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ABSTRACT. This study aimed to screen single nucleotide polymorphisms 
(SNPs) in the chicken gap junction protein alpha 1 (GJA1) gene, and to 
investigate their association with five growth traits measured in 269 chickens 
encompassing Chinese indigenous Beijing-You (BJY) and commercial 
Cobb broiler (CB) populations. Four variants were detected in the chicken 
GJA1 gene, in which one synonymous mutation was located in an exon 
(C61223231T or c.-1110 C>T), two in an intron (A61229799C or c.5460 A>C, 
T61229928A or c.5589 T>A) and one in the promoter (A61230599C or c. 
6260 A>C) regions. Genotyping was performed by high-resolution melting 
analysis (SNP in an exon) and DNA sequencing (SNP in the introns and 
promoter). Association analysis revealed that each SNP had a significant 
effect on growth traits in chicken. A higher level of genetic diversity was 
observed in the indigenous BJY breed than in the commercial CB breed. 
Strong linkage disequilibrium was observed between the C61223231T and 
A61229799C polymorphisms, and four previously undiscovered haplotypes 
(CA, TC, CC, TA) were constructed from those two mutations. Association 
analysis between haplotype combinations (diplotypes) and growth traits 
was highly significant where diplotype CC + CC was dominant for all traits. 
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We speculated that GJA1 either is a major gene, or is associated with a 
major gene, affecting chicken growth traits. Therefore, further studies are 
needed in large populations to evaluate polymorphisms located in different 
regions of this gene, as well as its functional study, to better understand its 
role in muscle development in chicken. 

Key words: Chicken; GJA1; Polymorphisms; Growth traits; Association; 
Diplotype 

INTRODUCTION

The improvement of growth traits is of utmost importance in the meat industry to enable 
producers to meet the enormous global demand for meat. The use of traditional animal breeding 
programs to improve favorable traits would be difficult as such traits are complex and under the 
control of multiple genes. A greater understanding of the genetic basis of these traits is needed 
to efficiently lead the genetic improvement of livestock species including chicken (Sun et al., 
2013) through marker-assisted selection (MAS). Therefore, much emphasis has been placed 
on the investigation of genetic markers (Dodgson et al., 1997; Vignal et al., 2002) for the rapid 
advancement of molecular genetics. Single nucleotide polymorphisms (SNPs) are one such 
marker, which are used to map complex traits by linkage disequilibrium (LD) when they are linked 
to the gene of interest (Emara and Kim, 2003).

Previous studies have identified several polymorphisms in different genes that are closely 
associated with growth traits in chicken. Variants of the adipose triglyceride lipase (ATGL), patatin-
like phospholipase domain containing 3 (PNPLA3), and thyroid peroxidase (TPO) genes have 
been implicated in the body weight (BW) of chicken (Nie et al., 2010; Su et al., 2012; Hou et al., 
2013). Mutations in the insulin-like growth factor 1 (IGF1), PNPLA3, and pituitary-specific positive 
transcription factor 1 (POU1F1) genes have been identified for the carcass weight (CW) trait (Sato 
et al., 2012; Su et al., 2012; Xu et al., 2012). Growth hormone secretagogue receptor (GHSR), 
PNPLA3, and POU1F1 genes have been recommended for the evisceration weight (EW) of chicken 
(Fang et al., 2010; Su et al., 2012; Xu et al., 2012), and the agouti related neuropeptide (AGRP) 
and TPO genes were identified for the traits breast muscle weight (BMW) and thigh muscle weight 
(TMW), respectively (Bai et al., 2012; Hou et al., 2013). Several quantitative trait loci (QTLs) have 
been investigated in different chromosomal regions of chicken for the BW (Kerje et al., 2003; 
Pinard-van der Laan et al., 2009), CW (Wang et al., 2012), and TMW (Nones et al., 2006) traits. A 
few genome wide association studies (GWAS) have also identified several loci on chromosomes 
1 and 4 that are strongly associated with BW, CW, EW, BMW, and TMW traits (Gu et al., 2011; Xie 
et al., 2012; Liu et al., 2013) in chicken. However, a limited number of genetic markers invested on 
chromosome 3 either by QTL or GWAS for growth traits in chicken. Our previous study  identified 
eight SNPs within a 0.65 Mb region on chromosome 3 which were nearest to gap junction protein 
alpha 1 (GJA1) gene and closely associated with chicken BMW and breast muscle percentage 
(BMP) (Liu et al., 2013). 

GJA1 encodes one of the most abundant connexin proteins, connexin43 (Cx43), which 
has a molecular weight of 43 kDa. Polymorphisms in the GJA1 gene and their associations have 
been identified in human nonsyndromic deafness (hearing loss), anomalies in eye, tooth, cleft lip, 
and digit formation (Amano et al., 2012), as well as palmoplantar keratosis disease in patients 
with oculo-dento-digital dysplasia (Kogame et al., 2014). No polymorphisms in the GJA1 gene 
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that may affect economic traits in chicken have been investigated. Therefore, this study was planned 
to investigate SNPs in the GJA1 gene and their associations with growth traits in order to evaluate the 
effect of this gene on muscle growth in chicken. This will provide further useful and detailed information 
that can be used to advance poultry breeding by molecular marker-assistant selection programs. 

MATERIAL AND METHODS

Ethics statement

The chicken populations in this experiment were used in accordance with the Guidelines 
for Experimental Animals established by the Ministry of Science and Technology (Beijing, China).

Chickens and growth trait measurements 

Two chicken populations were used in the present study: Beijing-You (BJY) and Cobb 
(CB, Cobb-Vantress, Inc.) chickens. BJY is a slow growing Chinese indigenous chicken breed and 
CB is a fast growing commercial broiler strain. All birds (male) were hatched on the same day and 
raised in stair-step cages under the same recommended environmental and nutritional conditions 
at the conservation farm of the Institute of Animal Sciences (IAS), CAAS. Before slaughtering at 
90-days of age, birds were fasted for 12 h. Blood was collected from a wing vein of 158 BJY and 
111 CB chickens by venipuncture using citrated syringes during a routine health inspection. Blood 
samples were stored at -20°C until gDNA extraction was performed. The body weight of chickens 
was measured before the slaughtering procedure was executed by stunning and exsanguination. 
The growth traits including BW, CW (including feet and head), eviscerated weight (EW), BMW 
(both sides, including pectoralis major and minor), and TMW (both sides, deboned), were recorded 
and measured, as described by Li et al. (2009).

Genomic DNA extraction and mutational screening of GJA1

Genomic DNA was extracted from each 30-µL blood sample by the standard phenol 
chloroform method. The concentration of DNA was determined by NanoDrop 2000 (Thermo, 
Waltham, MA, USA). To identify SNPs in the GJA1gene, the following primers were designed 
according to the DNA sequences (Table 1) (GenBank accession No. NC_006090.3 containing 
GI: 395278) using Primer Premier 5 software. Each DNA pool was prepared from 20 randomly 
selected individuals of each breed (50 ng DNA) for initial screening by sequencing the amplicons 
obtained by polymerase chain reaction (PCR). The 20-µL reaction volume included 10 µL 2X Taq 
PCR Master Mix (Tiangen, Beijing, China) containing 500 μM dNTPs each, 20 mM Tris-HCL, 100 
mM KCl, 3 mM MgCl2, and 1 µL gDNA template (50 ng/µL), 7 µL ddH2O, and 1µL each primer (10 
pM/µL). The PCR cycling program was performed with an initial denaturation cycle at 95°C for 5 
min followed by 32 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and ending with an 
extension cycle at 72°C for 5 min. The purified PCR products were sequenced commercially using 
an ABI3730XL sequencer (Beijing Tianyi Huiyuan Bioscience and Technology Inc., Beijing, China). 

Genotyping by DNA sequencing and high-resolution melting (HRM) analysis

Three pairs of primer were designed to genotype mutations in the GJA1, where one pair 
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was considered for the C61223231T variant (HRM analysis) located in an exon of this gene (Table 
2). The 25-µL PCR mixture included 2.5 µL 10X PCR buffer (Mg2+ plus), 2 µL 2.5 mM dNTP mixture, 
1 µL gDNA template (50 ng/µL), 0.15 µL rTaq (5 U/µL), 18.75 µL ddH2O, and 0.3 µL each primer (10 
pM/µL). The reaction was performed with an initial denaturation cycle at 95°C for 5 min followed by 
35 cycles of 94°C for 15 s, 60°C for 30 s, and 72°C for 30 s, and ended with an extension cycle at 
72°C for 10 min. Next, the PCR samples obtained for each individual were genotyped for SNP sites 
by a commercial sequencing company (Sino Geno Max Co., Beijing, China). 

Primers Primer sequence (5'-3') Length of product (bp) Annealing temperature (°C)

Seq1 F: ATCGTTTCTCCGTGTCTCC 1031 55
 R: AAGTTGAGGGAAGTGTCGT  
Seq2 F: TTTACGAGGTATCAGCACTT  847 55
 R: CCCTTTACCGAGGTTGCT  
Seq3 F: TTTATGGGTTTAGCCTGAG 1311 55
 R: GCTATCCTACTTCCACCTAT

Table 1. Primer sequences, product size, and Tm values for mutational screening in GJA1 gene.

For HRM analysis, the 20-µL PCR volume contained 10 µL 2X Tag PCR Master Mix 
(Tuoyingfang, Beijing, China) including 0.5 mM dNTPs each, 4 mM MgCl2, 0.1 units/μL Tag 
DNA polymerase, and 1 µL DNA template (50 ng/µL), 6 µL ddH2O, 1 µL LC GreenPLUS (Idaho 
Technology, Salt Lake City, Utah, USA), and 1 µL each primer (10 pM/µL). The PCR products (10 
µL) from each sample were used for HRM analysis. The reaction was carried out with an initial 
denaturation cycle at 96°C for 5 min, 32 cycles of 96°C for 30s, 61.6°C for 30s and 72°C for 30s, 
and an additional 5 min at 72°C as an extension cycle. HRM was performed on a LightScanner™ 
platform (Idaho Technology) within a temperature range of 55-95°C with a ramp rate of 0.10°C/s. 
Melting curve analysis was carried out using the LightScanner software package with CALL-IT® 
(Idaho Technology). Melting profiles were calibrated by internal oligonucleotide controls, and then 
normalized, grouped, and displayed as fluorescence-versus-temperature plots or subtractive 
difference plots (-df/dt vs T).

Primer (target SNP) Primer sequence (5'-3') Length of product (bp) Annealing temperature (°C)

Seq1 (A61229799C) F: AGTAAACAAAGCCGCACGAAC 405 60
 R: TGGAACACGAGCAGAGCTTTT  
Seq2 (T61229928A and A61230599C) F: GGATCACTCCGTGCTTTCCT 422 60
 R: AAAACCCGTAACCCACGTCT  
Seq3 (C61223231T for HRM) F: CCATTGTGGACCAGAGGC   70 61.6
 R: AGGTCATCAGGTCGAGGC  

Table 2. Primer sequences, product size, and Tm values for genotyping of variants in GJA1 gene.

Statistical analysis

The DNA sequences were assembled and analyzed using SeqMan II version 5.01 
(DNAStar Inc., Madison, WI, USA). The genotypic and allelic frequencies, and Hardy-Weinberg 
equilibrium (HWE) of each SNP were statistically analyzed as previously described (Sun et al., 
2013). LD (r2) was estimated by Haploview 4.1 (Barrett et al., 2005). Haplotypes were constructed 
based on SNPs using the Phase 2.0 program (Stephens et al., 2001). Genotypes and breed effects 
were considered for association analysis between polymorphisms and growth traits. The following 
general linear models (GLMs) using univariate analysis were used to perform association analyses 
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for least squares means (LSMs) with statistical analysis software (SAS) 9.1.3 (SAS Institute 
Inc., Cary, NC, USA) including Tukey’s HSD post hoc test to separate means. Simultaneously 
descriptive statistic and standard error of LSMs were analyzed using the statistical package for the 
social sciences (SPSS) version 16.0 (SPSS Inc., Chicago, IL, USA). 

Where, Y = the traits measured in chickens, µ = the population mean, G = effect of genotype, B 
= effect of breed, D = effect of diplotype, G*B = interaction between genotype and breed, D*B = 
interaction between diplotype and breed, and e = random residual error.

RESULTS

Polymorphisms in the chicken GJA1 gene and their genotyping

Four previously unknown variants were identified in GJA1. The polymorphisms were located 
(relative to the ATG start codon) in exon (C61223231T or c.-1110C>T), intron (A61229799C or 
c.5460A>C and T61229928A or c.5589T>A), and promoter (A61230599C or c.6260A>C) regions, 
in which C61223231T was a synonymous mutation. The genotypes of those SNP sites were 
determined using HRM analysis (C61223231T) and DNA sequencing (A61229799C, T61229928A 
and A61230599C). HRM analysis can identify variations in nucleic acid sequences by improved 
dsDNA-binding dyes. Therefore, one variant was genotyped by the post-PCR method.

Genotypic and allelic frequencies of different variants of the GJA1 gene 

Genotypic and allelic frequencies of four variants of the chicken GJA1 gene are presented 
in Table 3. At the C61223231T locus, the heterozygous CT genotype was dominant (51.2%), 
which was followed by the CC and TT genotypes in the BJY breed, and C was identified as an 
advantageous allele in both breeds. Some dominancy was observed for the AC heterozygous in 
A61229799C mutation, followed by the AA and CC genotypes including the advantageous allele A 
(64%) in Cobb chicken population than Beijing-You. The frequency of the homozygous AA genotype 
was highest in the T61229928A mutation in both BJY and CB breeds, with A being the predominant 
allele. In the A61230599C polymorphism, the heterozygous AC genotype was dominant (44.1%) 
followed by AA and CC genotypes in the BJY breed, whereas the homozygous AA genotype was 
dominant (50%) in the CB chicken population. In both breeds of the A61230599C variant, A was 
identified as the predominant allele over C. The χ2 test showed that the genotypic distribution of two 
chicken populations among different variants were consistent with HWE (P > 0.05), except for the 
T61229928A mutation in the BJY population, where the TT and TA genotypes were not available.

Association between GJA1 polymorphisms and growth traits 

The descriptive statistics regarding growth traits are presented in Table 4. The results 
indicated a positive correlation (r = 0.07-0.99) between each pair of the five measured traits and 
their percentages. The highest correlations were observed between BW and CW, BW and EW, 
and CW and EW, followed by CW and BMW, and EW and BMW traits, where the lowest value 
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was identified between BW and TMW (%). Association analysis between different GJA1 variant 
genotypes and chicken growth traits are presented in Table 5. A significant association was 
observed between the three genotypes of the C61223231T polymorphism and all growth traits 
except for BMW. The TT genotypes for all traits were found to have lower mean values than the 
CC and CT genotypes. Genotypes of the A61229799C variant had only a significant association 
with the TMW trait. The polymorphism T61229928A had highly significant associations with all 
growth traits except for TMW. In this variant, TA genotypes showed higher mean values than the 
AA genotype, and the homozygous TT genotype was not available. Genotypes of the A61230599C 
variant had a significant association with the CW, BMW, and TMW traits. Lower mean values 
were found for the CC genotype than for the AC and AA genotypes for all growth traits of the 
A61230599C mutation. 

SNP (location) Breed  N  Genotype frequency                   Allele frequency  χ2 (HWE) P value

C61223231T (Exon)   CC CT TT C T  
 Beijing-You 158 0.316 (50) 0.512 (81) 0.170 (27) 0.573 (181) 0.427 (135) 0.357 0.550
 Cobb 111 0.514 (57) 0.441 (49) 0.045 (5) 0.734 (163) 0.266 (59) 1.910 0.167
A61229799C (Intron)   AA AC CC A C  
 Beijing-You  158 0.253 (40) 0.456 (72) 0.291 (46) 0.481 (152) 0.519 (164) 1.200 0.273
 Cobb  111 0.387 (43) 0.505 (56) 0.108 (12) 0.640 (142) 0.360 (80) 0.988 0.320
T61229928A (Intron)   TT TA AA T A  
 Beijing-You  158 0 (0) 0 (0) 1 (158) 0 (0) 1 (316) - -
 Cobb  111 0 (0) 0.144 (16) 0.856 (95) 0.072 (16) 0.928 (206) 0.670 0.413
A61230599C (Promoter)   AA AC CC A C  
 Beijing-You  152 0.382 (58) 0.441 (67) 0.178 (27) 0.602 (183) 0.398 (121) 0.977 0.323
 Cobb  94 0.500 (47) 0.436 (41) 0.064 (6) 0.718 (135) 0.282 (53) 0.562 0.454

HWE = Hardy-Weinberg equilibrium.

Table 3. Genotype and allele frequencies of four variants in the chicken GJA1 gene.

Further genotypic association analyses (excluding the breed effect) were conducted 
for non-significant traits of each GJA1 polymorphism and individual chicken breeds, except for 
T61229928A, to determine whether or not those variants had a dominant effect on specific chicken 
populations (Table 6). Genotypes of the C61223231T polymorphism had a more significant 
association with the BMW trait in the BJY breed than in the CB breed. Similar effects were identified 
for the A61229799C mutation with the EW and BMW traits, but no breed specific effects were 
detected for the A61230599C locus in association with the BW and EW traits. 

Traits (N) Mean SEM Min Max BW CW EW BMW TMW CW (%) EW (%) BMW (%) TMW (%)

BW (258) 1909.90 36.34 924.00 3195.00 1        
CW (261) 1620.44 35.37 786.00 2938.00     0.99*** 1       
EW (253) 1369.31 32.27 666.00 2654.00     0.99***     0.99*** 1      
BMW (254)   137.55   5.95   36.00   377.00     0.96***     0.97***     0.97*** 1     
TMW (254)   127.55   2.77   50.00   272.20     0.91***     0.92***     0.92***     0.90*** 1    
CW (%, 250)     85.34   0.34   72.78   121.92     0.63***     0.71***     0.69***     0.70*** 0.63*** 1   
EW (%, 242)     72.27   0.38   60.74   105.44     0.70***     0.76***     0.79***     0.77*** 0.71*** 0.91*** 1  
BMW (%, 243)       6.72   0.18     2.59     12.49     0.88***     0.91***     0.91***     0.97*** 0.83*** 0.75*** 0.80*** 1 
TMW (%, 243)       6.81   0.06     3.46     11.30 0.07 0.09 0.11 0.09 0.44*** 0.27*** 0.29*** 0.11 1

Table 4. Descriptive statistics of growth traits (g) and correlation analysis.

SEM = Standard error of the mean; BW = body weight before slaughter; CW = carcass weight; EW = evisceration 
weight, BMW = breast muscle weight; TMW = thigh muscle weight; % = percentage; *** = P < 0.001.
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SNP (location) Trait (N)  Genotype  P value

C61223231T (Exon)  CC CT TT 
 BW (258)    1984.15 ± 26.44b (102)    2017.10 ± 24.29c (125)  1810.94 ± 64.74a (31) 0.012
 CW (261)    1737.14 ± 22.50b (103)    1755.96 ± 21.07c (127)  1577.57 ± 61.13a (31) 0.024
 EW (253)  1500.39 ± 21.48c (98)    1496.66 ± 20.06b (124)  1338.62 ± 56.96a (31) 0.026
 BMW (254) 161.25 ± 3.23 (99)   160.10 ± 3.03 (124) 142.83 ± 8.61 (31) 0.132
 TMW (254)  138.32 ± 2.66b (99)    137.43 ± 2.50b (124)  114.77 ± 7.08a (31) 0.007
A61229799C (Intron)  AA AC CC 
 BW (258) 1986.67 ± 30.29 (80)   2000.56 ± 24.54 (122) 1940.39 ± 43.99 (56) 0.491
 CW (261) 1734.13 ± 26.00 (79)   1748.52 ± 20.91 (125) 1705.83 ± 38.77 (57) 0.619
 EW (253) 1497.65 ± 24.69 (75)   1501.80 ± 19.66 (122) 1410.99 ± 37.27 (56) 0.088
 BMW (254) 160.69 ± 3.74 (75)   159.74 ± 2.96 (123) 157.00 ± 5.65 (56) 0.862
 TMW (254)  140.45 ± 3.06b (75)    137.00 ± 2.42b (123)  123.06 ± 4.62a (56) 0.007
T61229928A (Intron)  TT TA AA 
 BW (258)  2264.50 ± 65.70 (16)   2002.95 ± 17.30 (242) 0.000
 CW (261)  2060.00 ± 62.60 (13)   1747.92 ± 14.90 (248) 0.005
 EW (253)  1820.62 ± 58.81 (13)   1496.23 ± 14.39 (240) 0.009
 BMW (254)  225.32 ± 8.77 (13)   161.18 ± 2.14 (241) 0.002
 TMW (254)  162.65 ± 7.43 (13)   136.79 ± 1.81 (141) 0.175
A61230599C (Promoter)  AA AC CC 
 BW (236)   1961.65 ± 26.02 (100)   2000.94 ± 26.06 (104) 1854.26 ± 58.82 (32) 0.070
 CW (241)    1726.51 ± 21.98b (103)    1744.47 ± 22.29b (106)  1599.30 ± 53.88a (32) 0.047
 EW (233) 1486.60 ± 21.34 (98)   1490.59 ± 21.53 (103) 1360.86 ± 50.73 (32) 0.056
 BMW (234)  160.85 ± 3.23b (98)    159.42 ± 3.23b (104)  140.15 ± 7.68a (32) 0.044
 TMW (234)  136.20 ± 2.61b (98)    135.88 ± 2.61b (104)  117.88 ± 6.20a (32) 0.021

LSM = least squares mean; SEM = standard error of the mean; BW = body weight before slaughter; CW = carcass 
weight; EW = evisceration weight, BMW = breast muscle weight; TMW = thigh muscle weight. Mean values bearing 
different letters (a, b, or c) in each row are significantly different (P < 0.05).

Table 5. Association analysis between the genotypes of four polymorphisms in GJA1 and growth traits (g) of 
chicken (LSM ± SEM).

Haplotype and diplotype analysis of the GJA1 gene

Haplotype block and LD structures were generated from the four SNPs genotyped in the 
GJA1 gene from chicken (Figure 1). Only two variants, C61223231T (exon) and A61229799C 
(intron), showed significant LD with each other (r2 = 0.94), spanning a 6-kb block. Therefore, 
haplotypes were constructed from these two polymorphic sites of GJA1 (Table 7) and their haplotype 
combinations, or diplotypes, (Table 8) were prepared to study the association with growth traits. 
A total of four haplotypes and seven diplotypes were discovered in the GJA1 gene, where the CA 
haplotype showed the highest frequency (53.7%), followed by TC (35.1%) and CC (10.2%). In the 
diplotype study, the highest frequency was observed for the TC+CA (37.9%) diplotype, followed by 
CA+CA (29%) and TC+TC (11.9%). 

Association analysis of GJA1 diplotypes and growth traits of chicken

Association analysis was performed between diplotype of the GJA1 gene and chicken 
growth traits (Table 8), which revealed that BW, EW, and TMW traits were more highly significant 
than CW and BMW traits. The highest and lowest mean values of BW, CW, EW BMW, and TMW 
traits were found to belong to the CC+CC and TC+TC diplotypes, respectively. 
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SNP Haplotype Observation Frequency

C61223231T and A61229799C CA 289 0.537
 TC 189 0.351
 CC   55 0.102
 TA     5 0.009

Table 7. Frequency of haplotypes based on linkage disequilibrium (LD) in the GJA1 gene.

Diplotype Frequency BW CW EW BMW TMW
 (observation)

TC+TC   0.119 (32) 1810.94 ± 64.30a (31) 1577.57 ± 60.71a (31) 1338.62 ± 55.78a (31) 142.83 ± 8.44a (31) 114.77 ± 6.91a (31)
TC+CC   0.085 (23)  1976.42 ± 63.04ab (22)  1728.91 ± 53.81ab (23)  1385.21 ± 52.97ab (22)  157.52 ± 8.01ab (22) 120.00 ± 6.56a (22)
TC+CA     0.379 (102)  2018.93 ± 26.97bc (98)     1762.95 ± 23.23bcd (100)   1511.05 ± 21.70bcd (98)   159.42 ± 3.28abc (98)  139.59 ± 2.69bc (98)
TA+CA 0.019 (5)  2138.00 ± 120.21bc (5)   1739.67 ± 130.85abc (4)   1591.53 ± 120.23abc (4)  198.20 ± 18.18bc (4)   154.13 ± 14.89abc (4)
CC+CC 0.011 (3) 2452.50 ± 161.27c (3) 2159.75 ± 138.79d (3) 1911.78 ± 127.52d (3) 221.95 ± 19.29c (3) 177.30 ± 15.79c (3)
CC+CA   0.097 (26)  1946.13 ± 55.52bc (24)   1702.44 ± 45.66cd (25 )  1472.53 ± 42.66cd (24)   160.45 ± 6.35abc (25)  130.08 ± 5.20bc (25)
CA+CA   0.290 (78)  1979.94 ± 30.54bc (75)   1735.07 ± 26.17bcd (75)  1495.88 ± 24.72cd (71)  159.54 ± 3.74bc (71)  140.14 ± 3.06bc (71)
P value  0.004 0.008 0.001 0.005 0.000

LSM = least squares mean; SEM = standard error of the mean; BW = body weight before slaughter; CW = carcass 
weight; EW = evisceration weight, BMW = breast muscle weight; TMW = thigh muscle weight. Mean values bearing 
different letters (a, b, c, or d) in each column are significantly different (P < 0.05).

Table 8. Association analysis between diplotypes of the GJA1 gene and growth traits (g) of chicken (LSM ± SEM).

DISCUSSION

Skeletal muscle tissues are comprised of different cell types, in which various genes 
encoding regulatory factors are involved in the formation of muscle (Buckingham et al., 2003). For 
this reason, the genetic basis of protein formation in chicken will provide an opportunity for genetic 
improvement of traits associated with muscle development. Therefore, the study of candidate 
genes is one of the primary methods (Zhang et al., 2009) to determine whether a gene of interest 
is associated with selected economic traits.

Figure 1. Linkage disequilibrium (LD) of single nucleotide polymorphisms (SNPs) in the chicken GJA1 gene. Pairwise 
(r2) values are shown between polymorphisms, which were calculated from the genotypic data of 269 chickens. The 
haplotype block was defined by using the default setting of the Haploview software.
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In the present study, we identified four unknown SNPs, one of which was located in an 
exon region, two of which were in an intron region, and one that was in the promoter region of the 
chicken GJA1 gene. The SNP located in exon was genotyped by HRM analysis due to its higher 
sensitivity and specificity (Garritano et al., 2009) compared with other methods. Genotypic and allelic 
frequencies, and breed-specific association studies of polymorphisms in chicken GJA1, indicate 
that the Chinese indigenous chicken breed BJY has higher genetic variation than the commercial 
CB strain. This reveals that the commercial breed is undergoing long-term artificial selection, which 
leads to a reduction in the negative allele frequency (Andersson, 2001). Therefore, homozygosity 
dominated the different GJA1 variants found in the CB population, which suggests the accumulation 
of this desired allele for meat traits, except for the A61229799C variant, which needs further 
improvement (Wu et al., 2011) for the A allele. It could be speculated that more genetic progress 
should be expected in indigenous breeds than in commercial breeds in terms of genetic diversity.

The SNP C61223231T found in the GJA1 gene was a synonymous mutant, which was 
found to have a positive association with the BW, CW, EW, and TMW traits in chicken. Although 
synonymous polymorphisms do not change the sequence or structure of the protein they encode, 
they could affect messenger RNA splicing, stability, structure, or protein folding, which significantly 
affect protein function (Hunt et al., 2009). Genetic polymorphisms in the exon region of the GJA1 
gene have been positively associated with various diseases in human (Kogame et al., 2014; 
Jamsheer et al., 2014), mice (Flenniken et al., 2005), and fish (Iovine et al., 2005). No available data 
associate the chicken GJA1 gene with growth traits, though several studies have been performed on 
other genes (Sato et al., 2012; Fornari et al., 2014) in chicken and have shown positive correlations 
with growth traits. Therefore, our discovery of a synonymous mutation in the chicken GJA1 gene 
and its significant association with growth traits suggests that this polymorphism could be used as 
a molecular marker for growth or muscle development traits in chicken. 

Similarly, the variants detected in intron (A61229799C and T61229928A) and promoter 
(A61230599C) regions of the GJA1 gene had significant associations with chicken growth traits. 
Previous studies have shown that transcription factors can bind a few specific sites located 
in the promoter and intron regions of genes to influence gene expression (Myers et al., 2007; 
Pereyra et al., 2012) and protein translation (Down et al., 2012). However, the exact functions of 
SNPs in non-coding regulatory regions are not clear, but are predicted to influence the binding 
affinity of transcription factors (Kim et al., 2008). Therefore, we hypothesize that the variants 
identified from our study could disrupt some transcription factor-binding sites (Sheng et al., 2013) 
that alter GJA1 gene expression and affect muscle development in chicken, although further 
investigations are required.

LD analysis indicated that the C61223231T and A61229799C SNPs are a close LD 
pair, which suggests that these two mutations may consistently be associated with some 
specific traits of interest. Our results show that these two variants of the GJA1 gene exert 
a highly additive effect on growth traits of chickens. Therefore, haplotype construction from 
these two SNPs belonging to a LD block was consistent. Association analysis of haplotype 
combinations showed highly significant associations with all the growth traits studied. It is 
apparent that CC and CC+CC may be the most advantageous haplotypes and diplotypes, 
respectively, which may control growth regulation. As our haplotype block was based on 
two SNPs, more tag SNPs should be typed (Zhang et al., 2009) in order to detect complete 
haplotype blocks in different chicken breeds. Haplotype analysis is more powerful in LD studies 
to resolve noisy and unsatisfying effects than single marker analysis which are caused by 
diverse marker history and statistical methods, and results monotonic and step-like breakdown 
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of LD by recombination (Daly et al., 2001). Haplotype and diplotype analyses of chicken BW, 
CW, EW, BMW, and TMW traits have previously been studied on different genes (Zhang et al., 
2008; Su et al., 2012; Xu et al., 2012). However, this is the first study to report the effect of 
GJA1 haplotype combinations (diplotype) on economic traits in chicken. Hence, GJA1 may act 
as a candidate gene of QTL for the regulation of muscle growth in chicken.

In summary, the present study describes four previously unknown SNPs, four haplotypes 
from two variants having high LD, and seven diplotypes of the chicken GJA1 gene, and reports their 
significant association with growth traits. These results indicate that GJA1 is positively associated 
with growth regulation, and the alleles and haplotypes of this gene may serve as genetic markers 
for future MAS of chicken muscle development. Therefore, the functional study of this gene is 
essential to explore the biological implication of these polymorphisms. To clarify the variation 
of studied traits, further research on a large number of chicken samples with different genetic 
backgrounds is recommended.
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