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Abstract
Background: The growth rate often varies among individual broilers of the same breed under a common
management condition. To investigate whether a variation in the growth rate is associated with a difference in
hormone levels and myogenic gene expression profile in broilers, a feeding trial was conducted with 10,000
newly hatched Ross 308 chicks in a commercial production facility under standard management. At 38 d of age,
30 fast-, 30 medium-, and 30 slow-growing broilers were selected among 600 healthy male individuals. The levels
of insulin-like growth factor-1 (IGF-1), triiodothyronine (T3), thyroxine (T4), and growth hormone in the serum
or breast muscle were assayed by ELISA or RIA kits, and the expression levels of several representative pro- and
anti-myogenic genes in the breast muscle were also measured by real-time PCR.
Results: Results showed that both absolute and relative weights of the breast muscle were in linear positive
correlations with the body weight of broilers (P < 0.001). Fast-growing broilers had higher concentrations of IGF-1
than slow-growing broilers (P < 0.05) in both the serum and breast muscle. The serum concentration of T3 was
significantly higher in fast-growing birds than in slow-growing birds (P < 0.05). However, no difference was
observed in growth hormone or T4 concentration among three groups of birds. Additionally, a decreased
expression of an anti-myogenic gene (myostatin) and increased expressions of pro-myogenic genes such as
myogenic differentiation factor 1, myogenin, muscle regulatory factor 4, myogenic factor 5, IGF-1, and myocyte
enhancer factor 2B, C, and D were observed in fast-growing broilers (P < 0.05), relative to slow-growing broilers.
Conclusions: Collectively, these findings suggested that the growth rate is linked to the hormone and myogenic
gene expression levels in broiler chickens. Some of these parameters such as serum concentrations of IGF-1 and
T3 could be employed to breed for enhanced growth.
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Background
Muscle growth, also known as myogenesis, is a complicated but precisely regulated developmental process. Myogenic regulatory factors (MRF) and myocyte enhancer
factor 2 (MEF2) proteins are key transcription factors that
are positively involved in the regulation of skeletal muscle
development [1]. The MRF family of transcription factors
is comprised of a group of basic helix-loop-helic proteins
such as myogenic differentiation factor 1 (MyoD1), myogenic factor 5 (Myf5), myogenin, and MRF4, whereas the
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MEF2 family consists of four members denoted as
MEF2A, B, C, and D. On the other hand, myostatin
(MSTN), a member of the transforming growth factor β
(TGF-β) superfamily secreted from skeletal muscle, acts as
a potent negative regulator of muscle differentiation and
growth [2]. MSTN modifies the muscle fiber-type composition by regulating MyoD and MEF2 expression [3].
Inhibition of MSTN causes myofibre hypertrophy [4],
while MSTN over-expression decreases the skeletal
muscle mass and fiber size [5].
Additionally, a number of hormones are known to impact on animal growth. The major hormones required to
support normal growth in chickens are growth hormone
(GH), 3,5,3´-triiodothyronine (T3), thyroxine (T4), and

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Xiao et al. Journal of Animal Science and Biotechnology (2017) 8:43

insulin-like growth factor-1 (IGF-1) [6]. IGF-1 have been
shown to stimulate the growth of the skeletal muscle by
enhancing the rate of protein synthesis and therefore,
the concentration of IGF-1 is often positively correlated
with the body weight (BW) in broiler chickens [6–8].
It is well known that the growth rate of individual
broilers of the same breed exhibits a normal Gaussian
distribution under a common management condition.
However, it remains elusive about whether there is a
difference between fast- and slow-growing broilers in
growth-related hormone and myogenic gene expression
levels. The objective of the present study was to investigate the association of the growth rate with the concentrations of growth-related hormones in the circulation
as well as both pro- and anti-myogenic gene expression
levels in the breast muscle of broilers.

Methods
Animals

A flock of 10,000 day-of-hatch Ross 308 broiler chicks
were raised in a commercial production facility under
standard management, with a 24-h photoperiod and 3234 °C in the first two days, followed by a 16-h photoperiod and a reduction by 2-3 °C per week to a final
temperature of 20 °C. The broilers were allowed ad libitum access to water and commercial mash feed. At 38 d
of age, 600 healthy male broilers were randomly picked
and weighed, from which 30 broilers of the highest,
medium, and lowest BW were selected as H, M, and L
groups, respectively.
Sampling

Ten birds were randomly selected from each group.
Blood (4 mL each) was collected from the wing vein and
centrifuged at 3,000 × g and 4 °C for 10 min to obtain
serum, which was stored at -80 °C for further analysis.
Chickens were then killed by cervical dislocation. The
entire breast muscle (including pectoralis major and
minor) was weighed after removal. Approximately 3 g of
each muscle sample was immediately snap frozen in liquid nitrogen and stored at -80 °C for further analysis as
described below.
Tissue preparation and hormone concentration
measurement

The breast muscle samples were homogenized (1:19, w/v)
in chilled physiological saline. After centrifuging at 4 °C
and 5000 × g for 10 min, the supernatants were collected
for subsequent assay for various hormones. The IGF-1
concentrations in the serum and muscle were measured
with a commercial chicken-specific ELISA kit following
the manufacturer’s protocols (Jiancheng Bioengineering,
Nanjing, China). Serum concentrations of GH, T3 and T4
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were measured with the respective commercial RIA kits
(Beijing North Institute of Biological Technology, China).
Extraction and quantification of total DNA and proteins

The breast muscle was homogenized in chilled physiological saline (1:10, w/v). DNA and proteins were extracted from the muscle homogenates as described [9].
The concentrations of DNA were measured using a
NanoDrop1000 Spectrophotometer (NanoDrop Products,
Wilmington, DE), and the protein concentrations were
measured with a protein assay kit (Jiancheng Bioengineering, Nanjing, China). The percentages of proteins and nucleic acids in each breast muscle sample were calculated.
RNA extraction and quantitative real-time RT-PCR

Total RNA was extracted from the breast muscle using
RNAiso (Takara Bio, Dalian, Liaoning, China). The firststrand cDNA was synthesized using the SuperScript® III
Reverse Transcriptase with random primers and an
RNase inhibitor (Invitrogen, Carlsbad, CA, USA) as per
the manufacturer’s instructions. Gene-specific primers
for IGF-1, MSTN, MyoD1, myogenin, MRF4, Myf5,
MEF2A, MEF2B, MEF2C, and MEF2D were designed
using Primer Premier 6.0 (Premier, Ontario, Canada)
(Table 1). PCR was performed on the ABI 7500 RealTime PCR Detection System (Applied Biosystems, Foster
City, CA, USA) using SYBR Premix Ex Taq II Kit
(Takara Bio) and 40 cycles of 95 °C for 15 s and 60 °C
for 30 s. All measurements were performed in triplicate.
The fold difference was calculated using the ΔΔCt
method [10, 11] using the geometric means of 18S rRNA
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA for data normalization.
Statistical analysis

All data were presented as means ± standard error of the
mean (SEM). Statistics were performed using one-way
ANOVA using the SPSS software, version 16.0 (Chicago,
IL, USA). The differences were considered to be significant, if P < 0.05.

Results
Body weight and the breast muscle weight

The BW of 600 male Ross 308 broilers that were randomly picked exhibited a normal Gaussian distribution
ranging from 1,250 to 3,330 g with an average of 2,213 g
(Fig. 1). Thirty heaviest (H), 30 medium (M), and 30
lightest (L) broilers were further selected. The average
BW was 2,784, 2,221, and 1,493 g for the H, M, and L
groups, respectively, and the H group weighed nearly
twice as much as the L group (Fig. 2). As expected, the
absolute breast muscle weight was also obviously different (P < 0.001) among three groups, with the H group
doubling the weight of the L group (Fig. 3a). However,
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Table 1 Primers Used for Real-Time PCR
Gene

GenBank
Accession
Number

Primer Sequence (5' to 3')

IGF-1

NM_001004384 GAGCTGGTTGATGCTCTTCAGTT

MSTN

NM_001001461 CGCTACCCGCTGACAGTGGAT

MyoD1

NM_204214

Product
Size, bp
148

CCAGCCTCCTCAGGTCACAACT
132

CAGGTGAGTGTGCGGGTATTTCT
CCGACGGCATGATGGAGTACA

131

GTCGAGGCTGGAAACAACAGAA
Myogenin D90157

GGAGGCTGAAGAAGGTGAACGA

127

CTCTGCAGGCGCTCGATGTACT
MRF4

D10599

CAGGCTGGATCAGCAGGACAA

106

GCCGCAGGTGCTCAGGAAGT
Myf5

NM_001030363 CAGAGACTCCCCAAAGTGGAGAT

MEF2A

NM_204864

MEF2B

XM_430389

MEF2C

XM_001231661 GCCGTCTGCCCTCAGTCAACT

MEF2D

NM_001031600 GTGTCTCCCAAGCGACTCACTCT

106

GTCCCGGCAGGTGATAGTAGTTC
CGGAGGACAGATTCAGCAAACTA

109

GACACTGGAACCGTAACCGACAT
CACGCCATCAGCATCAAGTCA

156

GGGGTAGCCCTTGGAGTAGTCAT
137

GGGTGGTGGTACGGTCTCTAGGA

NM_204305

18S

AF173612

GCCACACAGAAGACGGTGGAT

Concentrations of total DNA, RNA, and proteins in the
breast muscle

86

Total DNA concentration in the breast muscle of the H
group was 17% (P = 0.042) and 18% (P = 0.045) lower
than that of the M and L groups, whereas no difference
was observed between the M and L groups (Table 2). On
the other hand, the total RNA concentration between the
H and M groups showed no difference (P = 0.884), but
was approximately 42% and 39% higher than that in the L
group, respectively (Table 2). No difference was seen with
the total protein concentration in the breast muscle
among three groups of broilers (P = 0.661) (Table 2). The
protein:DNA ratio was positively correlated with the BW
(P = 0.049), and the RNA:protein ratio showed the same
trend (P = 0.086). The RNA:DNA ratio also exhibited an
obvious correlation with the BW among the H, M, and L
groups (P = 0.006), with the H group being significantly
higher than the M group and the M group significantly
higher than the L group (Table 2).

GTGGACGCTGGGATGATGTTCT
CCGGACACGGACAGGATTGACA

the differences among the relative breast muscle weight
(breast muscle weight: BW ratio) in the H and M
groups were significantly higher than that in the L
group (P = 0.026 between H and L; P = 0.045 between
M and L) (Fig. 3b).

109

GTGTTGTATGCGGTCGGCAT
GAPDH

Fig. 2 Average body weight (BW) of three groups of broilers. Each
bar represents mean ± standard error (SE) of thirty, 38-day-old male
broilers per group. Means with no common letter differ significantly
(P < 0.05). H = fast-growing broilers (heavy BW); M = medium-growing
broilers (average BW); L = slow-growing broilers (low BW)

94

CAGACAAATCGCTCCACCAACTAAG

Concentrations of hormones in the serum and breast
muscle

,g
Fig. 1 Body weight (BW) distribution of broilers. The data were
based on 600, 38-day-old male broilers that were randomly picked
and weighed from a group of 10,000 Ross 308 chickens raised under
standard management in a single commercial house

The serum concentration of IGF-1 showed an obvious
linear relationship with the BW (Fig. 4a). The H group
had approximately 18% (P = 0.044) and 33% (P = 0.027)
higher IGF-1 concentrations than the M and L groups,
respectively. The serum concentration of T3 in the L group
was approximately 50% (P = 0.017) and 47% (P = 0.029)
lower than those in the H and M groups, respectively
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(Fig. 4b). However, no significant difference was observed
in the serum concentrations of GH and T4 among the H,
M, and L groups (Fig. 4c and d). Similar to the serum concentration, the IGF-1 concentration in the breast muscle
was also linearly correlated with the BW (Fig. 5). Comparing with the L group broilers, the IGF-1 concentration in
the breast muscle showed a 18% increase (P = 0.013) in the
H group.
Expression levels of myogenic genes in the breast muscle

To study the correlation between the expression levels
of major myogenic genes and the BW, total RNA was
isolated from the breast muscle and subjected to reverse
transcription and real-time PCR analysis of the genes for
MyoD1, Myogenin, MRF4, Myf5, MEF2A, MEF2B, MEF2C,
MEF2D, IGF-1, and MSTN. As shown in Table 3, the expression levels of all pro-myogenic genes but MEF2A
showed a significant decrease (P < 0.05) in the L group relative to the H group. The pro-myogenic genes, namely
MEF5C, showed a strong linear correlation (P < 0.05) with
the BW, with the H group giving the highest expression
and the L group the lowest expression. No difference
(P > 0.05) was observed with MyoD1, MRF4 or MEF2B
between the H and M group, whereas Myogenin and
MEF2D showed no difference between the M and L
group. As for the expression of MSTN, an anti-myogenic
gene, the H and M group showed no statistical difference,
but both groups were significantly lower than the L group
(Table 3). Interestingly, the IGF-1 mRNA expression level
was also significantly reduced (P = 0.026), relative to the H
or M group (Table 3).
Fig. 3 Absolute (a) and relative breast muscle weight (b) of three
groups of broilers. The relative breast muscle weight is the ratio
of absolute breast muscle weight to BW. Each bar represents
mean ± standard error (SE) of thirty, 38-day-old male broilers per
group. Means with no common letter differ significantly (P < 0.05).
H = fast-growing broilers (heavy BW); M = medium-growing broilers
(average BW); L = slow-growing broilers (low BW)

Table 2 The concentrations of DNA, RNA, and proteins in the
breast muscle of broilers (n = 10)
Item

H

M

L

DNA, mg/g

1.68b

2.02a

2.06a

RNA, mg/g

a

a

b

SEM

P-value

0.07

0.044

3.04

2.97

2.14

0.11

0.036

Protein, mg/g

86.32

88.65

84.97

2.54

0.661

Protein:DNA

49.52a

43.87ab

39.71b

1.61

0.049

RNA:Protein

0.035

0.033

0.025

0.003

0.086

RNA:DNA

1.81a

1.47b

1.06c

0.08

0.006

a-c

Means in the same row with different superscript letters differ
significantly (P < 0.05)
H = fast-growing broilers (heavy BW group); M = medium-growing broilers
(average BW group); L = slow-growing broilers (low BW group)

Discussion
Genetic differences among the chicken breeds of different
growth rates have been extensively studied and a number
of genes and quantitative trait loci have been reported in
controlling the growth rate of chickens [12–15]. However,
little is known regarding genetic and hormonal variations
among individual broilers of the same breed under a common management. This study demonstrated that there is
a large variation in the growth rate among individual birds
raised under industrial standard management practices,
with BW ranging from 1,250 g to 3,330 g. To elucidate the
mechanism of the BW variations in a cohort of broiler
chickens, the serum concentrations of GH, T3, T4, and
IGF-1 were measured in the present study. The result
showed that the T3 serum concentration was higher in
heavier broilers than lighter ones, with no difference seen
with the T4 concentration. This is consistent with an earlier report that the plasma concentration of T3, but not
T4, was reduced in the sex-linked dwarf chickens relative
to the normal control breed [16]. Broilers with heavier
BW had a higher serum concentration of IGF-1 in our
study, which is in agreement with an earlier observation
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Fig. 4 The serum concentrations of fours hormones including IGF-1 (a), T3 (b), T4 (c), and GH (d) in broilers. All hormones were measured by
chicken-specific ELISA on 38-day-old male broilers. Each bar represents mean ± standard error (SE) of ten replicates. Means with no common letter
differ significantly (P < 0.05). H = fast-growing broilers (heavy BW); M = medium-growing broilers (average BW); L = slow-growing broilers (low BW).
IGF-1, insulin-like growth factor-1; T3, triiodothyronine; T4, thyroxine; GH, growth hormone

that a reduction in the growth rate was associated with a
decrease in circulating concentrations of IGF-1 in chickens [6]. Thus, higher levels of T3 and IGF-1 in the circulation accelerate growth in broilers and can be good
predictors of faster growth.

Table 3 The relative mRNA levels in the breast muscle of
broilers (n = 10)

Fig. 5 The concentrations of IGF-1 in the breast muscle of broilers.
IGF-1 (insulin-like growth factor-1) was measured by chicken-specific
ELISA on 38-day-old male broilers. Each bar represents mean ± standard error (SE) of ten replicates. Means with no common letter differ significantly (P < 0.05). H = fast-growing broilers (heavy BW);
M = medium-growing broilers (average BW); L = slow-growing
broilers (low BW)

Item

H

M

L

SEM

P-value

MyoD1

0.84ab

1.00a

0.66b

0.065

0.017

b

b

a

Myogenin

2.94

1.00

1.29

0.111

<0.001

MRF4

1.22a

1.00a

0.78b

0.078

0.047

a

a

b

Myf5

0.85

1.00

0.61

0.076

0.044

MEF2A

1.23

1.00

1.14

0.080

0.110

b

a

a

MEF2B

1.06

1.00

0.60

0.042

<0.001

MEF2C

1.22a

1.00b

0.74c

0.062

0.024

MEF2D

a

1.32

b

1.00

b

0.89

0.052

0.015

MSTN

1.15b

1.00b

1.82a

0.101

0.041

a

a

b

0.060

0.031

IGF-1
a- c

0.94

1.00

0.51

Means in the same row with different superscript letters differ
significantly (P < 0.05)
H = fast-growing broilers (heavy BW group); M = medium-growing broilers
(average BW group); L = slow-growing broilers (low BW group)
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Muscle growth is known to be accelerated by activation of the IGF-1 signaling pathway [8, 17], which is
consistent with our observation that IGF-1 in the breast
muscle were higher at both protein and mRNA levels in
fast-growing than slow-growing broilers, which is probably
due to increased methylation in the promoter region of
the IGF-1 receptor gene in slow-growing broilers [18].
Besides IGF-1, altered expressions of multiple myogenic genes was also observed between heavy and light
broilers in this study. Pro-myogenic genes such as
MyoD1 and Myf5 are important in the formation of skeletal muscle [19, 20]. Other pro-myogenic genes such as
myogenin and MRF4 are directly involved in the differentiation of myotubes [21]. Consistently, we observed a
significant increase in the expression of MyoD1, Myf5,
myogenin, and MRF4 in fast-growing birds relative to
slow-growing ones. Similarly, three members of the promyogenic MEF2 family, namely MEF2B, MEF2C and
MEF2D, were also significantly up-regulated in fastgrowing broilers. On the other hand, the anti-myogenic
MSTN mRNA levels are significantly lower in heavy
broilers than light ones.
The skeletal muscle is a heterogeneous tissue composed of individual muscle fibers, diversified in size,
shape and contractile protein content with different
morphology, metabolism, and physiology [22]. Muscle
mass can be affected by alterations in satellite cell activities, which dictate mature muscle size [22]. In the present
study, fast-growing broilers had a greater breast muscle
yield than slow-growing ones, reminiscent of previous
studies [8, 23]. It is well known that DNA contents, protein:DNA and RNA:DNA ratios reflect cell population, cell
size, and cellular metabolic activities, respectively [24]. An
increase in the amount of total cellular RNA is likely due
to enhanced synthetic activities [9]. In this study, increased
protein:DNA and RNA:DNA ratios and total RNA content, accompanied with a decrease in the DNA content, in
the breast muscle of fast-growing broilers suggested that
heavier birds has less muscle cells but higher cellular activities. The results coincide with previous studies showing
that heavier chickens had greater muscle mass with more
satellite cells with enhanced proliferative activities [23, 25].
Hatching weight was shown to be a primary predictor
of the market weight in chicks. The average BW of broilers
at 42 d of age with heavy (48.3 g) and light hatching weight
(41.7 g) became 2,368 g and 2,116 g, respectively [8]. Similarly, broilers on d 41 hatching at 53.1 g was about 1.1-fold
heavier that those hatching at 43.5 g [23]. It is important to
note that, although the breast muscle weight differs significantly between heavy and light broilers, the abdominal fat
content shows no difference at marketing [23], suggesting
that the genes involved in adipogenesis may not play a
major role in the big variation in BW seen in a commercial
broiler production facility.
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In this study, we observed a significant difference in
both mRNA and protein levels of IGF-1 in the breast
muscle and circulation between fast- and slow-growing
chickens on d 38. In fact, such a difference in the IGF-1
protein concentration is also evident on day of hatch between the broilers with heavy hatching weight and the
ones with light hatching weight [23]. Consistently, IGF-1
levels are positively associated with growth rate in broiler
strains divergently selected for high or low growth potential [26, 27], suggesting that IGF-1 can be a good predictor
for growth [28]. However, the heritability of IGF-1 is only
0.1 [29] and therefore, its potential might still be limited
as a useful parameter for future broiler breeding for enhanced performance. Nevertheless, to our knowledge this
is the first study to reveal a positive correlation between
IGF-1 and growth rate in a large population of broilers
growing under standard commercial management.
It is noted that the serum concentration of T3 was also
observed to be significantly different between fast- and
slow-growing broilers on d 38 in our study. It will be important to examine a possible difference in its concentration on d 0 in order to explore the growth predictive value
of T3.

Conclusions
A variation in the growth rate among individual broilers
of the same breed is caused by an alteration in the
growth-related hormone and expression of the genes involved in myogenesis. Serum concentration of IGF-1
and T3 is positively correlated with the growth rate of
broilers. Most pro-myogenic genes such as MyoD1, Myogenin, MRF4, Myf5, MEF2B, MEF2C, and MEF2D are
also associated positively with the growth, while MSTN, an
anti-myogenic gene, shows a negative association. Some of
these parameters may have potential to be further explored
for the breeding purpose.
Abbreviations
BW: body weight; GH: growth hormone; IGF-1: insulin-like growth factor-1;
MEF2: myocyte enhancer factor 2; MRF: myogenic regulatory factors;
MSTN: myostatin; Myf5: myogenic factor 5; MyoD1: myogenic differentiation
factor 1; T3: triiodothyronine; T4: thyroxine
Acknowledgements
The authors gratefully thank all of the staff of the Wanming Poultry Farm
(Hangzhou, China) for their assistance in feeding and care of the animals. We
also acknowledge the members of the Institute of Quality and Standards for
Agro-products, Zhejiang Academy of Agricultural Sciences for their assistance
with sample collections.
Funding
This research was supported by the Special Fund for Public Projects of
Zhejiang Province (2016C32073) and International Cooperation Program of
Zhejiang Academy of Agricultural Sciences. The funding body has not
participated in or interfered with the research.
Availability of data and materials
Not applicable.

Xiao et al. Journal of Animal Science and Biotechnology (2017) 8:43

Authors’ contributions
YX, GZ, and HY conceived the study. YX, CW, KL, and GG participated in
sample collection and performed all the assays. YX and HY drafted and GZ
revised the manuscript. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
All procedures involving animals were approved by Zhejiang Academy of
Agricultural Sciences Institutional Animal Care and Use Committee.
Author details
1
Institute of Quality and Standards for Agro-products, Zhejiang Academy of
Agricultural Sciences, Hangzhou 310021, China. 2College of Life Sciences,
Huzhou University, Huzhou 313000, China. 3Department of Animal Science,
Oklahoma State University, Stillwater, Oklahoma 74078, USA.
Received: 5 October 2016 Accepted: 11 April 2017

References
1. Perry RL, Rudnick MA. Molecular mechanisms regulating myogenic
determination and differentiation. Front Biosci. 2000;5:D750–67.
2. Jia Y, Gao G, Song H, Cai D, Yang X, Zhao R. Low-protein diet fed to
crossbred sows during pregnancy and lactation enhances myostatin gene
expression through epigenetic regulation in skeletal muscle of weaning
piglets. Eur J Nutr. 2016;55:1307–14.
3. Hennebry A, Berry C, Siriett V, O'Callaghan P, Chau L, Watson T, et al.
Myostatin regulates fiber-type composition of skeletal muscle by regulating
mef2 and myod gene expression. Am J Physiol Cell Physiol. 2009;296:C525–34.
4. Wang Q, McPherron AC. Myostatin inhibition induces muscle fibre
hypertrophy prior to satellite cell activation. J Physiol. 2012;590:2151–65.
5. Reisz-Porszasz S, Bhasin S, Artaza JN, Shen R, Sinha-Hikim I, Hogue A, et al.
Lower skeletal muscle mass in male transgenic mice with muscle-specific
overexpression of myostatin. Am J Physiol Endocrinol Metab. 2003;285:
E876–88.
6. Scanes CG. Perspectives on the endocrinology of poultry growth and
metabolism. Gen Comp Endocrinol. 2009;163:24–32.
7. Boschiero C, Jorge EC, Ninov K, Nones K, do Rosario MF, Coutinho LL, et al.
Association of igf1 and kdm5a polymorphisms with performance, fatness
and carcass traits in chickens. J Appl Genet. 2013;54:103–12.
8. Wen C, Wu P, Chen Y, Wang T, Zhou Y. Methionine improves the
performance and breast muscle growth of broilers with lower hatching
weight by altering the expression of genes associated with the insulin-like
growth factor-i signalling pathway. Br J Nutr. 2014;111:201–6.
9. Johnson LR, Chandler AM. Rna and DNA of gastric and duodenal mucosa in
antrectomized and gastrin-treated rats. Am J Physiol. 1973;224:937–40.
10. Xiao YP, Wu TX, Sun JM, Yang L, Hong QH, Chen AG, et al. Response to
dietary l-glutamine supplementation in weaned piglets: A serum
metabolomic comparison and hepatic metabolic regulation analysis.
J Anim Sci. 2012;90:4421–30.
11. Schmittgen TD, Livak KJ. Analyzing real-time pcr data by the comparative
c(t) method. Nat Protoc. 2008;3:1101–8.
12. Zheng Q, Zhang Y, Chen Y, Yang N, Wang XJ, Zhu D. Systematic
identification of genes involved in divergent skeletal muscle growth rates of
broiler and layer chickens. BMC Genomics. 2009;10:87.
13. Buzala M, Janicki B, Czarnecki R. Consequences of different growth rates in
broiler breeder and layer hens on embryogenesis, metabolism and
metabolic rate: A review. Poult Sci. 2015;94:728–33.
14. Pauwels J, Coopman F, Cools A, Michiels J, Fremaut D, De Smet S, et al.
Selection for growth performance in broiler chickens associates with less
diet flexibility. PLoS One. 2015;10, e0127819.
15. Davis RV, Lamont SJ, Rothschild MF, Persia ME, Ashwell CM, Schmidt CJ.
Transcriptome analysis of post-hatch breast muscle in legacy and modern
broiler chickens reveals enrichment of several regulators of myogenic
growth. PLoS One. 2015;10, e0122525.

Page 7 of 7

16. Scanes CG, Marsh J, Decuypere E, Rudas P. Abnormalities in the plasma
concentrations of thyroxine, tri-iodothyronine and growth hormone in
sex-linked dwarf and autosomal dwarf white leghorn domestic fowl
(gallus domesticus). J Endocrinol. 1983;97:127–35.
17. Guernec A, Berri C, Chevalier B, Wacrenier-Cere N, Le Bihan-Duval E, Duclos
MJ. Muscle development, insulin-like growth factor-i and myostatin mrna
levels in chickens selected for increased breast muscle yield. Growth Horm
IGF Res. 2003;13:8–18.
18. Hu Y, Xu H, Li Z, Zheng X, Jia X, Nie Q, et al. Comparison of the genomewide DNA methylation profiles between fast-growing and slow-growing
broilers. PLoS One. 2013;8, e56411.
19. Rudnicki MA, Jaenisch R. The myod family of transcription factors and
skeletal myogenesis. Bioessays. 1995;17:203–9.
20. Shin J, McFarland DC, Velleman SG. Heparan sulfate proteoglycans,
syndecan-4 and glypican-1, differentially regulate myogenic regulatory
transcription factors and paired box 7 expression during turkey satellite cell
myogenesis: Implications for muscle growth. Poult Sci. 2012;91:201–7.
21. Comai G, Tajbakhsh S. Molecular and cellular regulation of skeletal
myogenesis. Curr Top Dev Biol. 2014;110:1–73.
22. Sobolewska A, Elminowska-Wenda G, Bogucka J, Szpinda M, Walasik K,
Bednarczyk M, et al. Myogenesis–possibilities of its stimulation in chickens.
Folia Biol (Krakow). 2011;59:85–90.
23. Sklan D, Heifetz S, Halevy O. Heavier chicks at hatch improves marketing
body weight by enhancing skeletal muscle growth. Poult Sci. 2003;82:1778–86.
24. Uni Z, Noy Y, Sklan D. Development of the small intestine in heavy and
light strain chicks before and after hatching. Br Poult Sci. 1996;37:63–71.
25. Wen C, Chen Y, Wu P, Wang T, Zhou Y. Mstn, mtor and foxo4 are involved
in the enhancement of breast muscle growth by methionine in broilers
with lower hatching weight. PLoS One. 2014;9, e114236.
26. Scanes CG, Dunnington EA, Buonomo FC, Donoghue DJ, Siegel PB. Plasma
concentrations of insulin like growth factors (igf-)i and igf-ii in dwarf and
normal chickens of high and low weight selected lines. Growth Dev Aging.
1989;53:151–7.
27. Beccavin C, Chevalier B, Cogburn LA, Simon J, Duclos MJ. Insulin-like growth
factors and body growth in chickens divergently selected for high or low
growth rate. J Endocrinol. 2001;168:297–306.
28. Duclos MJ. Insulin-like growth factor-i (igf-1) mrna levels and chicken
muscle growth. J Physiol Pharmacol. 2005;56 Suppl 3:25–35.
29. Pym RA, Johnson RJ, Etse DB, Eason P. Inheritance of plasma insulin-like
growth factor-i and growth rate, food intake, food efficiency and abdominal
fatness in chickens. Br Poult Sci. 1991;32:285–93.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

