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A causal mutation of a repeat segment on the Z chromosome directly regulates the late feather phenotype 
in chickens. However, further research on the molecular mechanism of autosomal influence on feather 
development is of great significance for chicken production and early sex identification. Here, genotyping-
by-sequencing (GBS) technology was used to develop genome-wide single nucleotide polymorphisms 
(SNPs) markers for early-feathering (EF) and late-feathering (LF) phenotypes in Daheng broilers. A total 
of 11626 high-quality SNPs were identified, and the different positions and numbers of SNPs were counted. 
On this basis, genome-wide association study (GWAS) analysis was performed to find molecular genetic 
markers significantly related to this trait. Candidate genes such as TBC1D22A, PRSS23 and HOXD gene 
families that may be related to feather growth and development were identified, and biological pathways 
to play their roles were sought. The concentration of these significant candidate genes in autosomal genes 
indicates that feathering rate is also related to autosomal inheritance. Then, each candidate SNPs and 
population frequency information were determined according to the sequencing results. Bayesian models 
were used to estimate the probability of LF or EF for each observed genotype. In all, our results improve 
the molecular regulatory mechanisms of follicle development and feathering phenotype, and provide data 
support for the establishment, refined production management and utilization of EF and LF lineages.

INTRODUCTION

EF and LF are sex-linked phenotypes, and one day of 
age is considered the best period for automatic sex 

determination (Zhao et al., 2016). The alleles (K-k+) 
are sex genes, located on the short arm of the chicken’s 
Z chromosome (Pal and Singh, 1997). The early and late 
feathers are controlled by a pair of alleles (K-k), and the 
K allele are incomplete dominant to k+ allele (Elferink et 
al., 2008). Among them, the K allele was related to LF, 
which retard the emergence of primary and secondary 
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flight feathers, while the k+ allele resulting in the earliest 
emergence of feathers. Based on the length of primary 
feathers and primary-convert feathers at hatching, the 
EF phenotype is roughly divided into two types: more 
than 5mm and the difference between 2-5mm, while the 
classification and distribution of the LF phenotype are 
different. Some studies have divided it into five types, 
namely C (longer and isochron), D (shorter and isochron), 
E (large gap and isochron), F (small gap and isochron > 
G), but the distribution ratio has not been reported (Song 
et al., 2003). The establishment of early and late feathered 
strains by phenotypic selection or molecular identification 
is of great significance for chicken breeding and scientific 
management, which is reflected in the rapid operation, low 
cost and low chick stress response.

Although the LF/EF phenotype is beneficial for chick 
sexing, the relationship between the feather rate phenotype 
and performance is also being explored. Since plumage 
have different heat preservation ability at different 
temperatures, different feather types indirectly affect feed 
conversion rate and fat deposition, and thus affect carcass 
weight of poultry (Fotsa et al., 2001; Merkley and Lowe, 
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1988). LF/EF phenotype affects egg production and quality. 
Researches have shown that the egg production of brown 
layers at sexual maturity in LF group was lower than that 
in EF group (Collins et al., 1970). Compared with yellow-
feathered broilers with LF phenotype, laying rate and 
hatching performance of EF phenotype were significantly 
increased (Goger et al., 2017). In addition, the lesion score 
indicated that the resistance of chicks to E. coli inoculation 
was associated with the K allele (Dunnington et al., 
1986). Therefore, it is of great significance to study the 
mechanism of feather difference for sex identification and 
economic character improvement of chickens. 

In recent years, sequencing technology has profoundly 
changed the way we understand genomes, enriching 
the genetic and biological inquiry into complex traits 
(Fuentes-Pardo and Ruzzante, 2017; Visscher et al., 2012). 
Based on the low cost of genotyping, high-throughput 
single nucleotide polymorphism (SNP) genotyping assays 
are increasingly used in genome-wide association studies 
in chickens and as a breeding tool (genome prediction and 
selection) (Groenen et al., 2011). GWAS is a genome-wide 
trait mapping method to locate genetic loci associated with 
traits by testing the significance of association between 
marker polymorphisms and phenotypic diversity of target 
traits (Sharma et al., 2015). In this context, Onteru et 
al. (2013) performed GWAS using a dense SNP panel 
to identify SNPs associated with FE-related traits and 
incorporated them into the prediction model (Onteru et 
al., 2013). Previous studies have identified two candidate 
genes associated with the chicken feather K allele: prolactin 
receptor (PRLR) (Bu et al., 2013) and sperm flagellum 2 
(SPEF2) (Elferink et al., 2008). Both have been identified 
as biomarkers of chicken feathering. However, more 
candidate genes and more comprehensive identification 
methods for feathering traits need to be developed. In the 
actual production process, although the gender of chickens 
is mainly identified according to the development of wing 
feathers, but the success rate of identification is still worth 
improving. 

In this study, genotyping-by-sequencing (GBS) 
technology was used to develop genome-wide SNP 
markers for early and late feathering traits in Daheng 
broilers (55 samples in group K and 54 samples in group 
M). On this basis, GWAS analysis was carried out to find 
out the molecular genetic markers significantly related 
to this trait, so as to provide theoretical support for later 
molecular breeding technology.

MATERIALS AND METHODS

Animal samples
All the chickens used in the experiments were 

provided by Sichuan Daheng Poultry Breeding Co. LTD, 
which were raised in a traditional environment, with the 
same temperature and humidity and with free access to 
water and feed.

Phenotypes of the feather rate in one-day-old chicks 
were distinguished according to Xie et al. (1985). Briefly, 
1-day-old chicks with a primary feather more than 2 
mm longer than the primary-covert feathers is an EF 
phenotype, otherwise defined as a LF phenotype, which 
can be divided into inverted, equal and slightly long 
types (Fig. 1). Then, blood samples were collected from 
a total of 99 1-day-old Daheng broilers which provided 
by Sichuan Daheng Poultry Breeding Co. LTD, including 
55 EF phenotype chickens and 54 LF phenotype chickens, 
according to the method of Luo et al. (2012). In brief, 
chickens were sterilized with alcohol, followed by 1 ml 
venous blood drawn using a 2 ml medical syringe and 
stored immediately in a -20℃ refrigerator. 

Fig. 1. Daheng broilers feather rate phenotypes. (A) 
Chicken early-feathering phenotype. (B) Chicken late-
feathering phenotype. One-day-old chicks with primary 
feathers longer than primary-covert feathers by more than 
2 mm were identified with the EF, otherwise, they would 
be identified with the LF.

DNA library construction and quality control
The DNA concentration was accurately quantified by 

Qubit and concentrated to 50 ng/μL (Wang et al., 2017). 
The entire library was prepared using a Covaris ultrasonic 
crushing machine with random interruptions according to 
Illumina’s official procedures. Then, Qubit2.0 was used 
for initial quantification, the library was diluted to 1.5ng/
μl, and the insert size of the library was detected using 
Agilent 2100. Illumina NovaSeq6000 sequencing platform 
was used for PE150 mode sequencing; the obtained Raw 
data were transformed into Raw sequencing sequences by 
base recognition, called Raw Reads, which were filtered 
for quality using Fastp software (Chen et al., 2018). The 
following filtering parameters were adopted: Remove 
the reads that (i) contained adaptor and (ii) more than 3 
unknown bases (N bases) and (iii) those, in which one end 
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had more than 20% low quality base reads (sequencing 
quality value< 5).

SNP genotyping
The BWA software (Li and Durbin, 2009) was used 

to compare Clean Reads to the chicken reference genome 
(GCF_016699485.2_bGalGal1.mat.broiler.GRCg7b_
genomic.fa), and then SAM tools software (Li et al., 2009) 
was used to convert the initial alignment results into BAM 
format and sort them. 

Variant detection and annotation
The haplotype caller model of GATK software (Li et 

al., 2009) was used to detect SNP and InDel in a single 
sample. Finally, the genotype GVCF files of individual 
samples were merged using the combine variants function 
of GATK software, and the genotype GVCFs function was 
used for population SNP detection. SNP quality filtering 
was performed using Vcf tools (Danecek et al., 2011) and 
Plink software (Purcell et al., 2007). The set was then 
filtered using the following criteria: (i) maximum alleles 
number <2; (ii) mapping quality >20; (iii) depth of the 
variant position >3.

Genome-wide association study (GWAS)
All GWAS analyses were performed using Plink 

(Purcell et al., 2007) software. The SNPS of autosomes 
and sex chromosomes were analyzed separately using 
the method of previous studies (O’Sullivan et al., 1991). 
Since EF/LF trait was a categorical variable, the case/
control model was used to analyze the differences in the 
frequencies of alleles at SNP loci between groups K and 
M. The Bonferroni method was used to correct for multiple 
comparisons to obtain statistically significant differences 
(P < 1.32e-07).

SNPs loci detection
We designed primers to verify the three significant 

SNPs loci on Z chromosome, aiming to find a reference 
method for the molecular identification of sex. All primers 
sets were synthesized by Sangon Biotech Primer Design 
Center (Shanghai, China) (Supplementary Table SI). First 
generation sequencing is used for sequence determination.

RESULTS

Genome sequencing data analysis
A total of about 331 Gb of raw data was obtained, 

and the Quality score of raw reads was concentrate mainly 
on 36, and most of them >30 (Fig. 2A and Supplementary 
Table SII). Base composition of reads: base composition 
deviation occurred in the first 1-10bp; <10bp, the 

frequencies of the four bases were similar, and there was 
little difference in position (Fig. 2B). Reads without unique 
read alignments were discarded; the difference between 
A/T ratio and G/C ratio at any location was less than 20%. 

Fig. 2. Base composition of Reads. (A) Quality score 
distribution over all sequences. (B). Sequence content 
across all bases.

SNP detection and type distribution
The rare SNPs, loci and SNPs with high sample 

missing rate in the population will affect the accuracy 
of subsequent population genetic analysis and GWAS 
analysis. SNPs were detected, and their quality was filtered 
using the Vcf tool and Plink software. In total, 11626 high 
quality SNPs were obtained, which were distributed in 33 
autosomes and Z chromosomes. The number of SNPs per 
chromosome is shown in Supplementary Table SIII. The 
position of SNP on chromosome is shown in Figure 3, in 
which exons are 776, accounting for 3.35%, and introns 
are the most, accounting for 55.32%. Subsequently, 14 
major autosomes and Z chromosomes were selected, and 
the density distribution of SNP in these chromosomes was 
analyzed in detail (Fig. 4). 

Fig. 3. SNP detection and annotation.

Genome-wide association study
We used the Plink software (Version 1.90b3.34; 

Purcell et al., 2007) for the genome-wide association study. 
10 significant SNPs were found in the whole genome, 
among which the three points with the strongest signal 
were all on the Z chromosome and located in the genomic 
regions known to be related to this trait (Fig. 5). For these 
10 significant SNP loci, we studied their specific position 
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on the chromosome, allele frequencies among different 
groups and other information (Supplementary Table SIV).

Fig. 4. The distribution density of SNPS in the genome.

Fig. 5. Manhattan plots for genome-wide association study 
of the feather rate of Daheng broilers. In the Manhattan 
plots, the dashed lines represent the 5% chromosome-wide 
(suggestive) Bonferroni-corrected thresholds. 

Filtering of differentially expressed genes and functional 
enrichment analysis

According to the 10 significant SNP sites selected, 
all candidate genes within 1M region around the SNP 
sites were found, and a total of 87 candidate genes were 
identified, of which 67 were protein-coding RNAs and 20 
were long non-coding RNAs (lncRNA) (Supplementary 
Table SV). Surprisingly, no known candidate genes were 
found for the three SNPs on the Z chromosome.

All the candidate genes identified in this study 
may play a role in the phenotype of chicken feather 
percentage. In order to understand the function and 
regulatory mechanism of these genes, GO analysis (Fig. 6, 
Supplementary Table SVI) and KEGG pathway annotation 
(Table I) were performed. From GO analysis, we can see 
that these genes are enriched in the following processes: 
embryonic forelimb morphogenesis; proteasome ubiquitin 
independent protein catabolic process; peripheral nervous 
system neuron development, etc. Furthermore, Candidate 
genes were enriched not only in common pathways such as 
MAPK signaling pathway, mTOR signaling pathway, and 
p53 signaling pathway, but also in C-type lectin receptor 
signaling pathway and Neuroactive ligand-receptor 
interaction. 

Fig. 6. The GO analysis with candidate genes between 
early-feathering and late-feathering Daheng broilers.

Bayesian model for predicting chicken feather pattern
Firstly, each candidate SNP and population 

frequency information were determined by referring to the 
sequencing results (Supplementary Table SVII). Then, the 
probability of being LF under a certain observed genotype 
was estimated by Bayesian model: 

Here, p(G) is the probability of a certain genotype 
in the whole population, p(S) is the proportion of LF in 
the population (p (S)=0.5), and p (G│S) is the probability 
of a certain genotype in the LF. The statistical results of 
different loci are shown in Table II. Multiple loci can be 
combined for joint estimation, which provides reference 
for identification of early and late feather molecules.

D. Zhang et al.
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Table I. Pathway enrichment analysis of candidate genes.

ID Gene name Kegg_pathway
ALG10 ALG10, alpha-1,2-glucosyltransferase 

(ALG10)
gga00510: N-Glycan biosynthesis, gga01100: Metabolic pathways,

GTSE1 G2 and S-phase expressed 1(GTSE1) gga04115: p53 signaling pathway,
PCF11 PCF11 cleavage and polyadenylation 

factor subunit (PCF11)
gga03015: mRNA surveillance pathway,

AGPS alkylglycerone phosphate synthase 
(AGPS)

gga00565: Ether lipid metabolism, gga01100: Metabolic pathways, 
gga04146: Peroxisome,

CALCA Calcitonin (CALCA) gga04080: Neuroactive ligand-receptor interaction, gga04270: Vascular 
smooth muscle contraction,

CERK ceramide kinase (CERK) gga00600: Sphingolipid metabolism, gga01100: Metabolic pathways,
CYP2R1 cytochrome P450 family 2 subfamily R 

member 1(CYP2R1)
gga00100: Steroid biosynthesis, gga01100: Metabolic pathways,

FZD4 frizzled class receptor 4(FZD4) gga04150: mTOR signaling pathway, gga04310: Wnt signaling pathway, 
gga04916: Melanogenesis,

HNRNPA3 heterogeneous nuclear ribonucleoprotein 
A3(HNRNPA3)

gga03040: Spliceosome,

ME3 malic enzyme 3(ME3) gga00620: Pyruvate metabolism, gga01100: Metabolic pathways, 
gga01200: Carbon metabolism,
gga03320: PPAR signaling pathway,

NFE2L2 nuclear factor, erythroid 2 like 2(NFE2L2) gga04141: Protein processing in endoplasmic reticulum,

PDE3B phosphodiesterase 3B(PDE3B) gga00230: Purine metabolism, gga01100: Metabolic pathways,
gga04371: Apelin signaling pathway, gga04910: Insulin signaling pathway,
gga04914: Progesterone-mediated oocyte maturation,

PSMA1 proteasome subunit alpha 1(PSMA1) gga03050: Proteasome,
RRAS related RAS viral (r-ras) oncogene ho-

molog(RRAS)
gga04010: MAPK signaling pathway, gga04137: Mitophagy - animal, 
gga04140: Autophagy - animal,
gga04218: Cellular senescence, gga04371: Apelin signaling pathway,
gga04625: C-type lectin receptor signaling pathway, gga04810: Regulation 
of actin cytoskeleton

Table II. The probability of EF and LF in different 
genotypes at each locus.

SNP loci Gene type Fast (%) Slow (%)
chrZ: 3583G>C GG 66.12 33.88

GC 25.81 74.19
CC 1 0

chrZ: 6553A>G GG 72.54 27.46
AG 19.58 80.42
AA 0 0

chrZ: 3583A>G GG 72.13 27.87
AG 12.62 87.38
AA 26.36 73.64

DISCUSSION

As an important genetic trait in modern poultry 
breeding, EF/LF phenotype is widely used by poultry 
breeders all over the world. Not only is it commonly used 
for sex determination, but it is also associated with growth 
rate, egg production and disease resistance (O’Sullivan 
et al., 1991). In addition, the integrity and maturity of 
feathers is an important factor affecting the carcass beauty 
of local chickens, especially broilers. At present, it is 
generally believed that this trait is a pair genetic quality 
trait, which is controlled by four complex alleles Kn, Ks, 
K and k on Z chromosome (Dunnington et al., 1986). The 
late feather (K) is 1dominant to the early feather (k), and 
the recessive sequence of genes is Kn >Ks >K >k (Somes, 
1969). The duplicated gene dPRLR-SPEF2 is localized in 
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the short arm of Z chromosome, which can be used as the 
molecular basis of EF phenotype (Elferink et al., 2008). 
Studies have shown that there is no close linkage between 
it and ev21 endogenous virus insertion (Guo et al., 2014). 
Therefore, the interlacing situation and degree between 
late feathering line and early feathering line can be used as 
the discrimination standard to allow auto-sexing of chicks.

PRLR is involved in the regulation of the development, 
metabolism and circulation of skin tissues and their 
appendages (mammary gland, sebaceous gland, hair, etc.) 
(Craven et al., 2001); and its regulatory role in the growth 
cycle of animal coat and seasonal hair moult has been 
widely studied. Similarly, SPEF2 has recently attracted 
more and more attention as a candidate gene for EF/LF 
phenotype due to its partial sequence duplication with 
PRLR (Elferink et al., 2008). However, feather growth is 
not only associated with the Z chromosome alone, but also 
affected by related genes on autosomes. In 1946, Jones 
identified a gene on an autochromosome that controls wing 
feather growth in chicks and named it tarded, denoted by 
t. While, many other genes on autosomes that regulate 
feather growth rate need to be identified and explored. By 
comparing the genomes of late-feathered chickens and 
early-feathered chickens, we identified 11626 high-quality 
SNPs distributed in 33 autosomes and Z chromosomes, 
which provides a new complement for the study of 
candidate SNPs related to chicken feather growth.

In this study, we used the Case/Control model to 
analyze whether there was a significant difference in 
gene frequencies between the EF and LF phenotype 
groups at SNP loci. Ten significant SNP loci were found 
in the whole genome, among which the three points with 
the strongest signal were all on the Z chromosome and 
located in the genomic regions known to be related to this 
trait. The chicken genetic linkage map shows that the K 
locus is located on the short arm of the Z chromosome 
and thus can be used for automatic sex identification at 
hatching, even in the embryonic stage (Hamoen et al., 
2001). However, a search of the 1M region around the 
three SNPS on the Z chromosome yielded no known 
candidate genes. This may be due to differences in 
sequencing depth or filtering methods. Interestingly, we 
found more emerging candidate genes on autosomes 
that may influence feather development. Among them, 
Davoodi et al. (2022) identified TBC1D22A located 
on chromosome 1 as a candidate gene for feather color 
through 60 k high-density SNP array analysis (Davoodi et 
al., 2022). Feather color is not only considered a social 
signal for chickens, but also a breeding recognition tool 
for breeders. In addition, it has been shown that PRSS23, 
as a key candidate gene for two different feather follicles, 
may be involved in the regulation of feather morphology 

(Xu et al., 2022). Miraculously, among our candidate 
genes, HOXD family genes were clustered in large 
numbers, almost including HOXD3- HOXD13. Vertebrate 
Hox genes encode transcription factors that function in 
the development of a variety of organs and structures 
(Schep et al., 2016). Primarily, the HOX gene regulates 
the development of skin derivatives, such as mammary 
glands in mammals (Awgulewitsch, 2003; Chuong et al., 
1990) and hair follicles and feathers in poultry (Carroll 
and Capecchi, 2015). Early studies have suggested that 
the expression of CHOXC-8 and CHOXD-13 in chick 
skin and skin appendage specifications may be involved in 
dorsal feather and foot scale formation in chick embryos 
(Kanzler et al., 1997). Alasdair I Reid found that Hoxb-
4, Hoxa-7 and Hoxc-8 were expressed temporally and 
spatially in a collinear manner in the skin (Reid and Gaunt, 
2002). Thus, the HOX gene provides regionally restricted 
location cues during embryonic skin modeling and also 
conveys general signals required for feather morphology, 
which may have a significant impact on transcriptional 
activity in the developing chick skin.

In this study, we detected multiple pathways that have 
been confirmed to be related to feather or hair production 
and development, such as Wnt signaling pathway (Xie et 
al., 2020), mTOR signaling pathway (Gao et al., 2019), 
p53 signaling pathway (Qiu et al., 2022), and MAPK 
signalling pathway (Fang et al., 2018). These pathways 
not only affect feather development, but also regulate 
embryonic development, epithelial appendage formation, 
and hair follicle repair and regeneration. Additionally, 
we also identified some pathways that have not yet been 
identified but may also be involved in avian feather 
development. Metabolic pathways were determined to 
be associated with the anaerobic degradation of feather 
keratin and coloration of chicken feathers; Sphingolipid 
metabolism also acts on quantitative changes in feather 
color (Wu et al., 2022; Davoodi et al., 2022). Overall, we 
identified a number of genes and signaling pathways that 
are associated with or potentially play a role in feather 
pattern in poultry.

Molecular marker-assisted selection (MAS) is mainly 
used for breeding new varieties. However, the early 
identification of sex is equally important for accelerating 
the speed of breed improvement and commercialization. 
Bayesian prediction allow to estimate the effect of 
molecular markers through differential contraction, which 
can describe the relationship between complex molecular 
markers and target traits more flexibly (Gianola et al., 
2009). Studies have used Bayesian models to identify the 
relationship between heart-type fatty acid binding proteins 
and fatty acid metabolism in chickens (Li et al., 2010). 
In addition, Bayesian models have practical applications 



7                                                                                        

Onlin
e F

irs
t A

rtic
le

Genomic Regions Associated with Early/Late Feathering in Daheng Broilers 7

in poultry epigenetics and stress (Videla Rodriguez et 
al., 2022). Here we sequenced three significant SNPs on 
the Z chromosome using next-generation sequencing; 
identified candidate SNPs and population frequency 
information. Roughly, an individual with GC genotype at 
chrZ: 11263583 locus was found in the population, with 
74.19% certainty that the chicken was the LF; 100% of CC 
genotype was EF trait.

 
CONCLUSION

In conclusion, a total of 11626 high-quality SNPs 
were identified. On this basis, GWAS analysis was carried 
out to identify molecular genetic markers significantly 
related to this trait, screen out candidate genes that may be 
related to feather type, and search for biological pathways 
to play a role. Therefore, our results may provide a genomic 
and molecular evidence that autosomes, in addition to sex 
chromosomes, also have an impact on emergence rate. The 
combination of population gene frequency information 
and Bayesian probability model with apparent traits is 
beneficial to improve the accuracy of early poultry sex 
discrimination.
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