C: 5.10-fold, 33°C: 2.93-
fold), RBch (38°C: 5.14-fold, 43°C: 6.33-fold, 33°C: 2.63-
fold), and MC (38°C: 4.34-fold, 43°C: 7.02-fold, 33°C:
3.14-fold) line SCs, respectively. TaggedEnd

TaggedPAn interaction effect among cell line, temperature,
and knockdown of Fzd7 was significant (P < 0.001) in
affecting the differentiation of SCs at 48 h of differentia-
tion (Figure 3C). At 38° and 43°C, SC differentiation
was lower (P < 0.001) in the BPM8 (38°C: 2.20-fold, 43°
C: 22.89-fold), RBch (38°C: 3.49-fold, 43°C: 2.84-fold),
and MC (38°C: 2.04-fold, 43°C: 1.51-fold) Fzd7 knock-
down groups compared to the control groups. Knock-
down of Fzd7 had no significant effect on the
differentiation of SCs in all the cell lines at 33°C (P ≥
0.706). TaggedEnd

TaggedPFor the myotubes, knockdown of Fzd7 significantly
decreased the diameter of myotubes in all the cell
lines at all temperatures [(38°C: Figure S2, 43°C:
Figure S3, and 33°C: Figure S4). [38°C (BPM8: 1.55-
fold, RBch: 1.91-fold, MC: 1.62-fold, Figure S2, P <
0.001), 43°C (BPM8: 1.51-fold, RBch: 1.63-fold, MC:
1.21-fold, Figure S3, P < 0.001), 33°C (BPM8: 1.10-
fold, RBch: 1.06-fold, MC: 1.08-fold, Figure S4, P ≤
0.019)]. TaggedEnd
TaggedFigure

Figure 4. Effect of temperature and knockdown of mechanistic target o
tor-1 (MyoD) and myogenin (MyoG) in satellite cells isolated from Cornish R
mercial chickens (MC). Satellite cells isolated from the BPM8, RBch, and M
RNA (siRNA) or an mTOR siRNA that can knockdown the expression of
43°C, or 33°C. Expression of MyoD was determined at 72 h of proliferation
was determined at 72 h of proliferation (72hP) (C) and 48 h of different
and each error bar represents the standard error of the mean. Within each
different (P ≤ 0.05). TaggedEnd
TaggedH2Effect of mTOR or Fzd7 Knockdown on the
Expression of Myogenic Transcriptional
Regulatory Genes in Chicken Satellite Cells
During Thermal Stress TaggedEnd

TaggedPFor MyoD expression, a significant interaction among
the effects of cell line, temperature, and knockdown of
mTOR was observed at both 72 h of proliferation (P <
0.001, Figure 4A) and 48 h of differentiation (P < 0.001,
Figure 4B). At 72 h of proliferation, MyoD expression
was lower (P < 0.001) in the BPM8 (38°C: 3.49-fold,
43°C: 3.85-fold, 33°C: 3.84-fold), RBch (38°C: 5.34-fold,
43°C: 4.17-fold, 33°C: 5.90-fold), and MC (38°C: 7.39-
fold, 43°C: 3.25-fold, 33°C: 4.90-fold) mTOR knockdown
groups compared to the control groups at all the temper-
atures (Figure 4A). At 48 h of differentiation, the
expression of MyoD was decreased (P < 0.001) with the
knockdown of mTOR in all the cell lines [BPM8 (38°C:
2.80-fold, 43°C: 8.19-fold, 33°C: 3.26-fold), RBch (38°C:
4.25-fold, 43°C: 2.51-fold, 33°C: 2.39-fold), and MC
(38°C: 3.69-fold, 43°C: 3.74-fold, 33°C: 5.55-fold),
Figure 4B]. TaggedEnd
TaggedPForMyoG expression, an interaction effect was signifi-

cant among the effects of cell line, temperature, and
knockdown of mTOR at both 72 h of proliferation (P <
0.001, Figure 4C) and 48 h of differentiation (P < 0.001,
Figure 4D). At 72 h of proliferation, MyoG expression
f rapamycin (mTOR) on the expression of myogenic determination fac-
ock chickens (BPM8), Randombred chickens (RBch), and modern com-
C chicken lines were transfected with either a control small interfering
mTOR at the beginning of proliferation, and then incubated at 38°C,
(72hP) (A) and 48 h of differentiation (48hD) (B). Expression of MyoG
iation (48hD) (D). Each graph bar represents a mean arbitrary unit,
temperature group, mean values with different letters are significantly
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Figure 5. Effect of temperature and knockdown of frizzled 7 (Fzd7) on the expression of myogenic determination factor-1 (MyoD) and myogenin
(MyoG) in satellite cells isolated from Cornish Rock chickens (BPM8), Randombred chickens (RBch), and modern commercial chickens (MC). Satel-
lite cells isolated from the BPM8, RBch, and MC chicken lines were transfected with either a control small interfering RNA (siRNA) or a Fzd7
siRNA that can knockdown the expression of Fzd7 at the beginning of proliferation, and then incubated at 38°C, 43°C, or 33°C. Expression of MyoD
was determined at 72 h of proliferation (72hP) (A) and 48 h of differentiation (48hD) (B). Expression of MyoG was determined at 72 h of prolifera-
tion (72hP) (C) and 48 h of differentiation (48hD) (D). Each graph bar represents a mean arbitrary unit, and each error bar represents the standard
error of the mean. Within each temperature group, mean values with different letters are significantly different (P ≤ 0.05). TaggedEnd
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was decreased (P ≤ 0.018) with the knockdown of
mTOR in the BPM8 (38°C: 1.23-fold, 43°C: 1.76-fold),
RBch (38°C: 1.99-fold, 43°C: 2.24-fold), and MC (38°C:
3.78-fold, 43°C: 2.68-fold) line SCs at both 38° and 43°C
(Figure 4C). At 33°C, the expression of MyoG was lower
in the BPM8 (3.47-fold, P < 0.001) and MC (1.99-fold,
P < 0.001) mTOR knockdown groups compared to the
controls (Figure 4C). At 48 h of differentiation, the
expression of MyoG was decreased (P < 0.001) with the
knockdown of mTOR in BPM8 (38°C: 3.56-fold, 43°C:
6.74-fold, 33°C: 2.31-fold), RBch (38°C: 11.30-fold, 43°
C: 3.25-fold, 33°C: 3.90-fold), and MC (38°C: 4.64-fold,
43°C: 2.47-fold, 33°C: 2.14-fold) line SCs (Figure 4D).TaggedEnd

TaggedPThere was a significant interaction effect among the
effects of cell line, temperature, and knockdown of Fzd7
in the determination of MyoD expression at 72 h of pro-
liferation (P < 0.001, Figure 5A) and 48 h of differentia-
tion (P < 0.001, Figure 5B). At 72 h of proliferation,
knockdown of Fzd7 inhibited the expression of MyoD in
the BPM8 (38°C: 3.64-fold, 43°C: 3.29-fold, 33°C: 3.43-
fold), RBch (38°C: 2.61-fold, 43°C: 4.18-fold, 33°C: 3.75-
fold), and MC (38°C: 2.92-fold, 43°C: 4.12-fold, 33°C:
3.70-fold) line SCs at all the temperatures (Figure 5A).
At 48 h of differentiation, MyoD expression was lower in
the BPM8 (3.98-fold, P < 0.001) and RBch (3.68-fold,
P < 0.001) Fzd7 knockdown groups compared to the
controls at 38°C (Figure 5B). Expression of MyoD
decreased (P < 0.001) with the knockdown of Fzd7 in all
the cell lines at 43° and 33°C [BPM8 (43°C: 3.68-fold,
33°C: 2.11-fold), RBch (43°C: 2.53-fold, 33°C: 2.42-fold),
and MC (43°C: 3.89-fold, 33°C: 5.26-fold), Figure 5B]. TaggedEnd
TaggedPWith respect to the expression of MyoG, an interac-

tion effect was significant among the effects of cell line,
temperature, and knockdown of Fzd7 at 72 h of prolifer-
ation (P < 0.001, Figure 5C) and 48 h of differentiation
(P < 0.001, Figure 5D). At 72 h of proliferation, MyoG
expression was decreased with the knockdown of Fzd7 in
BPM8 (38°C: 1.61-fold, 43°C: 3.02-fold), RBch (38°C:
1.36-fold, 43°C: 1.96-fold), and MC (38°C: 2.28-fold,
43°C: 2.52-fold) line SCs at both 38°C (P ≤ 0.072) and
43°C (P < 0.001, Figure 5C). At 33°C, knockdown of
Fzd7 decreased the expression of MyoG only in the
BPM8 line SCs (P < 0.001, Figure 5C). At 48 h of differ-
entiation, the expression of MyoG was lower in the
BPM8 (38°C: 3.25-fold, 43°C: 5.55-fold, 33°C: 2.07-fold),
RBch (38°C: 5.52-fold, 43°C: 2.03-fold, 33°C: 2.63-fold),
and MC (38°C: 2.61-fold, 43°C: 3.38-fold, 33°C: 2.86-
fold) Fzd7 knockdown groups compared to the controls
at all the temperatures (Figure 5D).TaggedEnd
TAGGEDH1DISCUSSION TAGGEDEND

TaggedPSelection strategies to achieve increased muscle accre-
tion have focused on the posthatch period during the
hypertrophic phase of muscle growth mediated by the
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SCs. Changes in the morphological structure and cellu-
lar biology of the p. major muscle have resulted in mus-
cle structural defects (Velleman et al., 2003) and meat
quality issues (Kuttappan et al., 2012; Sihvo et al.,
2014) particularly in the rapid-growing heavy-weight
poultry lines. Satellite cells are the only reservoir of cells
responsible for posthatch muscle hypertrophic growth
(Moss and Leblond, 1971; Cardiasis and Cooper, 1975)
and the regeneration of damaged muscle (Bischoff, 1975;
Snow, 1977). In poultry, SC myogenic function is highly
responsive to environmental temperatures (Halevy
et al., 2001; Clark et al., 2016; Halevy, 2020). Xu et al.
(2021) in an in vitro study showed that SCs from mod-
ern commercial meat-type turkeys have increased sensi-
tivity to both heat and cold stress compared to that of a
historic turkey line representative of commercial turkeys
from the 1960s (Nestor et al., 1969). Transcriptome
analysis also demonstrated the expression of genes that
are involved in muscle regeneration, muscle atrophy,
sarcomere assembly, and inflammatory processes associ-
ated with myopathies were greatly altered with both
heat and cold stress, particularly in the p. major SCs iso-
lated from the rapid-growing commercial line turkeys
(Reed et al., 2022a,b). Thermal stress-induced changes
in SC myogenic function and biochemistry may further
affect the regeneration potential of chicken p. major
muscle impacting breast meat quality. TaggedEnd

TaggedPSelection for increased growth and breast muscle yield
greatly increases the proliferation, differentiation, and
expression of MyoD and MyoG in SCs in the p. major
muscle of growth selected faster-growing turkeys (Clark
et al., 2016; Xu et al., 2021). Although the selection
strategies are similar between chickens and turkeys, it
has not been reported to date if chicken p. major muscle
SCs have changed in a similar manner as turkey p. major
SCs. Results of the current study showed that SC prolif-
eration and differentiation was greatly reduced in the
modern commercial MC line SCs compared to the
BPM8 and RBch lines. Expression of MyoD and MyoG
was also lower in the MC line SCs than that of the
BPM8 and RBch lines during both proliferation and dif-
ferentiation. These results suggest that modern commer-
cial chickens have decreased regeneration of damaged
myofibers as SC myogenic activity in the p. major mus-
cle is reduced. Thus, the commercial chicken p. major
muscle will be more susceptible to degenerative myopa-
thies. TaggedEnd

TaggedPOne of the frequently identified degenerative myopa-
thies in modern commercial heavy-weight broilers is
wooden breast (Sihvo et al., 2017), which is character-
ized by a palpably rigid p. major muscle with a viscous
coating on the outside (Sihvo et al., 2014). Myofiber
necrosis, fibrosis, lipidosis, and inflammatory cell infil-
tration were observed in wooden breast affected chicken
p. major muscle changing the morphological structure of
the p. major muscle and affecting breast meat yield
(Sihvo et al., 2014; Soglia et al., 2016). In addition, meat
quality problems such as decreased contractile protein
levels, tough meat, reduced water holding capacity, and
increased cooking loss have been identified in wooden
breast-affected muscle (Mudalal et al., 2015; Soglia
et al., 2016). Previous studies have linked the wooden
breast myopathy to a decrease in blood vessel density in
the p. major muscle of rapid-growing modern commer-
cial chickens (Sihvo et al., 2018). Since proximity of
blood supply to SCs is required for the SC-mediated
muscle regeneration (Luque et al., 1995; Christov et al.,
2007), SCs in wooden breast-affected muscle has been
hypothesized to have decreased repair activity due, in
part, to decreased circulatory supply (Velleman, 2019).
Furthermore, wooden breast-affected chicken p. major
muscle contains a greater percentage of smaller diameter
myofibers (Velleman and Clark, 2015; Clark and Velle-
man, 2016). These smaller myofibers have poorly orga-
nized contractile sarcomeres and do not restore the
myofiber to its original state (Clark and Velleman, 2016;
Velleman et al., 2018) suggesting a reduction in SC-
mediated regeneration of damagedmuscle fibers. Muscle
fibrosis with the replacement of damaged muscle fibers
with connective tissue and fat will occur when SC-medi-
ated repair is inhibited. Taken together, these findings
support the results of the current study that SCs in mod-
ern commercial meat-type chickens have impaired myo-
genic function and are not able to regenerate the
damaged muscle resulting in breast meat products that
are downgraded and in severe cases condemned from
human consumption. Notably, degenerativemyopathies
like wooden breast have not been reported in modern
commercial meat-type turkeys, and this is likely associ-
ated with the high myogenic and regenerative potential
of turkey p. major muscle SCs. Reed et al. (2022b) fur-
ther showed in heavy-weight meat-type turkeys that the
expression of genes involved in muscle degeneration
(ubiquitin proteasome pathway) are downregulated,
which may further diminish the possibility of degenera-
tive myopathies in turkey breast muscle. TaggedEnd
TaggedPWith regard to temperature effects, there are some

similarities and differences in SC responses between
chickens and turkeys. Previous studies have shown
that heat stress greatly increased both proliferation
and differentiation of turkey p. major muscle SCs,
while cold stress showed a suppressive effect (Clark
et al., 2016; Xu et al., 2021). For chicken SCs, prolifer-
ation was increased with heat stress and decreased
with cold stress in all the cell lines which is similar to
the response of turkey SCs. Expression of MyoD was
highly upregulated during heat stress in the RBch and
MC line SCs and was downregulated with cold stress
in all the cell lines. During differentiation, SC differen-
tiation was altered with heat and cold stress in a cell
line-specific manner. In general, the differentiation of
the MC line SCs was less responsive to both heat and
cold stress compared to the BPM8 and RBch lines.
These results suggest that chicken SC proliferation
and differentiation are responsive to both heat and
cold thermal stress in a cell line-specific manner. How-
ever, when compared to turkey SCs (Xu et al., 2021),
the temperature sensitivity of chicken SCs was overall
lower, particularly in the modern commercial broiler
chickens. TaggedEnd
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TaggedPBirds are homeotherms with the body temperature
being maintained only in a narrow range (Yahav, 2000).
As a result of climate change and extreme weather, mod-
ern commercial chickens may encounter both hot and
cold temperature extremes. Exposure of chickens to heat
and cold stress can significantly change the body tem-
perature (Shinder et al., 2007; Maman et al., 2019) and
affect the growth and development of the p. major mus-
cle (Piestun et al., 2017; Patael et al., 2019). For exam-
ple, posthatch heat stress has been reported to reduce
muscle fiber diameter (Joiner et al., 2014; Piestun et al.,
2017; Patael et al., 2019), decrease vascular density
(Joiner et al., 2014), and stimulate collagen deposition
(Patael et al., 2019) which will negatively impact breast
muscle growth and structure. In the current study, the
expression of MyoG during differentiation was signifi-
cantly lower at both hot and cold temperatures com-
pared to the control temperature in the MC line SCs.
Thus, even though the p. major SCs in the modern com-
mercial meat-type chickens have decreased proliferation
and differentiation, extrinsic thermal stress both hot
and cold will further inhibit the myogenic or regenera-
tive potential of the p. major SCs, which may further
suppress muscle growth and structure and increase the
possibility of degenerative myopathies. TaggedEnd

TaggedPSatellite cell activity and temperature sensitivity are
regulated by signal transduction pathways and down-
stream gene expression networks. The mTOR pathway
is highly reactive to both heat and cold thermal stress in
turkey p. major muscle SCs (Reed et al., 2017; Xu et al.,
2022b). As reported by Xu et al. (2022b), the activity of
the mTOR pathway was increased with growth selection
and with heat stress in modern commercial turkey SCs.
The mTOR pathway not only promotes myofiber hyper-
trophy through protein synthesis (Bodine et al., 2001;
Ohanna et al., 2005) but also regulates the myogenic
activity of SCs (Vignale et al., 2015; Xu et al., 2022b).
For example,mTOR knockout mouse SCs had decreased
proliferation and differentiation and lower MyoD and
MyoG expression compared to that of the wild type
mouse (Zhang et al., 2015). In turkeys SCs, knocking
down the expression of mTOR decreased the prolifera-
tion, differentiation, and expression of both MyoD and
MyoG (Xu et al., 2022b). In the present study, the
mRNA expression of mTOR was lower in the MC line
SCs compared to the BPM8 and RBch lines suggesting
reduced hypertrophic and regenerative potential of the
p. major muscle in modern commercial chickens. Knock-
ing down mTOR expression greatly decreased both pro-
liferation and differentiation of chicken SCs with the
modern commercial MC line SCs having less sensitivity
to the knockdown of mTOR compared to the BPM8 and
RBch lines. Expression of MyoD and MyoG was also
decreased with the knockdown of mTOR independent of
cell lines. Furthermore, when compared to the cellular
responses observed in the turkey SCs (Xu et al., 2022b),
the proliferation and myogenic activity of chicken SCs
were more sensitive to the knockdown of mTOR. These
comparisons suggest that chicken SCs are more depen-
dent on the mTOR pathway in the maintenance of
myogenic or regenerative function compared to the tur-
key SCs. TaggedEnd
TaggedPWith regard to the Wnt pathway, transcriptome anal-

ysis showed the expression of genes in the Fzd7-medi-
ated Wnt/PCP pathway is highly upregulated with
heat stress in proliferating commercial line turkey SCs
(Reed et al., 2022a). Our previous study reported the
Fzd7-mediated Wnt/PCP pathway is involved in the
regulation of turkey SC proliferation and differentiation
in a growth- and temperature-dependent manner (Xu
et al., 2022a). In addition to regulating myogenic activ-
ity, the Wnt/PCP pathway also regulates SC migration
(Wang et al., 2018), which is required for the alignment
of SCs prior to subsequent fusion to existing myofibers
(Chazaud et al., 1998). Thus, the Wnt/PCP pathway
plays an essential role in SC migration and myogenesis
promoting muscle mass accretion through SC-mediated
muscle hypertrophy (Le Grand et al., 2009). Consistent
with the previous findings (Xu et al., 2022a), results of
the current study showed the knockdown of Fzd7 not
only decreased chicken SC proliferation and differentia-
tion but also inhibited the expression of MyoD and
MyoG in all the cell lines. Since the proliferation and dif-
ferentiation of MC line SCs was the lowest among the 3
cell lines, the MC line SCs were less responsive to the
knockdown of Fzd7 compared to the BPM8 and RBch
lines. In addition, within the modern commercial MC
line, SC proliferation was more dependent on the Fzd7-
mediated Wnt/PCP pathway than differentiation, and
this may affect both hypertrophic potential and regener-
ation capacity of the p. major muscle. TaggedEnd
TaggedPIn summary, SCs in the p. major muscle of current

commercial MC line chickens have decreased prolifer-
ation and differentiation and are less responsive to
both hot and cold thermal stress compared to the
1990s BPM8 and RBch lines. Satellite cell prolifera-
tion was increased with heat stress and decreased
with cold stress in all the cell lines. Differentiation of
SCs was affected by thermal stress in a cell line-spe-
cific manner. Specifically, both hot and cold thermal
stress had a negative effect on the differentiation of
the BPM8 and RBch SCs. The differentiation of the
modern commercial MC line SCs was not changed
with heat stress and was decreased with cold stress.
Knockdown of the expression of either mTOR or
Fzd7 reduced the proliferation and differentiation of
SCs independent of cell line at the control and hot
temperatures. In addition, for the modern commercial
SCs, maintaining proliferation was more dependent
on mTOR and Fzd7-mediated Wnt/PCP pathways
than maintaining differentiation. Hence, modern com-
mercial meat-type chickens have decreased myogenic
potential due to reduced proliferation and differentia-
tion rates and temperature sensitivity of SCs, in part,
in an mTOR- and Fzd7-dependent manner. The
decrease in muscle regeneration will make modern
commercial broiler chickens more susceptible to
necrotic and fibrotic degenerative myopathies. As an
outcome of this study, selection strategies should
include SC proliferation and differentiation, and
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responsiveness to extrinsic stimuli like temperature to
maximize muscle mass accretion and maintain prod-
uct quality. TaggedEnd
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