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Simple Summary: The Wuliang Mountain Black-bone chicken is a Chinese indigenous breed with
good meat quality and strong resistance to disease. Like most of the other Chinese domestic breeds,
it has a much slower early growth rate compared with foreign chicken breeds. Therefore, the genetic
selection of body size and carcass traits is still the focus of Chinese indigenous chicken breeding.
The paired-like homeodomain transcription factor 2 (PITX2) gene, an important transcription factor,
plays an important role during the development of the eye, heart, skeletal muscle and other tissues
in mammals. In chicken, the PITX2 gene affects the late myogenic differentiation of the limb.
The objectives of this study were to detect the expression of the PITX2 gene and analyze the
associations between the polymorphisms in the exons of the PITX2 gene and body size as well
as carcass traits in chickens. The results could contribute to Chinese chicken breeding based on
marker assisted-selection.

Abstract: PITX2 is expressed in and plays an important role in myocytes of mice, and it has effects on
late myogenic differentiation in chickens. However, the expression profile and polymorphisms of
PITX2 remain unclear in chickens. Therefore, the aim of the present study was to detect its expression
and investigate single nucleotide polymorphisms (SNPs) within its exons and then to evaluate
whether these polymorphisms affect body size as well as carcass traits in chickens. The expression
analysis showed that the expression level of chicken PITX2 mRNA in the leg muscle and hypophysis
was significantly higher (p < 0.01) than those in other tissues. The results of polymorphisms analysis
identified two SNPs (i.e., g.9830C > T and g.10073C > T) in exon 1 and 10 SNPs (i.e., g.12713C > T,
g.12755C > T, g.12938G > A, g. 3164C > T, g.13019G > A, g.13079G > A, g.13285G > A, g.13335G > A,
g.13726A > G and g.13856C > T) in exon 3, including four novel SNPs (i.e., g.9830C > T, g.12713C > T,
g.12938G > A and g.13856C > T). In the loci of g.10073C > T and g.12713C > T, chickens with the CT
genotype had the highest (p < 0.05 or p < 0.01) breast depth and breast angle, respectively. For the
locus of g.13335G > A, chickens with the GG genotype had the highest (p < 0.05 or p < 0.01) breast
angle and shank circumference. For the locus of g.13726A > G, chickens with the GG genotype had the
highest breast width, fossil keel bone length and shank circumference. The locus of g.12713A > G had
significant effects on the PITX2 mRNA expression level in leg muscle. The H1H7 diplotype showed
the highest shank circumference, and the H2H8 diplotype showed the highest breast muscle rate.
The present research suggested that polymorphisms of the exons of the PITX2 gene were significantly
associated with the body size and carcass traits of Wuliang Mountain Black-bone chickens and the
PITX2 gene could be a potential candidate gene for molecular marker-aided selection in Wuliang
Mountain Black-bone chickens and other chicken breeds.
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1. Introduction

Wuliang Mountain Black-bone (WLMB) chicken is a Chinese indigenous breed with good meat
quality, strong resistance to disease and medicinal and health-promoting values [1]. Like most of the
other Chinese domestic breeds, it has a much slower early growth rate than foreign chicken breeds in
which the selection for a fast growth rate has led to major welfare problems, such as musculoskeletal
disorders, myopathies and organ failures [2–4]. Therefore, the selection of body size and carcass traits
is still the focus of Chinese indigenous chicken breeding. Recently, the identification of DNA molecular
markers related to quantitative traits based on candidate genes has become an important means
of marker-assisted breeding to improve body size and carcass traits [5]. Paired-like homeodomain
transcription factor 2 (PITX2) is a member of the bicoid-like homeobox transcription factor family [6],
which has a homeobox-2 domain and an OAR domain (15-aa) [7]. The homeobox-2 domain can
combine specifically with DNA through its helix-turn-helix (HTH) structure, and the OAR domain is
where PITX2 interacts with pituitary homeobox 1.

In the past two decades, many researchers have demonstrated that the PITX2 gene is expressed in,
and plays an important role during, the development of various tissues in mice, such as the heart, lung
and dental germ [8–11]. In the myocytes of mice, the expression of myogenic regulatory factors (MRFs)
might be regulated by the PITX2 gene [12]. PITX2-overexpression causes significant down-regulation of
MyoD (an MRF) and an up-regulation of paired box factor 3 gene [13]. A subset of microRNA regulated
by PITX2 also has profound effects on myoblast proliferation [14]. Moreover, it has been reported that
the PITX2 protein can activate the Wnt signaling pathway and induce cell proliferation [15–17].

In chicken, the expression pattern of PITX2 is highly similar to that of mouse during pituitary
development [18–20], and the PITX2 gene affects the late myogenic differentiation of the limb in the
chick embryo [21]. These results suggested that the PITX2 gene is associated with the development
of myocytes.

Recently, polymorphism studies of the PITX2 gene were carried out on humans and mainly
focused on its associations with diseases [22–24]. In livestock, polymorphisms of the PITX2 gene
have been reported to be related to the milk traits of dairy goats and the meat quality and growth of
pigs [25–27]. However, the expression profile and polymorphisms of PITX2 remain unclear in poultry.
Therefore, the objectives of this study were to detect the expression of the PITX2 gene and analyze
the associations between the polymorphisms in the exons of the PITX2 gene and body size as well as
carcass traits in chickens. The PITX2 gene of chickens is 4112bp long with three exons and is located
on chromosome 4. The results of this study could contribute to functional research on the PITX2 gene
and chicken breeding based on marker-assisted selection.

2. Materials and Methods

The present experiment was conducted following Chinese guidelines for animal welfare and was
approved by the animal welfare committee of Zhejiang University (Approval Number: 12969).

2.1. Experimental Animals and Design

In the present study, Wuliang Mountain Black-bone (WLMB) chickens were used. These chickens
have feathered feet, green ear lobes and black bones, along with the presence of massive dermal
and visceral pigmentation. According to the Standards of Agricultural Industry of the People’s
Republic of China (NY/T 828-2004), the age of 300 days is a typical period to reflect the breed
characteristics of poultry. Four hundred (300-day-old) female WLMB chickens, randomly selected from
Wuliang Mountain Black-bone Chicken Professional Cooperatives of Long Street (Jingdon, China),
were measured for body size and carcass traits for the association analysis with polymorphisms of the
PITX2 gene. A total of 11 different tissues (heart, liver, spleen, lung, kidney, breast muscle, leg muscle,
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muscular stomach, glandular stomach, hypothalamus and hypophysis) were separately isolated from
10 chickens (randomly selected from 400 WLMB chickens) which were used for analyzing PITX2
mRNA expression in different tissues. After single nucleotide polymorphisms (SNPs)-traits association
and tissues relative expression analysis, 10 individuals for each genotype of each SNP (a total of
120 WLMB chickens were randomly selected from 400 WLMB chickens) associated with body size or
carcass traits were selected, analyzing the PITX2 mRNA relative expression in their leg muscles.

The body size traits, including body slope length (BSL), breast width (BW), breast depth (BD),
breast angle (BA), fossil bone length (FBL), pelvis width (PW), shank length (SL) and shank circumference
(SC) were measured before slaughter. Live weight (LW) was also measured before slaughter, and then
carcass weight (CW), semi-eviscerated weight (SEW), eviscerated weight (EW), breast muscle weight
(BMW) and abdominal fat weight (AFW) were measured on the carcass. The ratio of CW, SEW and
EW to LW was calculated as slaughter rate (SR), semi-eviscerated rate (SER), eviscerated rate (ER),
respectively. The ratios of BMW to EW were calculated as breast muscle rate (BMR). The ratios of AFW
to the sum of EW and AFW were calculated as abdominal fat rate (AFR). All of the 8 body size traits
and 11 carcass traits were evaluated in accordance with the Standards of the agricultural industry of
the People’s Republic of China (NY/T 823-2004).

2.2. DNA and RNA Extraction, cDNA Synthesis

Blood samples were collected from the jugular vein and stored at −20 ◦C (with EDTA) until
genomic DNA extraction was performed. Genomic DNA was extracted using a Genome DNA
Extraction Kit (TIANGEN, Beijing, China) under the guidance of the instruction manual.

Tissues were frozen immediately in liquid nitrogen after being separated and stored at −80 ◦C.
Total RNA was extracted using TRIzol A+ Total RNA reagent (TIANGEN, Beijing, China). The amount
and purity (OD260/OD280 ratio > 1.9) of the extracted RNA were measured by the NanoDropND2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the quality of the obtained
RNA was checked by electrophoresis. The PrimeScript RT Reagent Kit with gDNA Eraser (Takara,
Japan) was used to convert RNA to cDNA following the manufacturer’s protocol.

2.3. PCR Amplification and Sequencing

Primer pairs (Table 1) of the 3 exons of the PITX2 gene were designed using Primer Premier
5.0 software (Premier Biosoft International, Palo Alto, CA, USA) based on the chicken PITX2 gene
sequences (Gene ID: 395862). Primers were synthesized by Tsingke Biotech Co., Ltd. (Hangzhou,
China). PCR amplification was performed using a PCR instrument (Eppendorf, Germany) with a
50 µL PCR mixture including 25 µL of 2× Taq PCR Master Mix (including Mg2+, dNTP and Taq DNA
Polymerase) from Tsingke Biotech Co., Ltd. (Hangzhou, China), 2 µL of each primer (10 µmol/L), 2 µL
DNA template and 21 µL double-distilled water (Sangon Biotech, Shanghai, China).

The PCR amplifications were performed with an initial denaturation cycle at 94 ◦C for 5 min
followed by 35 cycles of 94 ◦C for 30 s, 45 s at the annealing temperature and extension at 72 ◦C for
90 s, and ending with an extension cycle at 72 ◦C for 10 min. The PCR products were checked by 0.8%
agarose gel electrophoresis. Next, the PCR samples obtained were sequenced using Sanger sequencing
by Tsingke Biotech Co., Ltd. (Hangzhou, China).
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Table 1. Primers sequences for amplifying the exons and detecting the expression levels of paired-like
homeodomain transcription factor 2 (PITX2) in chicken.

Primer Sequence (5′~3′) Length (bp) Annealing Temperature (◦C)

PITX2-1
F: GGGCACACGCGCTCCTT

430 60R: CTCGCCCTCTACAACCGAT

PITX2-2
F: AGCGGTAACGGACAGCAAC

717 60R: GCCAATGGTTTCCGTAGC

PITX2-3
F: CAGCGTTCTTCCCTGTGGT

1538 60R: CCGAAAAAGTGCGGCGTT

PITX2-m
F: GTCCTCTCGCCGATGAGTTG

212 60R: GCTTATTATTCCCGGCTCCCA

β-actin F: ACGTCGCACTGGATTTCGAG
282 60R: TGTCAGCAATGCCAGGGTAC

PITX2-1, PITX2-2 and PITX2-3: the primer pairs of the exon 1, exon 2 and exon 3 of chicken PITX2 gene in PCR
amplification, respectively. PITX2-m and β-actin [28]: the primer pairs of chicken PITX2 mRNA and chicken β-actin
mRNA in real-time fluorescent quantitative PCR, respectively.

2.4. Relative Expression of PITX2 mRNA

The primer pairs (Table 1) of the PITX2 mRNA (Transcript: PITX2-202 ENSGALT00000075211.2)
for real-time fluorescent quantitative PCR were designed using Primer-BLAST (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/) based on the chicken PITX2 mRNA sequences (NM_205010.1). Primers
were synthesized by Tsingke Biotech Co., Ltd. (Hangzhou, China).

Real-time PCR was performed using a StepOnePlus Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) with a 20 µL PCR mixture including 2 µL of cDNA, 10 µL of 2 × SYBR Premix
Ex TaqII, 0.4 µL ROX Reference Dye (50×) 0.8 µL of forward primer, 0.8 µL of reverse primer and 6 µL
of nuclease-free water. The 2× SYBR Premix Ex TaqII, ROX Reference Dye (50×) and nuclease-free
water were contained in the TB Green Premix Ex Taq TM II (Takara, Dalian, China). Reactions were
incubated in a 96-well optical plate (Applied Biosystems, American) at 95 ◦C for 30 s, followed by
40 cycles of 95 ◦C for 5 s, and 60 ◦C for 30 s. Each sample was analyzed in triplicate. The expression
levels of the mRNA were normalized to the mRNA expression of chicken β-actin and were calculated
using the 2−∆∆Ct method [28].

2.5. Statistical Analysis

MEGA 6.0 was used to align the PITX2 amino acid sequences of 12 species (Gallus gallus:
NP_990341.1, Homo sapiens: NP_000316.2, Bos Taurus: NP_001091460.1, Oryctolagus cuniculus:
XP_017202834.1, Pan troglodytes: XP_001141234.1, Sus scrofa: NP_001193364.1, Mus musculus:
NP_001035967.1, Capra hircus: NP_001301188.1, Nothoprocta perdicaria: XP_025906661.1, Parus major:
XP_015479219.1, Rattus norvegicus: NP_001035970.1 and Anas platyrhynchos: XP_027312253.1), and then
used to construct a neighbor-joining phylogenetic tree. Confidence values for the nodes were
determined using the bootstrap test by 1000 replicates [29].

Sequences were analyzed with SeqMan II version 5.01 (DNAStar Inc., Madison, WI, USA).
Genotype frequency, allele frequency and diversity parameters were calculated and the deviations
from Hardy–Weinberg equilibrium (HWE) were checked. HaploView was used to analyze linkage
disequilibrium (LD). Haplotypes and diplotypes were analyzed using PHASE 2.1, which implements a
Bayesian statistical method for reconstructing haplotypes from population genotype data.

The general linear model (GLM) was separately implemented on each SNP and diplotype using
statistical software SPSS 20.0 (SPSS, Chicago, IL, USA). The linear model used was as follows:

Yi jk = µ+ Gi + B j + ei jk

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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where, Yi jk = the phenotypic value of traits, µ = the least squares mean of the population, Gi = effect of
genotypes (i = 1, 2 or 3) or diplotypes (i = 1, 2, 3, 4, 5, 6, 7 or 8), B j = effect of birthdate (j = 1, 2, or 3)
and ei jk = random residual error. Multiple comparison results of the genotypes and diplotypes were
corrected by Bonferroni correction.

The additive and dominance effects of the PITX2 gene were estimated as follows [30]:

Additive effect = (AA − BB)/2 (1)

Dominance effect = AB − (AA + BB)/2 (2)

where AA, AB and BB were the least-squares means of the genotype AA, AB and BB groups, respectively.
The AA genotype was a homozygous genotype for the two bases located before the ‘>’ of the SNPs,
while BB was a homozygous genotype for the two bases situated after the ‘>’ of the SNPs. For example,
the AA, AB and BB genotypes of the g.9830C > T locus in the PITX2 gene means the genotypes of CC,
CT and TT.

The relative expression data were checked for normality by the Kolmogorov–Smirnov test in
statistical software SPSS v20.0 (IBM, Chicago, IL, USA), and logarithmic transformation (log2) was
used to correct the non-normal distribution. Then, one-way ANOVA was used to analyze the relative
expression of the PITX2 gene among groups. Multiple comparison results of the groups were corrected
by Bonferroni correction.

3. Results

3.1. Phylogenetic Relationships of PITX2 Proteins among 12 Species

As shown in Figure 1, the PITX2 proteins of all 12 species fell into two subgroups. All of the
mammal sequences clustered into one subgroup and the sequences from the four avian species (Gallus
gallus, Nothoproctaperdicaria, Parus major and Anas platyrhynchos) clustered into another subgroup.
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Figure 1. Phylogenetic tree constructed based on the PITX2 amino acid sequence of 12 species. Branches
were labeled with species’ Latin names. The number above each branch represented bootstrap values.

3.2. Relative Expression Levels of Chicken PITX2 mRNA in 11 Tissues

The relative expression results showed that chicken PITX2 mRNA was widely expressed in the
heart, liver, spleen, lung, kidney, breast muscle, leg muscle, muscular stomach, glandular stomach,
hypothalamus and hypophysis, but the level of expression was regulated in a tissue-specific fashion.
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The expression level of chicken PITX2 mRNA was significantly higher (p < 0.01) in the leg muscle and
hypophysis than in other tissues (Figure 2).
Animals 2019, 9, 1001 6 of 16 

. 

Figure 2. Relative expression levels of chicken PITX2 mRNA in 11 tissues with the average ΔCt value 
of heart as the calibrator. Data were shown as the mean ± SEM for 10 chickens. Columns “**” showed 
highly significant difference (p < 0.01). 

3.3. Genetic Polymorphisms 

The results of sequence analysis showed that g.9830C > T and g.10073C > T in exon 1 and 
g.12713C > T, g.12755C > T, g.12938G > A, g.12961C > T, g.13019G > A, g.13079G > A, g.13285G > A, 
g.13335G > A, g.13726A > G and g.13856C > T in exon 3 were found in the chicken PITX2 gene, 
including four novel SNPs (i.e., g.9830C > T in exon 1, and g.12713C > T, g.12938G > A and g.13856C 
> T in exon 3). There was no variation found in exon 2. As shown in Table 2, no mutations led to 
amino acid changes. 

Table 2. Alleles and genotypes of single nucleotide polymorphisms (SNPs) in the exons of the 
PITX2 gene and the amino acid mutations. 

SNPs Genotypes 
Mutation Sites Amino acid 

Mutations Exon of PITX2 PITX2 Chromosome 
g.9830C > T CC, CT, TT 1 9830 57794861 --- 
g.10073C > T CC, CT, TT 1 10073 57795104 Serine 
g.12713C > T CC, CT, TT 3 12713 57797744 Asparagine 
g.12755C > T CC, CT, TT 3 12755 57797786 Aspartic acid 
g.12938G > A GG, GA, AA 3 12938 57797969 Serine 
g.12961C > T CC, CT, TT 3 12961 57797992 Serine 
g.13019G > A GG, GA, AA 3 13019 57798050 Alanine 
g.13079G > A GG, GA, AA 3 13079 57798110 Threonine 
g.13285G > A GG, GA, AA 3 13285 57798316 --- 
g.13335G > A GG, GA, AA 3 13335 57798366 --- 
g.13726A > G AA, AG, GG 3 13726 57798757 --- 
g.13856C > T CC, CT 3 13856 57798887 --- 

SNPs: single nucleotide polymorphism sites. ‘---’: the mutation site located in the non-coding area of 
mRNA transcribed by the PITX2 gene. 

3.4. Genotypic Frequencies, Allelic Frequencies and Diversity Parameter 

Genotypic frequency, allele frequency and diversity parameters were displayed in Table 3. All 
SNPs exhibited three genotypes, except g.13856C > T. The dominant alleles of all SNPs were non-
mutation alleles. The χ2-test showed that the genotypic distributions of different variants were 

Figure 2. Relative expression levels of chicken PITX2 mRNA in 11 tissues with the average ∆Ct value
of heart as the calibrator. Data were shown as the mean ± SEM for 10 chickens. Columns “**” showed
highly significant difference (p < 0.01).

3.3. Genetic Polymorphisms

The results of sequence analysis showed that g.9830C > T and g.10073C > T in exon 1 and
g.12713C > T, g.12755C > T, g.12938G > A, g.12961C > T, g.13019G > A, g.13079G > A, g.13285G > A,
g.13335G > A, g.13726A > G and g.13856C > T in exon 3 were found in the chicken PITX2 gene, including
four novel SNPs (i.e., g.9830C > T in exon 1, and g.12713C > T, g.12938G > A and g.13856C > T in
exon 3). There was no variation found in exon 2. As shown in Table 2, no mutations led to amino
acid changes.

Table 2. Alleles and genotypes of single nucleotide polymorphisms (SNPs) in the exons of the PITX2
gene and the amino acid mutations.

SNPs Genotypes Mutation Sites
Amino Acid Mutations

Exon of PITX2 PITX2 Chromosome

g.9830C > T CC, CT, TT 1 9830 57794861 —
g.10073C > T CC, CT, TT 1 10073 57795104 Serine
g.12713C > T CC, CT, TT 3 12713 57797744 Asparagine
g.12755C > T CC, CT, TT 3 12755 57797786 Aspartic acid
g.12938G > A GG, GA, AA 3 12938 57797969 Serine
g.12961C > T CC, CT, TT 3 12961 57797992 Serine
g.13019G > A GG, GA, AA 3 13019 57798050 Alanine
g.13079G > A GG, GA, AA 3 13079 57798110 Threonine
g.13285G > A GG, GA, AA 3 13285 57798316 —
g.13335G > A GG, GA, AA 3 13335 57798366 —
g.13726A > G AA, AG, GG 3 13726 57798757 —
g.13856C > T CC, CT 3 13856 57798887 —

SNPs: single nucleotide polymorphism sites. ‘—’: the mutation site located in the non-coding area of mRNA
transcribed by the PITX2 gene.
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3.4. Genotypic Frequencies, Allelic Frequencies and Diversity Parameter

Genotypic frequency, allele frequency and diversity parameters were displayed in Table 3. All SNPs
exhibited three genotypes, except g.13856C > T. The dominant alleles of all SNPs were non-mutation
alleles. The χ2-test showed that the genotypic distributions of different variants were consistent with
HWE (p > 0.05), except g.9830C > T (p < 0.05). Moreover, the data of polymorphism information
content (PIC) indicated that g.13335G > A and g.13726A > G were moderately polymorphic while
the rest were lowly polymorphic. The locus of g.9830C > T was not used in further analysis since it
deviated from the HWE. After excluding the genotypes with less than 10 individuals, the SNPs with
three genotypes (g.10073C > T, g.12713C > T, g.13335G > A and g.13726A > G) were used for further
analysis of the association between the SNPs and body size as well as carcass traits.

Table 3. Genotypic frequency, allelic frequency and diversity parameter in the exons of the PITX2 gene
in Wuliang Mountain Black-bone chickens.

SNPs Genotypic Frequency Allelic Frequency p-Value PIC He Ne

CC CT TT C T
g.9830C > T 0.78 (312) 0.18 (71) 0.04 (17) 0.87 (695) 0.13 (105) 0.0000 0.2020 0.2280 1.2954
g.10073C > T 0.71 (285) 0.25 (100) 0.04 (15) 0.84 (670) 0.16 (130) 0.1030 0.2351 0.2722 1.3740
g.12713C > T 0.73 (292) 0.24 (94) 0.04 (14) 0.85 (678) 0.15 (122) 0.0692 0.2251 0.2585 1.3486
g.12755C > T 0.94 (377) 0.06 (22) 0.00 (1) 0.97 (776) 0.03 (24) 0.2715 0.0565 0.0582 1.0618

GG GA AA G A
g.12938G > A 0.95 (380) 0.05 (19) 0.00 (1) 0.97 (779) 0.03 (21) 0.1565 0.0498 0.0511 1.0539

CC CT TT C T
g.12961C > T 0.74 (295) 0.25 (99) 0.02 (6) 0.86 (689) 0.14 (111) 0.4767 0.2104 0.2390 1.3141

GG GA AA G A
g.13019G > A 0.92 (366) 0.08 (33) 0.00 (1) 0.96 (765) 0.04 (35) 0.7794 0.0802 0.0837 1.0913
g.13079G > A 0.93 (371) 0.07 (28) 0.00 (1) 0.96 (770) 0.04 (30) 0.5445 0.0696 0.0722 1.0778
g.13285G > A 0.73 (293) 0.25 (101) 0.02 (6) 0.86 (687) 0.14 (113) 0.4143 0.2132 0.2426 1.3203
g.13335G > A 0.51 (202) 0.39 (155) 0.11 (43) 0.70 (559) 0.30 (241) 0.1115 0.3324 0.4210 1.7271

AA AG GG A G
g.13726A > G 0.33 (133) 0.48 (190) 0.19 (77) 0.57 (456) 0.43 (344) 0.5352 0.3701 0.4902 1.9616

CC CT TT C T
g.13856C > T 0.97 (386) 0.04 (14) 0.00 (0) 0.98 (786) 0.02 (14) 0.7217 0.0338 0.0344 1.0356

SNPs: single nucleotide polymorphism sites. p-value: the χ2 test of Hardy–Weinberg equilibrium: p > 0.05
suggested the population conformed to Hardy–Weinberg equilibrium. PIC: polymorphism information content.
PIC > 0.5 meant highly polymorphic, 0.25 < PIC < 0.5 signified moderate polymorphism, PIC < 0.25 showed low
polymorphism [31]. He: heterozygosity. Ne: effective number of alleles.

3.5. Analysis of LD Coefficient, Haplotype and Diplotype

The results of LD analysis indicated that g.12961C > T, g.13019G > A, g.13079G > A, g.13285G > A,
and g.13335G > A showed strong LD, constructing a 374 bp block 1 (Figure 3). As shown in Table 4,
nine haplotypes (H1-H9) were formed based on block 1, where the H1 haplotype showed the highest
frequency, followed by H2 and H7. In the diplotype study, eight diplotypes were formed based on the
nine haplotypes, where the frequency of H1H2 was the highest followed by H1H1. The diplotypes
with fewer than 10 individuals were excluded.
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Table 4. Haplotypes and diplotypes based on the block 1 and frequencies in Wuliang Mountain
Black-bone chickens.

Haplotypes 1 2 3 4 5 Frequency Diplotypes Frequency

H1(437) C G G G G 0.5463 H1H1(93) 0.2325
H2(143) C G G G A 0.1788 H1H2(102) 0.2550
H3(23) C G G A G 0.0288 H1H3(19) 0.0475
H4(54) C G G A A 0.0675 H1H4(52) 0.1300
H5(1) C G A G G 0.0013 H1H7(62) 0.1550
H6(2) C G A G A 0.0025 H1H8(15) 0.0375

H7(105) C A A G G 0.1313 H2H7(31) 0.0775
H8(29) T G G G G 0.0363 H2H8(10) 0.0250
H9(6) T A G G G 0.0075

Diplotypes with fewer than 10 individuals were excluded. 1: g.12961C > T, 2: g.13019G > A, 3: g.13079G > A,
4: g.13285G > A, 5: g.13335G > A.

3.6. Association of Gene Polymorphisms with Body Size and Carcass Traits

The association of PITX2 gene SNPs with body size and carcass traits of WLMB chickens are shown
in Tables 5 and 6. For the locus of g.10073C > T, BD in chickens with the CT genotype was significantly
higher than those with the CC (p < 0.05) and TT genotypes (p < 0.01). For the locus of g.12713C > T,
chickens with the CT genotype had a higher BA than those with the CC genotype (p < 0.01). For the
locus of g.13335G > A, chickens with the GG genotype had a higher BA than those with the GA
genotype (p < 0.01), and a higher SC than those with GA (p < 0.05) and AA genotypes (p < 0.01). For the
locus of g.13726A > G, chickens with the GG genotype had higher FBL and SC than those with the
AA genotype (p < 0.05), and a higher BW than those with AA (p < 0.01) and AG genotypes (p < 0.05).
Moreover, g.10073C > T had an over-dominant effect on BD, and g.12713C > T and g.13335G > A had
an over-dominant effect on BA. In contrast, for g.13335G > A on SC, and g.13726A > G on BW, FBL and
SC, the additive effect was bigger than the dominance effect, whereas they had no association with
carcass traits (Table 6). Tables 7 and 8 show the association of diplotypes with body size and carcass
traits. SC in chickens with the H1H7 diplotype was significantly higher than those with the H1H4
diplotype (p < 0.01) and chickens with the H2H8 diplotype had a higher BMR than those with the
H1H2 and H1H8 diplotypes.
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Table 5. Association of four SNPs of the PITX2 gene with body size traits in Wuliang Mountain Black-bone chickens (MEAN ± SE).

SNPs Genotypes Body Size Traits

BSL (cm) BW (cm) BD (cm) BA (cm) FBL (cm) PW (cm) SL (cm) SC (cm)

g.10073C > T CC 21.52 ± 0.09 7.69 ± 0.04 11.10 ± 0.08 b 55.58 ± 0.63 11.40 ± 0.07 8.46 ± 0.04 10.68 ± 0.06 4.56 ± 0.04
CT 22.30 ± 0.61 7.65 ± 0.08 11.40 ± 0.11 Aa 55.62 ± 1.19 11.43 ± 0.10 8.57 ± 0.07 10.81 ± 0.09 4.56 ± 0.06
TT 21.31 ± 0.39 7.71 ± 0.17 10.48 ± 0.42 Bb 55.00 ± 2.32 11.07 ± 0.26 8.59 ± 0.12 10.52 ± 0.40 4.60 ± 0.15

Additive 0.105 −0.01 0.31 0.29 0.165 −0.065 0.08 −0.02
Dominance 0.885 −0.05 0.61 0.33 0.195 0.045 0.21 −0.02

g.12713C > T CC 21.67 ± 0.08 7.70 ± 0.04 11.17 ± 0.08 55.09 ± 0.64 B 11.41 ± 0.06 8.49 ± 0.04 10.77 ± 0.06 4.56 ± 0.04
CT 21.98 ± 0.67 7.64 ± 0.09 11.11 ± 0.13 57.38 ± 1.05 A 11.37 ± 0.12 8.50 ± 0.07 10.60 ± 0.11 4.58 ± 0.06
TT 20.73 ± 0.45 7.52 ± 0.17 10.94 ± 0.39 53.43 ± 3.47 11.10 ± 0.34 8.53 ± 0.14 10.16 ± 0.41 4.57 ± 0.15

Additive 0.47 0.09 0.115 0.83 0.155 −0.02 0.305 −0.005
Dominance 0.78 0.03 0.055 3.12 0.115 −0.01 0.135 0.015

g.13335G > A GG 21.89 ± 0.32 7.68 ± 0.05 11.12 ± 0.09 56.51 ± 0.79 A 11.37 ± 0.08 8.53 ± 0.06 10.73 ± 0.07 4.62 ± 0.04 Aa

GA 21.53 ± 0.12 7.71 ± 0.06 11.19 ± 0.10 54.12 ± 0.85 B 11.46 ± 0.10 8.44 ± 0.05 10.71 ± 0.08 4.56 ± 0.05 a

AA 21.45 ± 0.17 7.58 ± 0.09 11.16 ± 0.16 56.41 ± 1.53 11.26 ± 0.14 8.51 ± 0.09 10.62 ± 0.13 4.30 ± 0.07 Bb

Additive 0.22 0.05 −0.02 0.05 0.055 0.01 0.055 0.16
Dominance −0.14 0.08 0.05 −2.34 0.145 −0.08 0.035 0.1

g.13726A > G AA 21.37 ± 0.12 7.61 ± 0.06 Bb 11.08 ± 0.11 55.34 ± 0.93 11.19 ± 0.09 b 8.43 ± 0.06 10.55 ± 0.09 4.46 ± 0.05 b

AG 21.93 ± 0.33 7.64 ± 0.05 b 11.26 ± 0.09 55.69 ± 0.77 11.46 ± 0.08 8.50 ± 0.05 10.77 ± 0.07 4.59 ± 0.04
GG 21.74 ± 0.18 7.89 ± 0.09 Aa 11.01 ± 0.16 55.66 ± 1.35 11.58 ± 0.14 a 8.57 ± 0.10 10.84 ± 0.12 4.68 ± 0.07 a

Additive −0.185 −0.14 0.035 −0.16 −0.195 −0.07 −0.145 −0.11
Dominance 0.375 −0.11 0.215 0.19 0.075 0 0.075 0.02

SNPs: single nucleotide polymorphism sites. BSL, body slope length; BW, breast width; BD, breast depth; BA, breast angle; FBL, fossil bone length; PW, pelvis width; SL, shank length; SC,
shank circumference. Means with different lowercase superscripts differed significantly (p < 0.05); means with different capital superscripts differed highly significantly (p < 0.01); means
with the same letter did not differ significantly (p > 0.05).



Animals 2019, 9, 1001 10 of 15

Table 6. Association of four SNPs of the PITX2 gene with carcass traits in Wuliang Mountain Black-bone chickens (MEAN ± SE).

SNPs Genotypes Carcass traits

LW (g) CW (g) SR (%) SEW (g) SER (%) EW (g) ER (%) BMW (g) BMR (%) AFW (g) AFR (%)

g.10073C > T CC 1684.64 ± 16.58 1546.01 ± 15.87 91.71 ± 0.18 1339.54 ± 13.64 79.51 ± 0.22 1100.49 ± 10.92 65.40 ± 0.23 167.67 ± 2.27 15.31 ± 0.17 40.22 ± 2.10 3.26 ± 0.15
CT 1710.27 ± 27.56 1573.41 ± 25.43 92.00 ± 0.24 1367.62 ± 22.71 80.17 ± 0.34 1124.02 ± 18.01 66.00 ± 0.41 172.00 ± 3.87 15.38 ± 0.29 45.88 ± 3.73 3.57 ± 0.25
TT 1663.27 ± 79.03 1538.80 ± 76.13 92.44 ± 0.45 1336.33 ± 62.09 80.54 ± 0.99 1081.80 ± 44.80 65.44 ± 1.14 164.62 ± 10.04 15.40 ± 0.14 57.77 ± 13.39 4.62 ± 0.87

g.12713C > T CC 1690.63 ± 16.72 1551.33 ± 15.77 91.73 ± 0.18 1347.98 ± 13.53 79.77 ± 0.21 1107.73 ± 10.75 65.65 ± 0.23 168.47 ± 2.20 15.29 ± 0.16 42.19 ± 2.15 3.39 ± 0.15
CT 1701.24 ± 27.02 1566.47 ± 25.98 92.01 ± 0.22 1351.97 ± 23.32 79.60 ± 0.38 1108.19 ± 18.64 65.33 ± 0.39 169.91 ± 4.30 15.43 ± 0.33 43.59 ± 3.91 3.43 ± 0.27
TT 1608.36 ± 71.04 1485.57 ± 72.96 92.15 ± 0.53 1276.07 ± 59.80 79.35 ± 1.07 1044.71 ± 48.00 65.02 ± 1.03 163.21 ± 9.83 15.58 ± 0.88 35.68 ± 8.04 3.02 ± 0.56

g.13335G > A GG 1700.21 ± 21.18 1561.68 ± 19.91 91.81 ± 0.18 1352.23 ± 17.20 79.56 ± 0.26 1106.17 ± 13.48 65.19 ± 0.27 167.50 ± 2.47 15.30 ± 0.20 44.34 ± 2.75 3.53 ± 0.18
GA 1678.69 ± 20.96 1540.51 ± 19.92 91.75 ± 0.26 1339.30 ± 17.49 79.91 ± 0.31 1103.82 ± 14.28 65.93 ± 0.34 168.69 ± 3.42 15.29 ± 0.24 40.74 ± 2.81 3.28 ± 0.20
AA 1685.09 ± 36.49 1553.40 ± 37.01 92.03 ± 0.38 1344.33 ± 30.73 79.74 ± 0.42 1109.53 ± 24.48 65.88 ± 0.42 173.71 ± 5.85 15.63 ± 0.38 38.27 ± 4.78 3.12 ± 0.36

g.13726A > G AA 1658.77 ± 23.26 1526.53 ± 22.69 91.93 ± 0.26 1321.95 ± 19.69 79.63 ± 0.31 1088.57 ± 15.84 65.66 ± 0.36 166.26 ± 3.33 15.31 ± 0.23 41.15 ± 3.02 3.37 ± 0.21
AG 1698.42 ± 20.74 1557.01 ± 19.23 91.68 ± 0.21 1351.22 ± 16.91 79.60 ± 0.27 1107.14 ± 13.43 65.31 ± 0.28 169.91 ± 2.83 15.44 ± 0.22 41.85 ± 2.68 3.36 ± 0.19
GG 1724.47 ± 31.95 1586.68 ± 30.85 91.91 ± 0.27 1377.09 ± 25.52 80.14 ± 0.40 1131.70 ± 20.06 65.96 ± 0.42 169.54 ± 4.25 15.09 ± 0.33 45.34 ± 4.53 3.50 ± 0.29

SNPs: single nucleotide polymorphism sites. LW, live weight; CW, carcass weight; SR, slaughter rate; SEW, semi-eviscerated weight; SER, semi-eviscerated rate; EW, eviscerated weight;
ER, eviscerated rate; BMW, breast muscle weight; BMR, breast muscle rate; AFW, abdomen fat weight; AFR, abdomen fat rate.

Table 7. Association of diplotypes of the PITX2 gene with body size traits in Wuliang Mountain Black-bone chickens (MEAN ± SE).

Diplotypes Body Size Traits

BSL (cm) BW (cm) BD (cm) BA (cm) FBL (cm) PW (cm) SL (cm) SC (cm)

H1H1 22.04 ± 0.66 7.63 ± 0.06 10.98 ± 0.14 55.65 ± 1.12 11.33 ± 0.12 8.48 ± 0.08 10.80 ± 0.12 4.61 ± 0.06
H1H2 21.59 ± 0.15 7.67 ± 0.06 11.26 ± 0.12 54.21 ± 1.08 11.34 ± 0.12 8.42 ± 0.06 10.68 ± 0.10 4.54 ± 0.07
H1H3 21.03 ± 0.32 7.62 ± 0.16 10.87 ± 0.33 60.37 ± 3.14 11.09 ± 0.35 8.71 ± 0.23 10.30 ± 0.27 4.59 ± 0.15
H1H4 21.43 ± 0.16 7.57 ± 0.08 11.11 ± 0.16 56.20 ± 1.47 11.27 ± 0.14 8.56 ± 0.08 10.68 ± 0.27 4.35 ± 0.07 B

H1H7 22.12 ± 0.20 7.80 ± 0.10 11.29 ± 0.15 56.93 ± 1.46 11.47 ± 0.11 8.59 ± 0.10 10.86 ± 0.11 4.72 ± 0.07 A

H1H8 21.48 ± 0.48 7.59 ± 0.26 11.70 ± 0.30 55.23 ± 2.32 11.49 ± 0.32 8.35 ± 0.20 10.35 ± 0.24 4.44 ± 0.12
H2H7 21.43 ± 0.28 7.84 ± 0.20 11.22 ± 0.20 54.45 ± 1.82 11.88 ± 0.24 8.42 ± 0.16 10.87 ± 0.14 4.68 ± 0.11
H2H8 21.49 ± 0.46 7.85 ± 0.21 10.86 ± 0.65 50.90 ± 1.83 11.34 ± 0.18 8.37 ± 0.09 10.24 ± 0.47 4.18 ± 0.18

BSL, body slope length; BW, breast width; BD, breast depth; BA, breast angle; FBL, fossil bone length; PW, pelvis width; SL, shank length; SC, shank circumference. Means with different
lowercase superscripts differed significantly (p < 0.05); means with different capital superscripts differed highly significantly (p < 0.01); means with the same letter did not differ significantly
(p > 0.05).
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Table 8. Association of diplotypes of the PITX2 gene with carcass traits in Wuliang Mountain Black-bone chickens (MEAN ± SE).

Diplotypes Carcass Traits

LW (g) CW (g) SR (%) SEW (g) SER (%) EW (g) ER (%) BMW (g) BMR (%) AFW (g) AFR (%)

H1H1 1662.14 ± 29.93 1534.27 ± 28.92 92.21 ± 0.20 1322.23 ± 24.43 79.55 ± 0.38 1080.85 ± 19.15 65.14 ± 0.42 169.70 ± 3.35 15.83 ± 0.25 43.54 ± 3.69 3.61 ± 0.27
H1H2 1665.86 ± 26.81 1528.62 ± 25.25 91.74 ± 0.30 1328.76 ± 22.09 79.76 ± 0.35 1093.57 ± 18.11 65.68 ± 0.37 162.14 ± 4.30 14.84 ± 0.31 B 38.97 ± 3.23 3.22 ± 0.24
H1H3 1738.53 ± 63.69 1610.16 ± 59.12 92.62 ± 0.49 1386.58 ± 58.00 79.56 ± 0.94 1127.16 ± 46.11 64.73 ± 0.77 166.16 ± 8.45 14.77 ± 0.67 44.18 ± 9.09 3.39 ± 0.62
H1H4 1685.21 ± 35.47 1553.83 ± 35.61 92.05 ± 0.33 1347.94 ± 29.81 79.95 ± 0.38 1115.46 ± 23.89 66.27 ± 0.55 174.84 ± 5.35 15.67 ± 0.34 40.53 ± 5.14 3.23 ± 0.36
H1H7 1766.11 ± 43.94 1611.82 ± 40.67 91.25 ± 0.42 1410.15 ± 34.83 79.94 ± 0.44 1156.16 ± 26.94 65.69 ± 0.44 172.51 ± 4.96 15.20 ± 0.43 46.85 ± 5.99 3.44 ± 0.36
H1H8 1674.20 ± 50.73 1531.80 ± 47.00 91.53± 0.81 1325.80 ± 40.86 79.28 ± 1.04 1094.00 ± 34.22 65.45 ± 1.09 152.57 ± 7.86 13.97 ± 0.67 B 37.30 ± 7.31 3.10 ± 0.51
H2H7 1715.97 ± 39.59 1566.29 ± 38.20 91.33 ± 0.82 1345.97 ± 33.61 79.08 ± 0.92 1108.17 ± 26.41 65.20 ± 0.87 176.04 ± 6.83 15.91 ± 0.50 38.54 ± 5.65 2.96 ± 0.39
H2H8 1662.80 ± 80.43 1541.70 ± 78.93 92.61 ± 0.53 1376.50 ± 70.44 82.71 ± 0.59 1140.50 ± 61.97 68.46 ± 0.92 201.86 ± 10.57 17.74 ± 0.29 A 51.19 ± 10.43 4.14 ± 0.76

LW, live weight; CW, carcass weight; SR, slaughter rate; SEW, semi-eviscerated weight; SER, semi-eviscerated rate; EW, eviscerated weight; ER, eviscerated rate; BMW, breast muscle
weight; BMR, breast muscle rate; AFW, abdomen fat weight; AFR, abdomen fat rate. Means with different lowercase superscripts differed significantly (p < 0.05); means with different
capital superscripts differed highly significantly (p < 0.01); means with the same letter did not differ significantly (p > 0.05).
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3.7. PITX2 mRNA Relative Expression with Different Genotypes in Leg Muscle

Since the highest PITX2 mRNA relative expression was in the leg muscle, we selected it to detect
expression levels for different genotypes of the loci (g.10073C > T, g.12713C > T, g.13335G > A and
g.13726A > G) that were significantly associated with body size traits. The results showed that only
the genotype of locus g.12713C > T was significantly associated with the expression level of the PITX2
gene. As shown in Figure 4, for the locus of g.12713C > T, leg muscles with the CT genotype had
higher (p < 0.05) PITX2 mRNA expression level than those with CC and TT genotypes.

Animals 2019, 9, 1001 13 of 16 

3.7. PITX2 mRNA Relative Expression with Different Genotypes in Leg Muscle 

Since the highest PITX2 mRNA relative expression was in the leg muscle, we selected it to detect 
expression levels for different genotypes of the loci (g.10073C > T, g.12713C > T, g.13335G > A and 
g.13726A > G) that were significantly associated with body size traits. The results showed that only 
the genotype of locus g.12713C > T was significantly associated with the expression level of the PITX2 
gene. As shown in Figure 4, for the locus of g.12713C > T, leg muscles with the CT genotype had 
higher (p < 0.05) PITX2 mRNA expression level than those with CC and TT genotypes. 

. 

Figure 4. Relative expression levels of the chicken PITX2 mRNA in leg muscle with different 
genotypes in the loci of g.10073C > T, g.12713C > T, g.13335G > A and g.13726A > G with the average 
ΔCt value of CC, CC, GG and AA genotype as the calibrator, respectively. Data were shown as the 
mean ± SEM for 10 chickens of each genotype. The column with “*” showed a significant difference 
(p < 0.05). 

4. Discussion 

Based on the construction of a neighbor-joining phylogenetic tree in which the PITX2 amino acid 
sequences of 12 species were aligned, the result showed that the PITX2 amino acid sequences were 
relatively conserved and the SNPs detected in the present study occurred at conserved regions, which 
indicated the function of the PITX2 gene might be similar across the 12 species. As shown in the 
phylogenetic tree, chicken (Gallus gallus) and mallard (Anas platyrhynchos) were grouped, indicating 
that the function of the PITX2 gene in chicken was most similar to that in mallard. 

In our study, PITX2 mRNA was expressed widely in 11 tissues of WLMB chickens which was 
the same as in other animals [32]. Although the study of Abu-Elmagd et al. did not detect an effect of 
PITX2 on early limb myogenesis in the chick embryo, they found the late myogenic differentiation in 
the limb was affected by PITX2 [21]. Moreover, several studies have confirmed that the expression of 
the PITX2 gene can activate the LIM, POU and SIX families to regulate the development and function 
of the hypophysis [33]. PITX2 mRNA was also detected during the early development of the 
hypophysis in the chick [34]. These studies showed that the PITX2 gene might play an important role 
in the development of chicken limb muscles and the hypophysis. In the present study, the expression 
level of the PITX2 gene in the leg muscle and hypophysis was the highest, which was consistent with 
these prior reports. 

In the current research, 12 SNPs were found in the exons of the chicken PITX2 gene, including 
four novel SNPs that have not been previously recorded by NCBI. According to the results of the χ2 

Figure 4. Relative expression levels of the chicken PITX2 mRNA in leg muscle with different genotypes
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of CC, CC, GG and AA genotype as the calibrator, respectively. Data were shown as the mean ± SEM
for 10 chickens of each genotype. The column with “*” showed a significant difference (p < 0.05).

4. Discussion

Based on the construction of a neighbor-joining phylogenetic tree in which the PITX2 amino
acid sequences of 12 species were aligned, the result showed that the PITX2 amino acid sequences
were relatively conserved and the SNPs detected in the present study occurred at conserved regions,
which indicated the function of the PITX2 gene might be similar across the 12 species. As shown in the
phylogenetic tree, chicken (Gallus gallus) and mallard (Anas platyrhynchos) were grouped, indicating
that the function of the PITX2 gene in chicken was most similar to that in mallard.

In our study, PITX2 mRNA was expressed widely in 11 tissues of WLMB chickens which was the
same as in other animals [32]. Although the study of Abu-Elmagd et al. did not detect an effect of
PITX2 on early limb myogenesis in the chick embryo, they found the late myogenic differentiation in
the limb was affected by PITX2 [21]. Moreover, several studies have confirmed that the expression of
the PITX2 gene can activate the LIM, POU and SIX families to regulate the development and function of
the hypophysis [33]. PITX2 mRNA was also detected during the early development of the hypophysis
in the chick [34]. These studies showed that the PITX2 gene might play an important role in the
development of chicken limb muscles and the hypophysis. In the present study, the expression level of
the PITX2 gene in the leg muscle and hypophysis was the highest, which was consistent with these
prior reports.

In the current research, 12 SNPs were found in the exons of the chicken PITX2 gene, including
four novel SNPs that have not been previously recorded by NCBI. According to the results of the χ2
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test, g.9830C > T was not in agreement with HWE, which might be explained by the artificial selection
in the breed [27]. All mutations were synonymous, demonstrating that the sequence of the PITX2
amino acids seemed to be conserved [35]. It is worth noting that silent mutations can also affect gene
function and phenotype by regulating the stability of the mRNA or inducing alternative splicing
events [36–38]. Synonymous mutations change the tRNA that transports the same amino acid, and
abundances of different tRNAs are different, which will influence the transcription efficiency [39].
Moreover, the function of microRNA is to regulate the mRNA level and protein expression by binding
to the 3′UTR of mRNA [40]. Thus, silent mutations could not be ignored.

Polymorphisms of the PITX2 gene are significantly related to the milk traits and meat quality
of dairy goats and pigs, respectively, and might contribute to the improvement of these traits [26,27].
Significant effects of the polymorphisms of the PITX2 gene on chicken body size and carcass traits
were detected in the current study. The results showed that four SNPs (g.10073C > T, g.12713A > G,
g.13335G > A and g.13726A > G) were associated with the body size traits of WLMB chickens. The locus
of g.12713A > G had significant effects on the PITX2 mRNA expression level in leg muscle. Three SNPs
of the PITX2 gene also had significant effects on goat growth traits and mRNA expression levels [41].
The four mutations associated with body size traits in this study were silent. The molecular mechanism
of how the four silent mutations affect the phenotype still needs further research. Although there were
no SNPs associated with the carcass traits, the diplotypes had a significant effect on BMR. All of the
above demonstrate that polymorphisms of the chicken PITX2 gene are associated with the body size
and carcass traits of WLMB chickens.

5. Conclusions

In summary, the present study showed that the expression level of chicken PITX2 mRNA
in the leg muscle and hypophysis was the highest, and polymorphisms of the PITX2 gene were
significantly associated with the body size and carcass traits of Wuliang Mountain Black- bone chickens,
which indicated that the PITX2 gene could be a potential candidate gene for molecular marker-aided
selection in chicken breeding.

Author Contributions: Conceived the study project and contributed to the sample collection, H.C.; X.D.; H.M.
and Z.Y.; analyzed the data and prepared the manuscript, H.C.; discussed the manuscript and approved the final
manuscript, H.C.; X.D.; H.M.; N.X. and Z.Y.

Funding: The research was supported by the Fundamental Research Funds for the Central Universities
(No. 2018XZZX004-03) and the Major Science and Technology Projects of Zhejiang Province: New Variety
Breeding of Livestock and Poultry (No. 2016C02054-15).

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Qi, M.; Chen, C.; Yang, X.J.; Gao, Y.H.; Li, X.Z.; Cao, S.X.; Liu, T.D.; Tao, L.L.; Zhang, X. Analysis and
Evaluation of Nutritional Components of Thigh Muscles of Wuliang Mountain Black-Boned Chicken. Meat
Res. 2018, 32, 1–6.

2. Bessei, W. Welfare of broilers: A review. World Poult. Sci. J. 2006, 62, 455–466. [CrossRef]
3. Sheng, Z.Y.; Pettersson, M.E.; Hu, X.X.; Luo, C.L.; Qu, H.; Shu, D.M.; Shen, X.; Carlborg, O.; Li, N. Genetic

dissection of growth traits in a Chinese indigenous x commercial broiler chicken cross. BMC Genom. 2013,
14, 151. [CrossRef] [PubMed]

4. Zhang, C.Y.; Lin, D.; Wang, Y.Z.; Peng, D.Z.; Li, H.F.; Fei, J.; Chen, K.W.; Yang, N.; Hu, X.X.; Zhao, Y.Q.; et al.
Widespread introgression in Chinese indigenous chicken breeds from commercial broiler. Evolut. Appl. 2019,
12, 610–621. [CrossRef]

5. Fang, M.; Li, Y.; Xu, H.; Xie, L.; Liao, X.; Liang, M.; Nie, Q.; Zhang, X. Associations of ghrelin (GHRL) and its
receptor (GHSR) genes polymorphisms with duck growth and carcass traits. Chin. J. Anim. Vet. Sci. 2011,
42, 18–24.

http://dx.doi.org/10.1079/WPS2005108
http://dx.doi.org/10.1186/1471-2164-14-151
http://www.ncbi.nlm.nih.gov/pubmed/23497136
http://dx.doi.org/10.1111/eva.12742


Animals 2019, 9, 1001 14 of 15

6. Semina, E.V.; Reiter, R.; Leysens, N.J.; Alward, W.L.M.; Small, K.W.; Datson, N.A.; SiegelBartelt, J.;
BierkeNelson, D.; Bitoun, P.; Zabel, B.U.; et al. Cloning and characterization of a novel bicoid-related
homeobox transcription factor gene, RIEG, involved in Rieger syndrome. Nat. Genet. 1996, 14, 392–399.
[CrossRef]

7. Amendt, B.A.; Sutherland, L.B.; Russo, A.F. Multifunctional role of the Pitx2 homeodomain protein C-terminal
tail. Mol. Cell. Biol. 1999, 19, 7001–7010. [CrossRef]

8. Lin, C.R.; Kioussi, C.; O’Connell, S.; Briata, P.; Szeto, D.; Liu, F.; Izpisua-Belmonte, J.C.; Rosenfeld, M.G.
Pitx2 regulates lung asymmetry, cardiac positioning and pituitary and tooth morphogenesis. Nature 1999,
401, 279–282. [CrossRef]

9. Kioussi, C.; Briata, P.; Baek, S.H.; Rose, D.W.; Hamblet, N.S.; Herman, T.; Ohgi, K.A.; Lin, C.J.; Gleiberman, A.;
Wang, J.B.; et al. Identification of a Wnt/DVI/beta-catenin -> Pitx2 pathway mediating cell-type-specific
proliferation during development. Cell 2002, 111, 673–685. [CrossRef]

10. Gage, P.J.; Suh, H.Y.; Camper, S.A. Dosage requirement of Pitx2 for development of multiple organs.
Development 1999, 126, 4643–4651.

11. Gage, P.J.; Evans, A.L. Pitx2 function in neural crest is required for specific intrinsic and extrinsic functions
during eye development. Investig. Ophthalmol. Visual Sci. 2005, 46, 3129.

12. Bismuth, K.; Relaix, F. Genetic regulation of skeletal muscle development. Exp. Cell. Res. 2010, 316, 3081–3086.
[CrossRef] [PubMed]

13. Martinez-Fernandez, S.; Hernandez-Torres, F.; Franco, D.; Lyons, G.E.; Navarro, F.; Aranega, A.E. Pitx2c
overexpression promotes cell proliferation and arrests differentiation in myoblasts. Dev. Dyn. 2006,
235, 2930–2939. [CrossRef] [PubMed]

14. Lozano-Velasco, E.; Vallejo, D.; Esteban, F.J.; Doherty, C.; Hernandez-Torres, F.; Franco, D.; Aranega, A.E. A
Pitx2-MicroRNA Pathway Modulates Cell Proliferation in Myoblasts and Skeletal-Muscle Satellite Cells and
Promotes Their Commitment to a Myogenic Cell Fate. Mol. Cell. Biol. 2015, 35, 2892–2909. [CrossRef]

15. Basu, M.; Roy, S.S. Wnt/beta-Catenin Pathway Is Regulated by PITX2 Homeodomain Protein and Thus
Contributes to the Proliferation of Human Ovarian Adenocarcinoma Cell, SKOV-3. J. Biol. Chem. 2013,
288, 4355–4367. [CrossRef]

16. Gage, P.J.; Kuang, C.; Zacharias, A.L. The Homeodomain Transcription Factor PITX2 Is Required for
Specifying Correct Cell Fates and Establishing Angiogenic Privilege in the Developing Cornea. Dev. Dyn.
2014, 243, 1391–1400. [CrossRef]

17. Li, X.; Florez, S.; Wang, J.B.; Cao, H.J.; Amendt, B.A. Dact2 Represses PITX2 Transcriptional Activation and
Cell Proliferation through Wnt/beta-Catenin Signaling during Odontogenesis. PLoS ONE 2013, 8. [CrossRef]

18. Alatzoglou, K.S.; Kelberman, D.; Dattani, M.T. The role of SOX proteins in normal pituitary development. J.
Endocrinol. 2009, 200, 245–258. [CrossRef]

19. Kelberman, D.; Rizzoti, K.; Lovell-Badge, R.; Robinson, I.C.; Dattani, M.T. Genetic regulation of pituitary
gland development in human and mouse. Endocr. Rev. 2009, 30, 790–829. [CrossRef]

20. Proszkowiec-Weglarz, M.; Higgins, S.E.; Porter, T.E. Changes in Gene Expression during Pituitary
Morphogenesis and Organogenesis in the Chick Embryo. Endocrinology 2011, 152, 989–1000. [CrossRef]

21. Abu-Elmagd, M.; Robson, L.; Sweetman, D.; Hadley, J.; Francis-West, P.; Munsterberg, A. Wnt/Lef1 signaling
acts via Pitx2 to regulate somite myogenesis. Dev. Biol. 2010, 337, 211–219. [CrossRef] [PubMed]

22. Chen, L.S.; Gage, P.J. Heterozygous Pitx2 Null Mice Accurately Recapitulate the Ocular Features of
Axenfeld-Rieger Syndrome and Congenital Glaucoma. Investig. Ophthalmol. Visual Sci. 2016, 57, 5023–5030.
[CrossRef] [PubMed]

23. Hassed, S.J.; Li, S.B.; Xu, W.H.; Taylor, A.C. A Novel Mutation in PITX2 in a Patient with Axenfeld-Rieger
Syndrome. Mol. Syndromol. 2017, 8, 107–109. [CrossRef]

24. Souzeau, E.; Siggs, O.M.; Zhou, T.; Galanopoulos, A.; Hodson, T.; Taranath, D.; Mills, R.A.; Landers, J.;
Pater, J.; Smith, J.E.; et al. Glaucoma spectrum and age-related prevalence of individuals with FOXC1 and
PITX2 variants (vol 25, pg 839, 2017). Eur. J. Hum. Genet. 2017, 25, 839. [CrossRef] [PubMed]

25. Jiang, Y.; Tang, S.; Wang, C.; Wang, Y.; Qin, Y.; Wang, Y.; Zhang, J.; Song, H.; Mi, S.; Yu, F.; et al. A genome-wide
association study of growth and fatness traits in two pig populations with different genetic backgrounds.
J. Anim. Sci. 2018, 96, 806–816. [CrossRef]

http://dx.doi.org/10.1038/ng1296-392
http://dx.doi.org/10.1128/MCB.19.10.7001
http://dx.doi.org/10.1038/45803
http://dx.doi.org/10.1016/S0092-8674(02)01084-X
http://dx.doi.org/10.1016/j.yexcr.2010.08.018
http://www.ncbi.nlm.nih.gov/pubmed/20828559
http://dx.doi.org/10.1002/dvdy.20924
http://www.ncbi.nlm.nih.gov/pubmed/16958127
http://dx.doi.org/10.1128/MCB.00536-15
http://dx.doi.org/10.1074/jbc.M112.409102
http://dx.doi.org/10.1002/dvdy.24165
http://dx.doi.org/10.1371/journal.pone.0054868
http://dx.doi.org/10.1677/JOE-08-0447
http://dx.doi.org/10.1210/er.2009-0008
http://dx.doi.org/10.1210/en.2010-1021
http://dx.doi.org/10.1016/j.ydbio.2009.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19850024
http://dx.doi.org/10.1167/iovs.16-19700
http://www.ncbi.nlm.nih.gov/pubmed/27654429
http://dx.doi.org/10.1159/000454963
http://dx.doi.org/10.1038/ejhg.2017.147
http://www.ncbi.nlm.nih.gov/pubmed/29023440
http://dx.doi.org/10.1093/jas/skx038


Animals 2019, 9, 1001 15 of 15

26. Wu, W.; Zuo, B.; Ren, Z.; Hapsari, A.A.; Lei, M.; Xu, D.; Li, F.; Xiong, Y. Identification of four SNPs and
association analysis with meat quality traits in the porcine Pitx2c gene. Sci. China Life Sci. 2011, 54, 426–433.
[CrossRef]

27. Zhao, H.; Wu, X.; Cai, H.; Pan, C.; Lei, C.; Chen, H.; Lan, X. Genetic variants and effects on milk traits of the
caprine paired-like homeodomain transcription factor 2 (PITX2) gene in dairy goats. Gene 2013, 532, 203–210.
[CrossRef]

28. Long, L.; Wu, S.G.; Yuan, F.; Zhang, H.J.; Wang, J.; Qi, G.H. Effects of dietary octacosanol supplementation on
laying performance, egg quality, serum hormone levels, and expression of genes related to the reproductive
axis in laying hens. Poult. Sci. 2017, 96, 894–903. [CrossRef]

29. Zhong, H.; Luo, Y.; Sun, J.; Wang, C.; Wang, Q.G.; Gao, G.L.; Zhang, K.S.; Li, Q.; Wang, H.W.; Li, J.; et al.
Goose FMO3 gene cloning, tissue expression profiling, polymorphism detection and association analysis
with trimethylamine level in the egg yolk. Gene 2017, 632, 25–35. [CrossRef]

30. Wang, Y.; Li, H.; Zhang, Y.D.; Gu, Z.L.; Li, Z.H.; Wang, Q.G. Analysis on association of a SNP in the chicken
OBR gene with growth and body composition traits. Asian-Australas. J. Anim. Sci. 2006, 19, 1706–1710.
[CrossRef]

31. Botstein, D.; White, R.L.; Skolnick, M.; Davis, R.W. Construction of a Genetic-Linkage Map in Man Using
Restriction Fragment Length Polymorphisms. Am. J. Hum. Genet. 1980, 32, 314–331. [PubMed]

32. Shih, H.P.; Gross, M.K.; Kioussi, C. Expression pattern of the homeodomain transcription factor Pitx2 during
muscle development. Gene Expr. Patterns 2007, 7, 441–451. [CrossRef] [PubMed]

33. Ammirabile, G.; Tessari, A.; Pignataro, V.; Szumska, D.; Sardo, F.S.; Benes, J.; Balistreri, M.; Bhattacharya, S.;
Sedmera, D.; Campione, M. Pitx2 confers left morphological, molecular, and functional identity to the sinus
venosus myocardium. Cardiovasc. Res. 2012, 93, 291–301. [CrossRef] [PubMed]

34. Parkinson, N.; Collins, M.M.; Dufresne, L.; Ryan, A.K. Expression Patterns of Hormones, Signaling Molecules,
and Transcription Factors During Adenohypophysis Development in the Chick Embryo. Dev. Dyn. 2010,
239, 1197–1210. [CrossRef] [PubMed]

35. Yin, Z.Z.; Dong, X.Y.; Dong, D.J.; Ma, Y.Z. Association of MYF5 and KLF15 gene polymorphisms with carcass
traits in domestic pigeons (Columba livia). Br. Poult. Sci. 2016, 57, 612–618. [CrossRef] [PubMed]

36. Wang, Y.; Xu, H.Y.; Gilbert, E.R.; Peng, X.; Zhao, X.L.; Liu, Y.P.; Zhu, Q. Detection of SNPs in the TBC1D1
gene and their association with carcass traits in chicken. Gene 2014, 547, 288–294. [CrossRef] [PubMed]

37. Ren, G.; Huang, Y.Z.; Wei, T.B.; Liu, J.X.; Lan, X.Y.; Lei, C.Z.; Zhang, C.L.; Zhang, Z.Y.; Qi, X.L.; Chen, H.
Linkage disequilibrium and haplotype distribution of the bovine LHX4 gene in relation to growth. Gene
2014, 538, 354–360. [CrossRef]

38. Kelemen, O.; Convertini, P.; Zhang, Z.Y.; Wen, Y.; Shen, M.L.; Falaleeva, M.; Stamm, S. Function of alternative
splicing. Gene 2013, 514, 1–30. [CrossRef]

39. Tuller, T.; Carmi, A.; Vestsigian, K.; Navon, S.; Dorfan, Y.; Zaborske, J.; Pan, T.; Dahan, O.; Furman, I.; Pilpel, Y.
An Evolutionarily Conserved Mechanism for Controlling the Efficiency of Protein Translation. Cell 2010,
141, 344–354. [CrossRef]

40. Luo, W.; Wu, H.; Ye, Y.; Li, Z.; Hao, S.; Kong, L.; Zheng, X.; Lin, S.; Nie, Q.; Zhang, X. The transient expression
of miR-203 and its inhibiting effects on skeletal muscle cell proliferation and differentiation. Cell Death Dis.
2014, 5. [CrossRef]

41. Zhang, S.; Zhao, H.; Lei, C.; Pan, C.; Chen, H.; Lin, Q.; Lan, X. Effects of genetic variations within goat PITX2
gene on growth traits and mRNA expression. Anim. Biotechnol. 2019. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11427-011-4167-9
http://dx.doi.org/10.1016/j.gene.2013.09.062
http://dx.doi.org/10.3382/ps/pew316
http://dx.doi.org/10.1016/j.gene.2017.08.023
http://dx.doi.org/10.5713/ajas.2006.1706
http://www.ncbi.nlm.nih.gov/pubmed/6247908
http://dx.doi.org/10.1016/j.modgep.2006.11.004
http://www.ncbi.nlm.nih.gov/pubmed/17166778
http://dx.doi.org/10.1093/cvr/cvr314
http://www.ncbi.nlm.nih.gov/pubmed/22116619
http://dx.doi.org/10.1002/dvdy.22250
http://www.ncbi.nlm.nih.gov/pubmed/20175188
http://dx.doi.org/10.1080/00071668.2016.1190000
http://www.ncbi.nlm.nih.gov/pubmed/27180898
http://dx.doi.org/10.1016/j.gene.2014.06.061
http://www.ncbi.nlm.nih.gov/pubmed/24979340
http://dx.doi.org/10.1016/j.gene.2013.12.037
http://dx.doi.org/10.1016/j.gene.2012.07.083
http://dx.doi.org/10.1016/j.cell.2010.03.031
http://dx.doi.org/10.1038/cddis.2014.289
http://dx.doi.org/10.1080/10495398.2018.1551229
http://www.ncbi.nlm.nih.gov/pubmed/30652937
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Animals and Design 
	DNA and RNA Extraction, cDNA Synthesis 
	PCR Amplification and Sequencing 
	Relative Expression of PITX2 mRNA 
	Statistical Analysis 

	Results 
	Phylogenetic Relationships of PITX2 Proteins among 12 Species 
	Relative Expression Levels of Chicken PITX2 mRNA in 11 Tissues 
	Genetic Polymorphisms 
	Genotypic Frequencies, Allelic Frequencies and Diversity Parameter 
	Analysis of LD Coefficient, Haplotype and Diplotype 
	Association of Gene Polymorphisms with Body Size and Carcass Traits 
	PITX2 mRNA Relative Expression with Different Genotypes in Leg Muscle 

	Discussion 
	Conclusions 
	References

