
 

Expression and Mutation of SLC45A2 Affects Iris Color in Quail
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Iris color is a prominent phenotypic feature of quail. To understand the mechanism of melanin deposition related to quail 
iris color, iris tissues were selected from Beijing white and Chinese yellow quail for transcriptome analysis. Differentially 
expressed genes (DEGs) associated with pigmentation were identified using RNA sequencing and validated by quantitative 
real-time polymerase chain reaction (RT-qPCR). The identified single nucleotide polymorphisms were studied using bioin-
formatics and iris color correlation analyses. A total of 485 DEGs were obtained, with 223 upregulated and 262 downregu-
lated. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses were performed. 
Thirty-two genes were annotated using the GO database. Three important pigment synthesis pathways (Notch signaling, 
melanogenesis, and tyrosine metabolism) were identified in quail iris tissue (P < 0.05). The expression levels of solute car-
rier family 45 member 2 (SLC45A2), tyrosinase-related protein 1, vitamin D receptor, opsin 5, and docking protein 5 were 
significantly different between Beijing white and Chinese yellow quail, as verified by RT-qPCR. The c.1061C>T mutation in 
SLC45A2, which caused a single amino acid change at position 354 (threonine to methionine), was significantly associated 
with iris color in Beijing white and Chinese yellow quail, and might be the main reason for the different iris colors between 
these two quail species.
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Introduction

Iris color is one of the most prominent phenotypic features 
in birds[1]. Some birds have bright yellow, red, or white irises, 
which may be related to their behavior, breeding strategies, or 
environmental adaptability[2,3]. However, some birds have dark 
irises, which may help improve visual acuity or help them adapt 
to specific habitats[4]. As an ancient bird species, quails have 
exhibited a wide range of iris color variations throughout their 
evolutionary history[5]. In recent years, quails have gained wide-
spread attention and importance as a highly productive poultry 
species. Current research on quails mainly focuses on explor-
ing genetic patterns and practical applications related to feather 
color[6]. However, there are few reports on the mechanisms 

underlying iris color deposition in quails. In the eyes of quails, 
melanocytes are located in the anterior part of the iris and mela-
nin production determines iris color[7]. The amount of melanin 
directly affects iris color. Generally, the more melanin there is, 
the darker the iris color; conversely, the lighter the iris color, the 
less melanin[8]. Beijing white quail are a mutant strain of Ko-
rean quail (chestnut-colored feathers) with bright pink eyes (Fig. 
1). Genes have a significant effect on melanin production and 
distribution in the iris[9]. Melanin production is controlled by 
multiple genes, including tyrosinase-related protein 1 (TYRP1), 
melanocortin 1 receptor, and oculocutaneous albinism type 
2[10]. Variations in single-nucleotide polymorphisms (SNPs) 
significantly affect the phenotypic coloration of organisms[11]. 
RNA sequencing (RNA-Seq) was performed on embryonic iris 
tissues of Beijing white and Chinese yellow quail, followed by 
quantitative real-time PCR (RT-qPCR) validation. Differentially 
expressed genes (DEGs) related to iris pigment deposition in 
quails were identified. To explore the association between sol-
ute carrier family 45 member 2 (SLC45A2) gene polymorphisms 
and iris color in different quail breeds, the relationship between 
the c.1601C>T mutation site in the SLC45A2 gene and iris color 
traits was analyzed. Revealing the genetic mechanisms underly-
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ing iris color in quail has important implications for quail devel-
opment and breeding.

Materials and Methods

Sample collection
Fertilized eggs of Beijing white and Chinese yellow quails 

were obtained from the Poultry Research Center of Henan Uni-
versity of Science and Technology (HAUST). Tissue samples 
for RNA-Seq and RT-qPCR were collected from the irises of 
four embryos of each breed at embryonic day 10 (E10). Blood 
samples from 299 Beijing white and 298 Chinese yellow quail 
were collected from the Poultry Research Center of HAUST. All 
experimental surgical procedures were approved by the Biologi-
cal Studies Animal Care and Use Committee of Henan Province 
(approval number: HAUST (2020) -19).
Sequencing data quality assessment and mapping

Clean reads were obtained by quality control of raw data us-
ing Cutadapt (version 2.4), including the removal of junctions, 
duplicate sequences, and low-quality sequences. FastQC (ver-
sion 0.11.8) was used to check the quality of clean reads.

Clean reads were mapped to the quail reference genome 
(GCF_001577835.2) using the HISAT2 software (version 2.0.4) 

to obtain information on their location and sample-specific se-
quence characteristics. SAMtools (version 0.1.18) was used for 
sorting and format conversion to BAM files, and Picard (version 
2.21.6) was used to remove PCR duplicates.

StringTie (version 2.1.2) was used to normalize gene expres-
sion and qualified data were analyzed for expression. The frag-
ments per kilobase of transcript per million mapped reads value 
of each gene in each sample was calculated using the RSEM 
(version 1.2.15) software.
Screening and analysis of DEGs

DEGs were analyzed using the R package edgeR (version 
4.1) and the P value and false discovery rate (FDR) values of 
DEGs were calculated. DEGs were identified according to FDR 
< 0.05, and log 2| fold change | > 1. The ggplot2 package in R 
was used to draw a DEG volcano plot. DEGs were subjected to 
gene ontology (GO) functional analysis and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway analysis using the 
Database for Annotation, Visualization and Integrated Discovery 
(version 6.8). The calculated P- values were corrected using the 
Benjamini-Hochberg correction and enriched terms were consid-
ered statistically different when the adjusted P < 0.05.
RT-qPCR verification

Using eukaryotic translation initiation factor 2 subunit 3 (EI-
F2S3)[12] as the internal reference gene, RT-qPCR was used to 
detect the expression levels of the SLC45A2 gene in E10 embryos 
of Beijing white and Chinese yellow quail. SLC45A2 and EIF2S3 
primers were designed using Primer 5.0 software (Table 1),which 
were synthesised by Beijing Tsingke Biotech Co., Ltd. The RT-
qPCR reaction system (20  µL) consisted of 1  µL of cDNA tem-
plate, 10 µL SYBR Premix Ex Taq™ II (2×) (Takara, Dalian, 
China), 0.7  µL forward primers, 0.7  µL reverse primers, and 
7.6  µL ddH2O (Takara). The RT-qPCR reaction conditions were 
as follows: pre-denaturation at 95 °C for 3 min, denaturation at 95 
°C for 20 s, annealing for 30 s (the annealing temperature of each 
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Fig. 1. Beijing white quail iris (Left) and Chinese yellow 
quail iris (Right).

Table 1. KASP and qPCR primers
Gene Primer sequences (5′ → 3′) Product length(bp) Annealing temperature(◦C) Purpose

SLC45A2 F: GAAGGAACAAGGCACAGA 
R: AGCAACACTGACCAAGAG 121 58 qPCR

TYRP1 F:ACACTCCTCCTTTTTATTCC  
R:TTTGCCCTCCTGTTCCATTC  144 59.8 qPCR

VDR F: CAGAGGAAGCGTGAGATG 
R: GAGGAGGATGTTGATGACTT 108 75.7 qPCR

OPN5 F: CCGTTGAATGGTTGAGAAG 
R: GAAGTGGATGGTGTGCTAT 170 72.1 qPCR

DOK5 F: TAACTGCTGGCTGGTATTC 
R: CTACACTTGCTCCTTATTGC 155 72.5 qPCR

EIF2S3 F:GATTGACCCAACTTTGTGCC 
R:TTCTTGTCTCCTTCAGTGCG 147 60 qPCR

SLC45A2 
(c.1061C>T) F: TGTTTTTAGGCTCAAAGGCG 156 59 KASP

NOTE: KASP, kompetitive allele-specific polymerase chain reaction; qPCR, quantitative polymerase chain reaction; SLC45A2, solute carrier family 
45 member 2; TYRP1, tyrosinase-related protein 1; VDR, vitamin D receptor; OPN5, opsin 5; DOK5, docking protein 5; EIF2S3, eukaryotic transla-
tion initiation factor 2 subunit 3.
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gene is shown in Table 1), and extension at 72 °C for 20 s (40 
cycles); fluorescence signals were collected during the extension 
phase. The melting curve was increased by 0.5 °C every 5 s from 
65–95 °C. The relative expression of genes was calculated using 
the 2−∆∆Ct method.
Polymorphism detection

SNPs in SLC45A2 were identified using RNA-Seq data. SNP 
calling was performed using GATK (version 4.3.0), and SNP 
annotation was performed using SnpEff (version 5.2). The SL-
C45A2 gene sequence of Japanese quail (NM_001083364.3) was 
downloaded from the GenBank database. One pair of primers 
(one positive primer and two negative primers) was designed us-
ing the Primer 5.0 software (Table 1), which were synthesised 
by Beijing Tsingke Biotech Co., Ltd. The c.1061C>T site in the 
SLC45A2 gene of Beijing white and Chinese yellow quail was 
genotyped using kompetitive allele-specific PCR (KASP) tech-
nology. The KASP reaction system conditions were as follows: 
KASP 2× Master mix V3 (5  µL) (LGC Genomics, London, UK), 
forward universal primer F (0.9  µL), reverse typing primer R1 
(0.3  µL), reverse typing primer R2 (0.3  µL), template DNA 
(1  µL), and ddH2O (2.5  µL) (Takara); the total volume was 10  
µL. The reaction conditions were as follows: the first step was at 
94  °C for 6  min; the second step was denaturation at 94 °C for 
20  s, annealing at 61  °C for 60  s, 10 cycles; the third step was 
denaturation at 94 °C for 20  s, annealing at 59  °C for 60  s, 26 
cycles; and the fourth step was at 37  °C for 5 min (KASP typ-
ing data should generally be read below 40 °C). The amplified 
products were analyzed using an RT-qPCR instrument (Bio-Rad, 
Hercules, CA, USA) to obtain the relative fluorescence unit val-
ues for each sample. Genotyping was performed using R, version 
4.1.2, and the ggplot2 package.
Statistical analysis

The gene expression data of the two quail varieties were 
used for Student’s t-test analysis using SPSS (version 17.0) and 
GraphPad Prism (version 8.0) for graphing. Polymorphic in-
formation content (PIC), allele, and genotype frequencies were 
directly calculated using Cervus (version 3.0). The chi-squared 
test (χ2) was used to determine whether the populations were in 
Hardy-Weinberg equilibrium (HWE).

Results

RNA-Seq
RNA-Seq data obtained for each sample ranged from 6.64–

7.17 G. The Q30% ranged from 93.49%–94.52%, with an av-
erage GC content of 49.39%. The mapping rate was 88.53%–
90.49%.
Analysis of DEGs

A total of 485 DEGs were identified, of which 223 were up-
regulated and 262 were downregulated in iris tissues of Beijing 
white quail (Fig. 2). Thirty-two genes were annotated in the GO 
database and 13 taxonomic entries were significantly enriched, 
with seven entries annotated as biological processes, five entries 
annotated as cellular components, and one entry annotated as a 
molecular function. There were 32 DEGs enriched in 8 KEGG 

pathways. Neuroactive ligand-receptor interaction was the most 
enriched pathway, followed by tight junctions, sphingolipid me-
tabolism, and lysosomes. KEGG enrichment analysis showed 
that three pathways (melanogenesis, the mitogen-activated pro-
tein kinase (MAPK) signaling pathway, and tyrosine metabolism) 
were significantly associated with iris color (P < 0.05). Through 
analysis and literature review, it was evident that the significant 
DEGs included genes associated with melanin synthesis, such as 
SLC45A2, TYRP1, vitamin D receptor (VDR), opsin 5 (OPN5), 
and docking protein 5 (DOK5). These genes play crucial roles in 
regulating melanin synthesis[13–17]
RT-qPCR verification

RT-qPCR was performed to validate the expression of the se-
lected DEGs in the irises of Beijing white and Chinese yellow 
quail. The results are shown in Fig. 3. The expression levels of 
SLC45A2, TYRP1, VDR, OPN5, and DOK5 in the iris of Chinese 
yellow quail were significantly different from those in Beijing 
white quail. Gene expression validated by RT-qPCR was consis-
tent with the RNA-Seq results, thus validating the accuracy of 
the RNA-Seq data.
Genotypic analysis of the c.1061C>T mutation in SLC45A2

The c.1061C>T mutation was identified in exon 4 of SL-
C45A2 and there were three genotypes at this mutation site (CC, 
CT, and TT). The dominant allele of the c.1061C>T locus was 
T in both quail populations. The PIC value for the c.1061C>T 
locus was 0.29, indicating that the mutant locus was moderately 
polymorphic (0.25 < PIC < 0.5). The c.1061C>T locus showed a 
χ2 value of 0.66 and a P-value of 0.42 (P > 0.05); therefore the 
quail populations were in HWE at this mutant locus.

Fig. 2.  Volcano plot of differentially expressed genes 
(DEGs).



4

Correlation of gene mutations with iris color
The frequency distribution of c.1061C>T in Beijing white 

quail differed significantly from that in Chinese yellow quail. 
This indicated a significant association between the c.1061C>T 
mutation locus and iris color traits in quail (P < 0.01) (Table 2).
Functional analysis for SLC45A2

The biological information showed that the c.1061C>T mu-
tation in SLC45A2 could change the structure of the membrane 
protein, as this mutation caused the amino acid threonine (Thr) 
at position 354 in SLC45A2 to be replaced by methionine (Met).

Discussion

Currently, research on quail body color primarily focuses on 
investigating the genetic patterns and practical applications of 
feather color[6]. There is limited research on the mechanism of 

iris color deposition in quails. In this study, 485 DEGs were iden-
tified using RNA-Seq. Among these DEGs, SLC45A2, TYRP1, 
VDR, OPN5, and DOK5 were most closely related to iris color 
formation, based on a comparison with other studies. Previous 
studies have shown that these genes are involved in avian color 
formation. SLC45A2 is a transporter protein that is mainly ex-
pressed in pigment cells[18]. Its expression varies with different 
feather colors of Bashang long-tailed chickens, and its expres-
sion increases in melanocytes after the addition of tyrosine, in-
dicating its involvement in feather color formation through the 
regulation of melanin production[13]. Mutations in SLC45A2 are 
also the genetic basis for feather color in Japanese quails[19]. 
The SLC2A11B gene family, which is closely related to iris color 
in domestic pigeons, may also be a potential research direction 
to understand the mechanism of iris color formation in Beijing 
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Fig. 3. Relative expression of each candidate gene. * indicates significant difference (P < 0.05); ** indicates highly 
significant difference (P < 0.01). SLC45A2, solute carrier family 45 member 2; TYRP1, tyrosinase-related protein 1; VDR, 
vitamin D receptor; OPN5, opsin 5; DOK5, docking protein 5.

Table 2. Association between SLC45A2 gene polymorphism and iris color in quails.

Locus phenotype
Total 

number
Genotype frequency Allele frequencies

χ2 P
CC CT TT C T

c.1061C>T
HF 298 0.06(19) 0.42(125) 0.52(154) 0.27 0.73

8.06 0.00
BF 299 0.04(11) 0.46(138) 0.50(150) 0.27 0.73

NOTE: SLC45A2, solute carrier family 45 member 2; BF, Beijing white quail; HF, Chinese yellow quail.
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white quails[1]. TYRP1 is an enzyme involved in melanin bio-
synthesis and a decrease in TYRP1 expression may lead to the 
formation of black feathers in Korean quails[20]. The TYRP1 
signaling pathway is crucial for the formation of black and white 
feathers in Japanese quail[21]. TYRP1 is also an important gene 
involved in the formation of head feather color in mallards[14]. 
OPN5 is a member of the G protein-coupled receptor opsin fam-
ily that regulates the expression of TYR, TYRP1, and TYRP2 
through a calcium-dependent signaling pathway[22]. The quail 
OPN5 and rat OPN5 genes are involved in Ca2+ signaling cas-
cades[23]. Ca2+ signaling is involved in melanin production in 
melanocytes, and OPN5 is associated with hair color traits in 
vertebrates[15,24]. VDR is essential for the development of hu-
man choroidal melanocytes and melanin levels in choroidal mel-
anoma negatively correlate with VDR expression[16]. DOK5 is 
involved in neural signal transduction and encodes a protein that 
interacts with phosphorylated receptor tyrosine kinases, which 
mediate the growth of neural processes and activation of the 
MAPK pathway[25,26]. This pathway is involved in melanoma 
growth, invasion, and metastasis[27,28]. Wang[17]has observed 
that DOK5 leads to abnormal melanin transfer in Liancheng 
white ducks, resulting in feather whitening, and that its polymor-
phism is also associated with feather color.

In Beijing white quails, SLC45A2 expression was lower than 
that in other wild-type quails. Variations in this gene affect the 
expression of the TYR gene family in Beijing white quail[19]. 
However, the precise localization and specific regulatory mecha-
nisms before and after gene variation remain unknown. SLC45A2 
belongs to the proton/sugar symport protein family and regulates 
pH by mediating H+ to affect melanin synthesis[29,30]. This 
gene mutation leads to the mislocalization of TYR from melano-
somes to the plasma membrane and the incorporation of TYR into 
exosomes[31]. This causes changes in feather color in chickens 
and Japanese quail, and red jungle fowl have abnormal melanin 
deposition, resulting in red eyes. Mutations in SLC45A2 caus-
ing OCA4 in vertebrates result in insufficient pigmentation in the 
skin, hair, and irises[32,33].

Transcriptome analysis of iris tissues with different plumage 
colors revealed that VDR and DOK5 were upregulated in Beijing 
white quail, whereas SLC45A2, TYRP1, and OPN5 were down-
regulated. TYRP1 showed differential expression in the α- mela-
nocyte stimulating hormone regulatory pathway between Beijing 
white and Chinese yellow quail, suggesting that differential ex-
pression of TYRP1 may be involved in the regulation of iris color 
formation in Beijing white quail. The results of this study indi-
cate that downregulation of SLC45A2, TYRP1, and OPN5 may 
contribute to iris color formation in Beijing white quail, which 
is inconsistent with a few previous studies. Therefore, further 
validation and analyses are required. The DEGs identified in this 
study, many of which have unknown functions, provide a refer-
ence for further research on quail iris color.

A missense mutation, c.1061C>T, was detected in SLC45A2. 
Pearson’s Chi-square test showed that Beijing white and Chinese 
yellow quail were in HWE at this locus. The frequency distribu-

tion of the CC, CT, and TT genotypes at the c.1061C>T locus 
in Chinese yellow quail was significantly different from that in 
Beijing white quail, indicating that this locus was associated 
with quail iris color. According to bioinformatics predictions, 
the c.1061C>T mutation caused by this locus was conserved and 
could lead to p.Thr354Met, thereby interfering with the confor-
mational change and glycosylation function of the protein struc-
ture, which might be the main reason for the different iris colors 
between these two quail species.

In conclusion, five candidate genes (SLC45A2, TYRP1, VDR, 
OPN5, and DOK5) related to iris color were identified using 
RNA-Seq. The c.1061C>T mutation in SLC45A2 was signifi-
cantly correlated with iris color in quails. These findings provide 
a reference to study the molecular mechanisms of iris color traits 
in quails.
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