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Abstract 
The purpose of this study was to use RNA-Sequencing (RNA-Seq) to screen differentially 

expressed genes (DEGs) and analyse transcriptomic data from embryonic skin tissues of maroon-
feather and white-feather quails. The transcriptome of embryonic skin tissues from quails was 
sequenced using the Illumina HiSeqTM 2000 sequencing platform. A total of 2 512 DEGs were found. Of 
these, 550 DEGs were up-regulated and 1 562 DEGs were down-regulated in the skin tissues of white-
feather quail embryos. Five hundred and ninety-seven DEGs were enriched and annotated into 50 
entries in Gene Ontology (GO) database. The total number of DEGs annotated in each entry in the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) database was 341, enriched in 230 pathways, of 
which the tight junction pathway and neuroactive ligand-receptor interaction were the most significantly 
enriched. Candidate genes were analysed using real-time quantitative reverse transcription polymerase 
chain reaction (to verify the accuracy and reliability of the RNA-Seq results. The relative expression of 
agouti signalling protein (ASIP) and DOPA decarboxylase (DDC) in white-feather quails were increased. 
Relative expression of homeobox D1 (HOXD1), cathepsin D (CTSD), keratin 2 (KRT2), methyl-CpG 
binding domain protein 2 (MBD2), and melatonin receptor 1 (MT1) were decreased. The results of this 
study provide useful data on the analysis of the feather colour regulatory mechanism in white- and 
maroon-feather quails. 
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Introduction 
In quail, as in most birds, the variability of plumage colour comes from the diversity of pigments, 

the pattern of pigment deposition in different parts of the feathers, and the modular organization of 
feather bundles throughout the bird's body (Abolins-Abols et al., 2018). The most obvious phenotypic 
difference between maroon-feather and white-feather quails comes from the colour of their feathers, 
which is mainly determined by melanin, carotenoid pigments, and porphyrin pigments (Inaba et al., 
2020). Birds with melanin will have black, brown, and grey feathers; birds with carotenoids will have red, 
yellow, orange, and purple feathers; and porphyrin pigments will have pink, green, and other colours 
(Javůrková et al., 2019). Structural colouration is an optical effect resulting from changes in the direction 
of light transmission caused by certain specific microstructural arrangements, the most typical example 
being the green-headed feature of male mallards. Birds also have a great diversity of plumage, 
especially in domesticated birds, where feathers play a role in heat retention, mate attraction, 
communication, camouflage, and skin protection (Ng et al., 2018).  

Although plumage colour traits of quail have been widely used in the production of quail (e.g., 
Beijing white-feather and Korean maroon-feather quail) for eggs (Wang et al., 2022), the genetics 
responsible for such plumage colour differences have not been adequately studied. Studies of variation 
in plumage colour phenotypes generally focus on genes associated with pigment synthesis. The content 
and distribution of melanin is the most important factor in phenotypic colour differences, since almost 
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all organisms can synthesize melanin on their own. The pigment in maroon-feather quail feathers is 
mainly melanin, and the content and distribution of melanin is the main reason for the dark and light 
patterns of maroon-feather quail (Javůrková et al., 2019). It has been shown that the black and brown 
coating pattern of embryos is altered when the pigmentation pattern of Japanese quail is abnormal, and 
the distribution pattern of mutants expressing the Mel EM antigen or true melanogenic enzyme mRNA 
(DCT, TYRP1) in feather buds and epidermis is greatly disturbed, resulting in systemic haemorrhagic 
death in most embryos (Niwa et al., 2003). The melanin deposition process is complex and divided into 
three main stages: melanocyte development, pigment production, and pigment distribution. True 
melanin is synthesized and transported to keratinocytes closer to the skin surface, and mature melanin 
vesicles containing melanin are transferred to adjacent keratin-forming cells through the tip of 
melanocyte dendrites (Sun et al., 2020). White-feathered quail are mutants of wild-type quails with low 
pigment content in their feathers. The reasons for this difference are inextricably related to the 
mechanism of synthesis and transport of melanin by individual quail. The difference between maroon-
feather and white-feather quail plumage colour arises from the differential expression of genes related 
to the plumage colour trait; the high expression of genes favouring melanin synthesis inevitably leads 
to a deeper colouration of the relevant tissues in the corresponding species, while the opposite occurs 
in the albino (Tsudzuki et al., 1992). 

To investigate the genetic mechanism of plumage colour differences, this study identified 
differentially expressed genes (DEGs) in embryonic skin tissues of white- and maroon-feather quail 
using RNA-Sequencing (RNA-Seq), analysed the biological functions and signalling pathways of DEGs, 
and explored the interaction patterns of DEGs to elucidate the molecular mechanism of plumage colour 
differences between white- and maroon-feather quails, and then screened the important genes and 
pathways associated with plumage colour. 

 

Materials and Methods 
All experimental procedures involving quail followed the policies and guidelines of the Henan 

University of Science and Technology Animal Welfare and Use Committee (Ethics Code: 
DKY2020102018). 

A total of 32 fertilized eggs of purebred white- and maroon-feather quails were selected from the 
experimental farm of Henan University of Science and Technology. All the fertilized eggs were 
acclimated under standard laboratory conditions (ventilated room, 38 ± 0.5 °C, 60 ± 5 % humidity, 12 
hours light/dark cycle). Embryonic skin tissues of white-and maroon-feather quail were sampled at 8, 
10, 12, and 14 days, respectively, with four replicates at each stage. Total RNA was extracted from each 
embryonic skin tissue sample (0.2 g) using RNAiso Plus (Solarbio, China), according to the 
manufacturer’s procedure. Total RNA quality and quantity were measured using 1% (w/v) agarose gel 
electrophoresis and a NanoDrop D2000 (Thermo Fisher Scientific, USA). The qualified total RNA 
(RIN >7) was reverse transcribed to cDNA using a kit (TSK 302, Beijing TsingKe Biotech Co., Ltd, China). 
Three samples of 10-d quail embryo skin tissues were taken from the samples and sent to Berry 
Hutchinson corporation in dry ice for RNA-Seq. 

The raw reads were obtained using high-throughput sequencing (Illumina platform, HiSeqTM 2000). 
The clean reads were obtained by removing the reads containing adaptors (FastQC). The clean reads 
were obtained by removing the reads with a proportion of N greater than 10% using the FastQC tool. It 

also removed low-quality reads (the reads that have nucleobase Q value 5 and a proportion of > 50% 
of the whole read) using FastQC. The sequenced reads were spliced and assembled using Trinity 
software (version: V2 014-07-17; the parameters were the default parameters) for transcriptome 
splicing. The clean reads of each sample were compared to the reference sequence 
(GCA_001577835.2) using Bowtie (V1.0.0) software. The number, length, and GC content of the 
assembled unigenes were counted. The unigene sequences were aligned with Gene Ontology (GO), 
Kyoto Encyclopedia of Genes and Genomes (KEGG), euKaryotic Ortholog Groups (KOG), NCBI non-
redundant protein sequences (NR), NCBI nucleotide sequences (NT), and Swiss-Prot databases 
through BLASTx (BLAST parameter, E-value ≤1×10-5 and HMMER parameter, E-value ≤1×10-10), to 
finally obtain the annotation information of the unigenes. 

The fragments per kilobase of transcript per million mapped reads (FPKM) value was calculated 
for each unigene per sample’s expression quantity using RSEM (v1.2.15) software. The differential 
expression of unigenes in each sample was analysed using edgeR package in R. The DEGs were 
obtained according to a false discovery rate (FDR) <0.05 and log2 |foldchange| >1. 

Using Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 software, the 
DEGs were compared with the GO database to obtain GO functional annotation information of the 
DEGs. The threshold used for significant enrichment was P <0.05, and the KEGG database was used 
to compare the DEGs to obtain the pathway annotation information of the significant enrichment of 
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DEGs. 
To verify the accuracy of the sequencing results, the primers in Table 1 were designed to detect 

the expression of candidate DEGs (Table 4) in white- and maroon-feather quails using qPCR. The 
internal reference gene was GAPDH. Primer 5.0 was used to design primers for the candidate genes, 
and the primers were synthesized at Oakdingsheng (Wuhan) Biotechnology Co. The relative expression 
of DEGs was calculated using the 2-ΔΔCt method (Livak & Schmittgen, 2001). SPSS Statistics 17.0 
software was used for t-test analysis. GraphPad prism 8.0 was used for graphing. 

 

Table 1 The information of template sequences, primer sequences, product length, and annealing 
temperature of qRT-PCR primers for candidate genes  

Gene 
Template 
sequence 

Primer sequences (5'→3')1 

Product 
length

（bp） 

Annealing 

temperature (℃) 

ASIP  XM_015881357.2 
F: TGCTCTGCTACAGTTTGC 

172 50 
R: TTATTCTCTGCCTCTTTTC 

KRT2  XM_015887006.2  
F: TGAAGAGGAAATCAACAAAAGG 

196 56.6 
R: TGAAGAGGAAATCAACAAAAGG 

CTSD  XM_015863832.2 
F: CCTCACCAAGTTCACCTCCAC 

177 59.1 
R: ATGCCAATCTCACCATAATAC 

MBD2  XM_015850434.2 
F: GAAAATGATGCCGTCCAA 

229 56.3 
R: AAGCCTCTTCTCCCAGAACA 

DDC  XM_015854339.2  
F: TAGGTTGTGTGGGCTTCTCTT 

205 56.6 
R: CGTCTGATGGTTTTTGTTCTT 

MT1  XM_032447116.1 
F: AGTAGCAGCCCCCACCT 

127 58.6 
R: GCACACCACATGGCAAACA 

HOXD1 XM_032445884.1 
F: CCTCGTATACCTCCCCTTCCT 

225 59.1 
R: TCTTTGCTGTCATTGCCCAC 

GAPDH XM_015873412.2 
F: TGCCGTCTGGAGAAACC 

160 55.7 
R:CAGCACCCGCATCAAAG 

1F: forward primer; R: reverse primer 
The reaction system for qPCR was 20 μl (cDNA 1 μL, upstream and downstream amplification primers 0.75 μL 
each, SYBR® Premix Ex TaqTM II (2x) 10 μL, ddH2O 7.5 μL). Reaction conditions: pre-denaturation at 95 °C for 3 
min; denaturation at 95 °C for 30 s, annealing for 30 s (set according to the annealing temperature of each primer), 
extension at 72 °C 20 s, 40 cycles. The signal was collected during the extension phase. The melting curve was 
increased by 0.5 °C every 5 s from 65 °C to 95 °C. 
 

 

Results and Discussion 
The total amount of RNA in embryonic skin tissue of maroon- and white-feather quails was greater 

than 10 ng/μL (1 500–2 500ng/μL), and the integrity (RIN value) was greater than 7, and both 18S:28S 
were greater than 2.2. The above results indicate that the RNA integrity was good and not degraded, 
which meets the requirements of database construction and can be used for the subsequent analysis. 

Each sample generated 9.7GB of data, including 399 286 896 pairs of reads. Based on the 
inference of quail genome information (the length of quail genome is 531.96 MB), the data of samples 
basically met the coverage of 15.6 374 times per sample. After the quality control and reads splicing, a 
total of 77 228 non-redundant contigs were obtained. The N50 length was 2 204 bp, the average length 
was 1 153.63 bp, the average GC content of contigs was 45.85%. The percentage of reads (mapped 
reads and unique mapping reads) to the reference genome (GCA _ 001577835.2) and the unigenes 
with annotation information showed that the assembly results could meet the needs of information 
analysis (Table 2 and Table 3). 
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Table 2 The statistics of total reads, mapped reads (ratio), unique mapped reads (ratio), and multi 
mapped reads (ratio) for samples 

Sample 
name Total reads Mapped reads (ratio) 

Unique mapped reads 
(ratio) 

Multi mapped reads 
(ratio) 

B1 57 930 394 42 246 590(72.93%) 29 929 746(70.85%) 12 316 844(29.15%) 

B2 42 866 114 30 815 030(71.89%) 21 844 734(70.89%) 8 970 296(29.11%) 

B3 1.04E+08 74 834 564(72.18%) 52 583 030(70.27%) 22 251 534(29.73%) 

L1 63 329 726 45 175 862(71.33%) 32 436 324(71.80%) 12 739 538(28.20%) 

L2 68 441 906 48 796 446(71.30%) 34 893 540(71.51%) 13 902 906(28.49%) 

L3 63 041 374 44 844 494(71.14%) 32 305 042(72.04%) 12 539 452(27.96%) 

Total Reads: Total number of clean reads after filtering; Mapped reads (ratio): the number of reads of the reference 
genes on the pair (ratio); Unique mapped reads (ratio): the number of reads on the unique pair (ratio); Multi mapped 
reads (ratio): the number of reads of multiple loci (ratio) 

 

Table 3 Gene annotation statistics 

Functional Database Annotated Number 300≤ length <1000 Length ≥1000 

GO Annotation 17 018 4 040 12 978 

KEGG Annotation 11 969 3 170 8 799 

KOG Annotation 11 847 2 508 9 339 

NR Annotation 20 272 6 098 14 174 

NT Annotation 39 740 19 229 20 511 

Swissprot Annotation 16 701 38 74 12 827 

All Annotated 40 987 20 256 20 731 

 
A brighter red colour indicates a sample value close to 1, indicating a stronger correlation between 

two samples (Figure 1). The correlation between samples L1, L2, and L3 in this study was strong 
(P >0.6). The correlation between B1, B2, and B3 was also good (P >0.6). However, looking at the 
matrix, the correlation between maroon-feather quail samples (L1, L2, and L3) and white-feather quail 
samples (B1, B2 and B3) was relatively poor (P <0.6). Therefore, the samples could be used for 
subsequent analysis. 

 

 
Figure 1 The sample correlation clustering chart of white-feather quail (B1, B2 and B3) and maroon-
feather quail (L1, L2, and L3) 
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After analysis of the transcriptomic data, the total number of DEGs in the maroon- and white-feather 
quail embryo skin tissue was 2 514 (Figure 2). A total of 950 DEGs were down-regulated in the skin 
tissue of maroon-feather quail embryos, such as SLC45A2, ASIP, DDC, GCN5, and HOX12. A total of 
1 562 DEGs were up-regulated in the skin tissue of maroon-feather quail embryos, such as DCT, TYR, 
PMEL, TYRP1, KRT2, MT1, MT2, CYP1A1, PVRL4, FAT1, CTSD, MBD2, PPEF, MLANA, and HOXD1.  

 
Figure 2 Differential expression volcano plot. Grey represents a non-significantly different gene, blue and 

orange indicate significantly different genes; the horizontal axis is log2 (FoldChange), and the vertical axis is -1× 
log10 (False Discovery Rate). 
 

Figure 3 shows the GO enrichment results revealing 597 DEGs that were enriched and annotated 
into 50 entries. Biological process enriched 182 DEGs, annotated to 18 entries; keratinocyte 
differentiation enriched the largest number, which reached 50. Molecular function enriched 213 DEGs 
which were annotated into 18 entries. Cellular components enriched 202 DEGs, annotated into 14 
entries, and the intermediate filament had the largest number, which reached 47. 

 
Figure 3 Comparison of GO enrichment analysis of differential genes 
The horizontal axis is the GO term name, and the vertical axis is the number of genes in the corresponding term. 
 
The total number of differential genes annotated in the KEGG database was 341, which were enriched in 230 
pathways. The annotation results of the DEGs showed that the neuroactive ligand-receptor interaction had the 
highest enrichment degree, followed by the tight junction, sphingolipid metabolism, and lysosome (Figure 4). 
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Figure 4 Differential gene KEGG pathway enrichment analysis diagram 
The horizontal axis is the pathway name, and the vertical axis is the number of genes in the corresponding pathway. 
 

Candidate genes were significantly different in the RNA-Seq database and played important roles 
in pigment synthesis, metabolism, and transport (Table 4).  
 
Table 4 The statistics of genomic location, FDR, LogFC, and important function of candidate genes in 
RNA-Sequencing 

GENE Genomic location FDR LogFC Function 

Agouti signalling 
protein (ASIP) 

NC_029535.1 (1422403-1441582) 0.000477 1.87979 promote feather 
whitening 

DOPA decarboxylase 
(DDC) 

NC_029517.1 (49924827-49991536) 4.10E-07 1.91715 reduce melanin 
synthesis 

Homeobox D1 
(HOXD1) 

NC_029522.1 (14474309-14476761) 0.00347123 -1.14678 regulate pigment 
distribution 

cathepsin D (CTSD) NC_029520.1 (10422512-10435906) 6.28E-10 -2.508449 affects melanin 
metabolism 

Methyl-CpG binding 
domain protein 2 
(MBD2) 

NW_015439872.1 (127509-154109) 8.84E-10 -1.944329 affects melanin 
metabolism 

keratin 2 (KRT2) NC_029544.1 (1127725-1132614) 0.002756 -2.34161 affects pigment 
transport 

melatonin receptor 1 
(MT1) 

NC_029526.1 (554693-555815) 0.000542 -1.593388 promotes melanin 
synthesis 

FDR (False Discovery Rate): Statistical significance level of difference analysis genes in RNA-seq. logFC: log2 
|FoldChange| value where logFC >1 indicates up-regulated, logFC <1 indicates down-regulated. 
The reference genome of candidate genes: Coturnix japonica 2.1 (GCF_001577835.2) 
 

The results of the qRT-PCR cq values of the seven candidate genes were calculated using 2-△△ct 
(Figure 5). Of the candidate genes, ASIP, DDC were up-regulated and HOXD1, KRT2, MT1, CTSD, 
and MBD2 were down-regulated in white-feather quails, which was consistent with the sequencing 
results of the transcriptome. The relative expression levels of white-and maroon-feather quails at 8 d, 
12 d, and 14 d were the same as the result at 10 d. The expression levels of candidate genes were 
significantly different and constant at each stage in maroon- and white-feather quail embryos. 
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Figure 5 Relative expression of each candidate gene 

 
The purpose of this study was to screen important DEGs and pathways associated with plumage 

colour using RNA-Seq and bioinformatics analysis in quail. After analysis of the transcriptomic data, the 
total number of DEGs in the maroon- and white-feather quail embryos of DEGs in the skin tissue was 
2,514. Many DEGs were annotated in the GO and KEGG databases (Figure 3 and Figure 4). In GO 
annotations, keratinocyte differentiation, which was the most enriched in biological processes, was 
closely related to the transport of melanin. Moreover, the formation of melanosomes was dynamically 
related to the proliferation and differentiation of keratinocytes (Choi et al., 2018). Highly enriched cellular 
components such as keratin filament, transcription factor complex, and intermediate filament are 
considered to be closely related to the transport of melanin in many studies (Shuster et al., 1985; Stanic 
et al., 2018). At present, it is known that at least three signal transduction pathways, adenylate cyclase, 
protein kinase C, and tyrosine kinase, exist in melanocytes and mediate the synthesis of melanin. 
Mediating these pathways often requires a variety of molecules. In terms of molecular function, many 
genes are highly correlated with melanin synthesis, and the enrichment is obvious, such as RNA 
polymerase II core promoter proximal region sequence specific DN binding and transcriptional activator 
activity, and RNA polymerase II core promoter proximal region (Ferguson et al., 1997).  

The completion of a physiological process in an organism requires the involvement and regulation 
of multiple genes. The plumage colour of the white-feather quails is a mutant trait. To elucidate its 
regulatory pathways, it was necessary to conduct KEGG signalling pathway analysis on DEGs. The 
enrichment count of neuroactive ligand-receptor interaction and tight junction pathways was 23 and 21, 
respectively. The neuroactive ligand-receptor interaction pathway may be related to macular disease, 
but its specific mechanism is not clear (Dhirachaikulpanich et al., 2020). The genes that relate tight 
junction pathways may play a regulatory role in the transfer of melanosomes from melanocytes to 
keratinocytes, and then affect the synthesis of melanin (Park et al., 2020). The tyrosine metabolism and 
melanogenesis pathways, which are related to melanin synthesis, are enriched into six and 12 DEGs, 
respectively. The significant differences in tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and 



Hu et al., 2023. S. Afr. J. Anim. Sci. vol. 53 380 

 

dopamine tautomerase (DCT), related to melanin synthesis, were marked in the two pathways, and 
MC1R appeared in the pathway with the highest enrichment. The tyrosine metabolism and 
melanogenesis pathways, which are related to melanin synthesis, were enriched into six and 12 
differential genes, respectively, and the large differences in TRY, TYRP1, and DCT, related to melanin 
synthesis, were marked in the cycle; only melanocortin-1 receptor (MC1R) appeared in the pathway 
with the highest enrichment at the same time (Sun et al., 2020). TYRP1, TYR, and DCT play a 
considerable role in the synthesis of melanin. If there are obvious changes in the tyrosine metabolism 
and melanoma pathways, they can affect the final synthesis of melanin to a great extent. The 
transcriptome expression of TYRP1, TYR, and DCT in white-feather quails was substantially lower than 
in maroon-feather quails, which was in line with the conclusion that the increase of TYR and other 
precursors for melanin synthesis will promote the increase in melanin synthesis. However, the increase 
of the relative expression of agouti signalling protein (ASIP) and MC1R may question this conclusion 
(Zhang et al., 2017). The phenomenon that ASIP and MC1R, as melanin genes, increase their relative 
expression in albino quails, indicates that deeper research is needed to explore the mechanism causing 
maroon and white feathers. In summary, the current study suggests that the neuroactive ligand receptor 
interaction and tight junction pathways may be important pathways to further investigate the difference 
in feather colour in quail. 

ASIP and DOPA decarboxylase (DDC) are involved in melanin synthesis and transport in different 
pathways. RNA-Seq and qRT-PCR results indicated that ASIP and DDC were significantly up-regulated 
in all stages of white-feather quail embryonic skin tissue (Table 4 and Figure 5). ASIP and DDC are 
involved in melanin synthesis and transport in different pathways. In black-bone chickens, the mRNA 
levels of ASIP are higher in black skin than in white skin (Yu et al., 2019). The expression in duck 
embryos is higher in the abdomen than in the dorsum and is similar to the results of the present study 
(Baiz et al., 2021). The antagonistic effect of ASIP on MC1R results in a black phenotype of hair follicle 
melanocytes (Chandramohan et al., 2013), which is not observed in chicken skin but was marginally 
verified in the present study. The results of reduced total melanin in all mutant quail compared to wild-
type quail (except brown quail; Minvielle et al., 2009) were consistent with the results of the present 
study. The expression of ASIP may continue to increase in terms of the expression trend, although the 
expression level of ASIP reached its peak at 14 d in white-feather quail, whereas the expression level 
of ASIP showed a downward trend after 12 d in maroon-feather quail.  

DDC is an important catalase for melanin synthesis in insects and its high expression would 
promote the formation of dopamine (Dion et al., 2020). DDC is essential for the development of 
pigmentation in Drosophila, and the regulation of DDC and two other genes (PALE and ABD-A) may 
have evolved in concert, co-mapping a complex pattern of abdominal spots, indicating the presence of 
a regulatory effect on pigmentation (Grover et al., 2018). In the current study, the significant differential 
expression of DDC in maroon- and white-feather quail in KEGG was mainly enriched in the tyrosine 
metabolism and serotonergic synapse pathways; the variation in its expression level was consistent 
with the results for both quail types. The increase in DDC may lead to a decrease in the tyrosine used 
for melanin synthesis which would promote albinism in quail. The expression level of DDC in white-
feather quail decreased after reaching the highest level at 12 d, but the overall level was still higher 
than that in maroon-feather quail. It may promote the difference of feather colour in quail. The vertebrate 
central nervous system is more complex than that of insects and would be part of the reason that DDC 
affects pigment deposition. However, its specific mechanism needs further interrogation. 

The remaining candidate genes affect feather colour traits in other ways (Table 4 and Figure 5). 
Homeobox D1 (HOXD1) plays a crucial role in headdress patterning in higher ruminants, and Allais-
bonnet et al. (2021) demonstrated a blueprinted association between morphology and colour for this 
gene. The low expression of HOXD1 in the current study resulted in the phenomenon of albinism in 
wild-type quail. The decrease of keratin 2 (KRT2) expression may promote the emergence of white 
feather traits. Fischer et al. (2014) found higher pigmentation in mice with high KRT2 than it did in 
controls, which is similar to the findings of the current study. It has also been found that mutations in 
KRT in the dark skin of mice may impair intermediate filament assembly, leading to lysis of basal keratin-
forming cells, secondary hyperkeratosis, and melanocytosis (Fitch et al., 2003). The KRT’s mutations 
in their corresponding loci lead to increased tyrosine kinase activity in vivo and decreased levels of 
homeostatic receptors. The activation of cathepsin D (CTSD) was found to occur in the macular region 
in Rakoczy’s study, which was similar to the results of the present study (Zhu et al., 2013). 
Overexpression of CTSD has been researched in several human cancers, including melanoma 
(Rakoczy et al., 1999), and it can degrade hormones, peptide precursors, polypeptides, and structural 
and functional proteins. In a series of activities, it may participate in and affect the metabolism of melanin, 
and finally promote the production of melanoma.  

The expression of Methyl-CpG binding domain protein 2 (MBD2) is associated with transcriptional 
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activation/repression, chromatin structural regulation, pluripotency development, and differentiation 
(Menafra et al., 2014). Pan et al. (2014) showed that knockdown of MBD2 causes more deposits to 
accumulate on the Bruch's membrane, which may reduce melanoma development by triggering 
choroidal endothelial activation and inflammatory responses, improving microcirculation, and reducing 
lipid deposition. This is similar to the results of the current study in which MBD2 was less expressed in 
white-feather quail. The downregulation of melatonin receptor 1 (MT1) in the present study was similar 
to the findings of Shaverdashvili et al. (2014), who reported that a reduced expression of MT1 facilitated 
the reduction of melanocyte metastasis.  

Melatonin can stimulate the activity of tyrosinase and it would lead to increased melanin content in 
melatonin-treated cells. This is very similar to the relative expression of MT1 in maroon- and white-
feather quail in this study. MT1 is a melatonin receptor that can be expressed in the skin and can induce 
pigment aggregation and skin whitening under certain conditions (Bertolesi et al., 2020). Sugden et al. 
(1999) determined the phenomenon of melanin aggregation after its treatment. Many effects of MT1 
binding to melatonin, including the promotion of hair growth, were verified (Slominski et al., 2012). The 
decrease in MT1 expression may facilitate the formation of white feathers, which could provide a means 
of explaining the destination of melanin in maroon-feather quail.  

 

Conclusions 
In this study, seven DEGs related to the feather colour trait were screened using RNA-Seq, and 

the function, classification, and metabolic pathways of candidate genes were obtained: ASIP (promotes 
feather whitening), DDC (reduces melanin synthesis), HOXD1 (regulates pigment distribution), KRT2 
(affects pigment transport), MT1 (promotes melanin synthesis), CTSD (affects the metabolism of 
melanin), and MBD2 (affects the metabolism of melanin). It was found that the neuroactive ligand 
receptor interaction and tight junction pathways could play an important role in the formation of quail 
feather colour. It was further verified that the melanin synthesis and tyrosine metabolism pathways 
played an important role in the formation of feather colour in quail. All the above DEGs may be utilized 
in future studies investigating the molecular regulation mechanism of genes related to feather colour 
traits in quail. 
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