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Abstract 

Background Gangba sheep as a famous breed of Tibetan sheep, its wool color is mainly white and black. Gangba 
wool is economically important as a high-quality raw material for Tibetan blankets and Tibetan serge. However, rela-
tively few studies have been conducted on the wool color of Tibetan sheep.

Results To fill this research gap, this study conducted an in-depth analysis of two populations of Gangba sheep 
(black and white wool color) using whole genome resequencing to identify genetic variation associated with wool 
color. Utilizing PCA, Genetic Admixture, and N-J Tree analyses, the present study revealed a consistent genetic 
relationship and structure between black and white wool colored Gangba sheep populations, which is consistent 
with their breed history. Analysis of selection signatures using multiple methods  (FST, π ratio, Tajima’s D), 370 candidate 
genes were screened in the black wool group (GBB vs GBW); among them, MC1R, MLPH, SPIRE2, RAB17, SMARCA4, IRF4, 
CAV1, USP7, TP53, MYO6, MITF, MC2R, TET2, NF1, JAK1, GABRR1 genes are mainly associated with melanin synthesis, mela-
nin delivery, and distribution. The enrichment results of the candidate genes identified 35 GO entries and 19 KEGG 
pathways associated with the formation of the black phenotype. 311 candidate genes were screened in the white 
wool group (GBW vs GBB); among them, REST, POU2F1, ADCY10, CCNB1, EP300, BRD4, GLI3, and SDHA genes were 
mainly associated with interfering with the differentiation of neural crest cells into melanocytes, affecting the pro-
liferation of melanocytes, and inhibiting melanin synthesis. 31 GO entries and 22 KEGG pathways were associated 
with the formation of the white phenotype.

Conclusions This study provides important information for understanding the genetic mechanism of wool color 
in Gangba, and provides genetic knowledge for improving and optimizing the wool color of Tibetan sheep. Genetic 
improvement and selective breeding to produce wool of specific colors can meet the demand for a diversity of wool 
products in the Tibetan wool textile market.

Keywords Gangba sheep, Tibetan sheep, Wool color, Whole genome resequencing, Selection signature

†Wentao Zhang and Cuicheng Luosang contributed equally to this work.

*Correspondence:
Jianbin Liu
liujianbin@caas.cn
Zengkui Lu
luzengkui@caas.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-10464-2&domain=pdf


Page 2 of 14Zhang et al. BMC Genomics          (2024) 25:606 

Background
The Gangba sheep grows on the Qinghai-Tibet Plateau, 
distributed at an altitude of 4,300 m to 6,800 m above 
sea level, which is a unique livestock genetic resource 
in China. Gangba sheep belong to the transition type 
between river valley type Tibetan sheep and plateau 
type Tibetan sheep, which is one of the excellent Tibetan 
sheep known in Tibet. Gangba wool has long wool fiber, 
strong weaving, high elasticity and tensile strength, 
glossy, large and thick set of hairs, less dry dead hairs, 
and is one of the finest qualities in the coarse wool type. 
Its coarse wool can be used to make one of the world’s 
three most famous carpets, the Tibetan carpet (also 
known as khaki) [1–3]; its fluff and dual-type wool can be 
used to make the popular Tibetan serge and other hand-
woven fabrics. Gangba wool color is mainly white, black, 
and brown, of which white is more, accounting for 69.5%, 
and brown is very little, accounting for only 1.5%.

With the development of technologies [4–8] such 
as sequencing and gene editing, more and more genes 
and variants related to hair color have been mined and 
validated. The formation of wool color involves several 
processes, including the development of pigment cells, 
pigment synthesis, and pigment transport and distribu-
tion. The ASIP [9], TYR  [9–11], TYRP1 [9, 12], KIT [13], 
KITLG [14, 15], and PMEL [16, 17] genes play crucial 
roles in wool color formation. Variants in these genes can 
influence melanin production, melanogenesis, cell differ-
entiation, and migration, ultimately impacting the depth, 
hue, and patterns of wool color. Among Gangba wool 
products, white wool is highly favored by Tibetans due 
to cultural beliefs and ease of dyeing [18–20]. Therefore, 
breeding black wool into white color meets the market 
demand and has important economic benefits [20–23]. 
Wool color is a complex trait regulated by multiple genes 
[9, 18], and similar appearance may be controlled by dif-
ferent genetic mechanisms [9, 13, 24].

Considering the special historical origin and living 
environment of Tibetan sheep, the genes controlling 
wool color may differ from previous studies. Given 

the relative blank of wool color research in Tibetan 
sheep, we obtained comprehensive genetic data by 
whole genome resequencing of black and white Gangba 
sheep. Then, we used multiple signal analysis methods 
for joint screening to identify selection signals associ-
ated with the formation of black and white wool color 
on a genome-wide scale, and to identify the candidate 
genes and genetic variants that affect wool color. This 
advances our understanding of wool color genetic vari-
ation in Tibetan sheep at the genomic level and informs 
future breeding strategies.

Materials and methods
Sample collection and resequencing
To ensure a representative and comparable population, 
we selected adult healthy rams with pure black (or pure 
white) wool color and no stray spots. We select half-
sibling individuals as samples to minimize the differ-
ences arising between individuals. These sheep come 
from the black sheep breeding farm in Kongma Town-
ship, Gamba County.

We collected blood from the jugular vein of black 
Gangba and white Gangba sheep (Table  1). DNA was 
extracted using the TIANamp Blood DNA Kit (Tian 
Gen Biotech Co. Ltd., Beijing, China). Genomic DNA 
purity and concentration were measured using a Nan-
odrop 2000 Nucleic Acid Protein Analyzer (Thermo, 
Scientific, Wilmington, NC, USA). Genomic DNA is 
repaired with flat ends after randomly interrupting 
it into short DNA fragments with enzymes. Then dA 
tails were attached to both ends of the DNA fragments 
and sequencing junctions were attached. The DNA 
fragments with junctions were purified by AMPure 
XP magnetic beads, and fragments in the range of 
300–400 bp were selected for PCR amplification. The 
constructed library was purified, library checked, and 
sequenced on Hiseq X10 PE150. The resulting Raw 
reads were stored in FASTQ file format for subsequent 
analysis.

Table 1 Information of the sheep populations in this study

Sample Abbreviation Photo Color Sex Age Size

Black GangBa sheep GBB Black Male 24 month old 20

White GangBa sheep GBW White Male 24 month old 20
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Quality control and alignment
The steps of filtering [25] are as follows: (1) remove 
the reads containing adapter and retain the remaining 
reads; (2) remove the reads containing N ratio more 
than 10%; (3) remove the low-quality reads (the number 
of bases with quality value Q ≤ 20 accounted for more 
than 50% of the whole read). The reference genomes 
chosen for the comparison were Self-assembled 
genome_HB, which was used as the reference for all 
naming and annotation results. We used the MEN algo-
rithm of the comparison software BWA (0.7.15) [26] to 
compare the high-quality sequencing data with the two 
reference genomes (parameters: -k 32 -M). The results 
of the comparison in SAM format were exported to 
a BAM format file via SAMtool. Next, after duplicate 
reads were labeled by Picard (2.18.7) software (http:// 
sourc eforge. net/ proje cts/ picard/), we used bedtools 
(v2.25.0) [27] software to count the coverage. We used 
ANNOVAR [28] for the functional annotation of the 
Variant. To improve the accuracy of data analysis, we 
filtered the raw SNPs and used the filtered high-quality 
SNP markers for selection signal analysis. The filtering 
conditions [29] were: the removal of marker loci with 
more than 20% missing rate and minor allele frequency 
(MAF) not less than 5%.

Genetic variation
In this study, 40 Gangba sheep were subjected to whole 
genome resequencing, and the average High-quality 
clean data of each sample after quality control was 
15,477,184Kb (107,384,722.8 High-quality clean reads) 
(see Table  S1; Table  S2). The average total and perfect 
mapped ratio of Gangba sheep were 99.37% and 85.40%, 
respectively, and the average sequencing depth was 
6.0 × (see Table  S3; Table  S4). After Variant annotation, 
a total of 25,644,245 SNPs were obtained (see Fig.  1). 
The TS/TV ratio was determined to be 2.06, indicating 
a standardized genomic population structure. After fil-
tering the snp, a total of 2,507,942 high-quality SNPs 
were identified in 40 Gangba sheep, with 2,376,542 and 
2,397,114 distributed in the GBB and GBW populations, 
respectively. Among them, a high percentage of 2,265,714 
SNPs were common to both populations. These findings 
provide a reliable database for studying the population 
structure and identifying selection signals for potential 
wool color in Gangba sheep.

Population structure analysis
In order to correct for the impact of LD, the filtered 
SNPs were trimmed using the indep-pairwise [30] 
function of the PLINK 1.09 software [31] (parameters: 

Fig. 1 The distribution of SNP variants in the genome region. The upper bar graph represents location information; The lower stacked graph 
represents conversion and inversion information

http://sourceforge.net/projects/picard/
http://sourceforge.net/projects/picard/
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non-overlapping window of 25 SNPs, step size of 5 SNPs, 
and a threshold of 0.05 for  r2). Principal component 
analysis (PCA) was performed by PLINK 1.09 to iden-
tify potential genetic clusters based on major variants. 
In addition, to infer the proximity of kinship and evolu-
tionary history among populations, the neighbor-joining 
tree (N-J tree) was constructed by the neighbor-joining 
methods [32] of the treebest [33] software. Then, we used 
the ITOL software [34] (https:// itol. embl. de/ upload. cgi, 
accessed on 15 December 2023) to visualize it. In addi-
tion, in order to understand the evolutionary process, 
plink and frappe [35] software was used to construct the 
population genetic structure [29], with k values set from 
2 to 4, to infer the population structure and individual 
genetic components.

Selection signal analyses
In this study, three methods were used for selection elimi-
nation, including Pairwise Fixation Index  (FST) [36], π 
ratio [37, 38], and Tajima’s D [39]. The combined  FST and 
π ratio analysis can provide more integrated and com-
prehensive information on genetic dynamics, which can 
help to reveal possible selection signals and evolutionary 
patterns among and within different wool color popula-
tions. Then, Tajima’s D was used to perform a neutral test 
analysis to find out whether genetic differentiation had 
occurred. Based on the filtered SNPs, intra-population 
 FST, Pi ratio and Tajima’s D analyses were performed using 
PopGenome software [40, 41] with sliding windows by 
physical length in 100 kb windows and 10 kb steps [25].

Detection and annotation of candidate genes
Next, we screened candidate selection signals for both 
wool colors. The highest 5% of  FST and π ratio was used 
as a threshold to filter overlapping SNP loci. These over-
lapping loci are the candidate selection signal loci for the 
two wool colors. In addition, the lowest 5% of SNP loci 
analyzed by Tajima’s D were used as candidate selection 
signals for both wool colors. A region of 50 kb upstream 
and downstream of these candidate sites was considered 
as the selection signal region [25]. ANNOVAR software 
(https:// annov ar. openb ioinf ormat ics. org/ en/ latest/, 
accessed on 10 December 2023) [28] was used to anno-
tate the genes and the reference genome was sheep. All 
of the associated graphs have been drawn using R scripts 
[42]. Next, a Venn diagram [43] was constructed based 
on the candidate genes screened by  FST, π ratio and Taji-
ma’s D. Finally, the candidate genes for black and white 
wool color were obtained as shared genes by Venn dia-
gram. Candidate genes within the sweep regions were 
extracted for further analysis.

Candidate gene enrichment analysis
Performing Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analy-
ses helps to explain the regulatory mechanisms of genes 
in the expression of features such as wool color and pro-
vides key clues for subsequent studies. The candidate 
genes were functionally categorized by DAVID 6.8 [44] 
(https:// david. ncifc rf. gov/, accessed on 7 January 2024), 
including molecular functions, biological processes, 
and cellular components. Ovies aries was chosen as the 
background for statistical analysis by the Hypergeomet-
ric test, with p < 0.05 as the significance threshold. Kobas 
3.0 [45] (http:// kobas. cbi. pku. edu. cn/ kobas3/ genel ist/, 
accessed on 7 January 2024) was then used for pathway 
enrichment. The significance of the enriched pathways 
was assessed by the Hypergeometric test/Fisher’s exact 
test with the p-value set at 0.05 in the context of Ovies 
aries. Next, we used Bioinformatics [46] (https:// www. 
bioin forma tics. com. co. uk, accessed on 10 January 2024) 
to produce GO-enriched bubble plots as well as Kegg-
enriched gene-pathway Sankey plots. Finally, STRING 
(https:// cn. string- db. org/, accessed on 17 January 2024) 
was used for gene interaction analysis of shared genes.

Results
Population genetic analysis
First, the proportion of variation explained by PC1, PC2, 
and PC3 is low, and there is some crossover between the 
two groups. Therefore, these two groups are the same 
population. Then, we can find that the two populations 
are not clearly distinguished from each other by the 
population genetic structure diagram (see Fig. 2B, D) at 
k = 2. GBW has slightly more genetic ancestry assigned to 
the "red background" compared to the GBB population. 
At k = 3, k = 4, the two populations are still not separated 
from the whole. The background composition of some 
of these individuals is more similar to that of the other 
population. The genetic admixture results are consistent 
with the PCA results, suggesting that the position of an 
individual in the genetic space and its genetic composi-
tion are consistent across genetic populations. Finally, 
the two populations were also found to be somewhat 
separated based on the N-J tree (see Fig. 2C) results, cor-
roborating the PCA and genetic admixture results. We 
observed crossovers in the distance calculated (GBB8, 
GBB14, GBB20, GBW1, GBW7, GBW12, etc.), which is 
consistent with the crossover individuals in the previous 
PCA and the anomalous backgrounds of the constitu-
ent individuals in genetic admixture. This is yet another 
aspect that demonstrates the reliability of the population 
genetic analysis.

https://itol.embl.de/upload.cgi
https://annovar.openbioinformatics.org/en/latest/
https://david.ncifcrf.gov/
http://kobas.cbi.pku.edu.cn/kobas3/genelist/
https://www.bioinformatics.com.co.uk
https://www.bioinformatics.com.co.uk
https://cn.string-db.org/
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Analysis of selection signals
In the GBB vs GBW group, we jointly screened 2443 
top 5% SNP loci by combined  FST and π ratio analysis 
(see Fig. 3A). 12,915 SNP loci were screened by Tajima’s 
D method (see Fig.  3B). These loci were used as poten-
tial selection signals by ANNOVAR for annotation. The 
two selection signal analysis methods identified 595 and 
2763 candidate genes, respectively. Based on the Venn 
diagram, 370 overlapping candidate genes associated 
with black wool formation were screened (see Fig.  3E; 
Table  S5), including MC1R, MLPH, SPIRE2, RAB17, 
SMARCA4, IRF4, CAV1, USP7, TP53, MYO6, MITF, 
MC2R, TET2, NF1, JAK1, GABRR1, etc. Similarly, in the 
GBW vs GBB group, 2718 and 12,973 potential selec-
tion signals were obtained by the combined  FST and π 
ratio analysis (see Fig.  3C) and Tajima’s D method (see 

Fig.  3D), respectively. After annotation, 596 and 2654 
candidate genes were obtained, respectively. Finally, 311 
overlapping candidate genes related to white wool forma-
tion were screened out using a Venn diagram (see Fig. 3F; 
Table  S5), including REST, POU2F1, ADCY10, CCNB1, 
EP300, BRD4, GLI3, and SDHA, etc.

Enrichment analysis
In the GBB vs GBW group (see Table S6; Table S7; Fig. 4A; 
B), the candidate genes were significantly enriched in 11 
significant Biological Processes, 9 Cellular Components, 
and 13 Molecular Functions. 45 significant pathways were 
obtained by KEGG enrichment analysis. Based on GO 
terms (http:// geneo ntolo gy. org/, accessed on 10 January 
2024), KEGG (https:// www. kegg. jp/ kegg/ pathw ay. html, 

Fig. 2 Analysis of the genetic structure of the population. A Principal component analysis (PCA); B K = 2 ~ 4, population structure analysis; C 
Individual evolutionary tree (N-J tree); D Cross-validation error

http://geneontology.org/
https://www.kegg.jp/kegg/pathway.html
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accessed on 10 January 2024), and previous studies, the 
following 35 GO terms and 19 Pathways were found to 
be associated with black wool formation: negative regula-
tion of smoothened signaling pathway involved in dorsal/
ventral neural tube patterning, proteasome activator com-
plex, protein kinase activity, Hedgehog signaling pathway, 
EGFR tyrosine kinase inhibitor resistance, Melanogenesis, 
etc.

Similarly, in the GBW vs GBB group (see Table  S8; 
Table S9; Fig. 4C; D), GO enrichment analysis yielded a 
total of 2 significant Biological Processes, 2 significant 
Cellular Components, and 1 significant Molecular Func-
tions. 24 significant Pathways were obtained by KEGG 

enrichment analysis. A search revealed 31 GO terms 
(including: regulation of tubulin deacetylation, actin 
cytoskeleton, microtubule motor activity, etc.) and 22 
Pathways (including HIF-1 signaling pathway, MAPK 
signaling pathway, Ras signaling pathway, etc.) are associ-
ated with white wool formation.

Shared gene
We screened candidate genes associated with both wool 
colors by Venn diagram (see Fig. 5A), and obtained 12 
overlapping shared genes (including: GNAT3, UGT2C1, 
OLFR12, DNAJA1, RPS24, PPP2R5E, CNTN4, CCDC39, 
TFG, ATP8B4, GLIS1, CAMK2D). Such genes, as genes 

Fig. 3 Selection signal analysis. A  FST and π ratio joint selection elimination (GBB vs GBW); B Genome wide distribution of Tajima’s D (GBB vs GBW); 
C  FST and π ratio joint selection elimination (GBW vs GBB); D Genome wide distribution of Tajima’s D (GBW vs GBB); E  FST & π ratio and Tajima’s D 
screened for overlapping genes (GBB vs GBW); F  FST & π ratio and Tajima’s D screened for overlapping genes (GBW vs GBB)
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associated with both black and white phenotypes, imply 
that these genes exhibit crossover effects in the phe-
notype of the organism. The results of GO and KEGG 
enrichment (see Fig. 5B; C; Table S10) analysis revealed 
that phospholipid transport (GO:0015914), Golgi appa-
ratus (GO:0005794), GTPase activity (GO:0003924), 
Dopaminergic synapse (oas04728), Melanogenesis 
(oas04916), Wnt signaling pathway (oas04310) and so 
on are involved in signal transduction, melanin synthe-
sis, and melanin granule transport. Selected black and 
white wool color candidate genes were analyzed for 
gene interactions with shared genes. It is found that the 
shared genes (PPP2R5E, GLIS1, CAMK2D) have gene 

function interactions with the two wool color candidate 
genes in the interaction network (see Fig. 5D).

Discussion
Neutral theory and hitchhiking theory are the theo-
retical bases of selection signature. In recent years, 
with the development of high-throughput sequencing 
technology, researchers have mined a large number 
of functional genes related to economic traits by ana-
lyzing selection signals in livestock, providing more 
genetic information for molecular breeding of live-
stock [47–54].

Fig. 4 GO enrichment and KEGG enrichment results. A The top 30 GO terms (GBB vs GBW); B Sankey diagrams for KEGG pathway enrichment (GBB 
vs GBW); C The top 30 GO terms (GBW vs GBB); D Sankey diagrams for KEGG pathway enrichment (GBW vs GBB)
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Genetic variation and population genetic analysis
The 99.37% high matching rate in sequencing indicates 
comprehensive coverage of the reference genome, ensur-
ing accurate genomic analysis. An 85.40% higher per-
fect match rate reduces errors in variant detection. A 
sequencing depth of 6.0 × enhances confidence in vari-
ant annotation, mutation site identification, and genomic 
structure exploration. This study offers reliable data for 
Gangba sheep genomic analysis, supporting genetic 
and population studies. Shared SNPs suggest common 
genetic traits, with a high proportion indicating a shared 

ancestor. The low percentage of unshared SNPs improves 
the accuracy of subsequent wool color selection sig-
nal screens. A TS/TV ratio near 2 suggests a balanced 
genome with conserved structure, supporting reliable 
data for population structure and selection signal studies.

The PCA and N-J trees revealed a cross-mixing of the 
two populations. The difference in cross-validation error 
between K = 2 and K = 1 is tiny. And there is no signifi-
cant difference in the composition of the two populations 
in genetic admixture. Considering the results together, 
we hypothesize that the GBB and GBW populations may 

Fig. 5 Enrichment analysis and interaction network of shared genes. A Venn diagram of shared genes; B KEGG pathway enrichment results; C GO 
function enrichment results; D Gene Interaction Network (red are shared genes, black and white are candidate genes for partial black and white 
wool, respectively)
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share a common ancestor, consistent with the history and 
geography of the Gangba sheep.

Analysis of selection signals related to wool color
The heritability of wool color is low, and genes associ-
ated with wool color may be located in regions of low 
genetic diversity [55–59]. To avoid neglecting candidate 
genes associated with wool color, we set the threshold for 
selection signal analysis to the top 5%. The formation of 
wool color is a complex process that includes pigment 
cell development [60, 61], pigment synthesis [60, 61], and 
pigment transport and particle distribution [9, 60–63].

Genes associated with black wool formation
Upon investigation, most of the genes in the black wool 
group are associated with melanocyte formation (MITF, 
GABRR1, SMARCA4), melanin synthesis (MC1R, 
SMARCA4, IRF4, CAV1, USP7, TP53, MITF, MC2R, 
TET2, NF1, JAK1), melanin transport (MLPH, SPIRE2, 
MYO6, RAB17). MITF not only directly controls DCT, 
PMEL17, TYRP1, and TYR  to regulate pigmentation 
[64], but also regulates the expression of genes related 
to pigmentation in some indirect ways (e.g., the Melano-
genesis pathway). The SMARCA4 gene is a co-activator 
of the MITF genes [65], which influences the formation 
of melanocytes as well as pigmentation synthesis. This 
was also verified by the STRING gene interaction map. 
Overexpression of GABRR1 [66] inhibits melanin stem 
cell regeneration through multiple signal transduc-
tion pathways. The MC1R gene is a gene that encodes 
a melanin-stimulated activated receptor, which plays a 
key role in the production and distribution of melanin. 
In contrast, MC2R, as the only isoform of the MCR that 
binds only to adrenocorticotropic hormone (ACTH) 
but not melanocyte-stimulating hormone (MSH) [67], 
affects melanin production. IRF4 affects melanin deposi-
tion by regulating tyrosinase expression and interferon-γ 
responses [68]. CAV1 deficiency specifically affects mela-
nin production [69]. Ubiquitination and deubiquitination 
can maintain melanogenesis by altering the catabolism 
or maintaining the stability of proteins associated with 
melanin [70]. USP7 is involved in several protein deu-
biquitination bioprocesses affecting melanin synthesis. 
TP53 polymorphisms affect the p53 pathway to maintain 
melanocyte stability. JAK1 affects melanin production 
and deposition through the Jak-STAT signaling path-
way [71–73]. NF1 deficiency assays have been found to 
restore skin pigmentation, and thus the NF1 gene ham-
pers pigmentation [74]. TET2 may affect melanogenesis 
by regulating 5-hydroxymethylcytosine [75]. MYO6 and 
SPIRE2 are associated with the actin filament-myosin 
motor system, which is linked to the transport and distri-
bution of pigment particles [76]. MLPH proteins play an 

important role in the transport and distribution of mela-
nin [77, 78]. Rab17 delivers melanin to surrounding cells 
and keratinocytes by regulating the formation of filamen-
tous pseudopods in melanocytes [79].

Genes associated with white wool formation
Candidate genes obtained in the white wool group focus 
on the differentiation of neural crest cells into mel-
anocytes (GLI3, REST), proliferation of melanocytes 
(CCNB1), and melanin synthesis (EP300, ADCY10, 
POU2F1, BRD4, SDHA). GLI3 [80] and REST [81] affect 
melanocyte formation by influencing the differentiation 
of neural crest cells. CCNB1 may regulate melanocyte 
proliferation through the p53 signaling pathway [82, 83]. 
In melanocytes, MITF regulates DCT gene expression 
by forming a protein complex with EP300 [84]. ADCY10 
deletion experiments demonstrated its association with 
the proliferation of eumelanin [85]. One study showed 
that POU2F1 could control melanin synthesis by binding 
to SLC7A11 to inhibit its activity [86]. Another study also 
showed that POU2F1 may regulate wool color by affect-
ing melanin production by influencing SLC7A11, MITF, 
SLC24A5, MC1R, and ASIP [87]. BRD4 binds to the pro-
moters of MITF target genes to regulate melanin produc-
tion [88, 89]. SDHA in its homeostasis [90] may influence 
the state of melanin deposition in cells by regulating the 
mitochondrial supply of energy required for melanin 
synthesis.

Analysis of enrichment results related to wool color
Some shared regulatory pathways (Cell cycle, Cholinergic 
synapse, MAPK signaling pathway, ErbB signaling path-
way, Oxytocin signaling pathway, Melanogenesis) were 
present in both wool color enrichment results, which sug-
gests that wool color is controlled by multiple genes, and 
different combinations of genes will have different effects 
on hair color. Related terms and pathways of neurotrans-
mitters and their receptors affect the release of pigment 
granules [91] such as neurotransmitter receptor metabolic 
process, positive regulation of dopamine receptor signal-
ing pathway, Dopaminergic synapse [91, 92], Neuroactive 
ligand-receptor interaction [93], Long-term potentiation, 
etc. The Cholinergic synapse pathway mediates skin pig-
mentation and plays a regulatory role in UV irradiation-
induced melanosome uptake by keratinocytes [94, 95]. 
The protein ubiquitination, ubiquitin protein ligase bind-
ing, and Ubiquitin mediated proteolysis affect melano-
genesis by influencing the stability or activity of proteins 
involved in pigment synthesis. Centrosome [96] affects 
the transport and distribution of melanin granules in 
melanocytes. The microtubule and actin cytoskeleton-
myosin systems co-regulate the aggregation/dispersion of 
intracellular pigment granules [20, 97, 98]. Dysfunction of 



Page 10 of 14Zhang et al. BMC Genomics          (2024) 25:606 

Mitochondrion [20] is associated with hypopigmentation. 
Second messengers (calcium ion, cAMP, cGMP (cGMP-
PKG signaling pathway)) regulate pigment aggregation/
dispersion and production through protein kinase bind-
ing [20, 99, 100]. Thus, protein kinase activity, metal ion 
binding, kinase activity, calmodulin-dependent protein 
kinase activity, zinc ion binding, and negative regulation 
of adenylate cyclase activity all affect melanin synthesis 
and transport. Protein kinases influence melanin synthe-
sis/transport, and deletion of the ATP-binding region of 
the protein kinase structural domain inhibits pigment dis-
persion; thus, ATP binding provides energy for pigment 
transport [100]. Methylation affects transcription factors 
(e.g., MITF) and signaling pathways (e.g., MAPK signaling 
pathway) associated with melanocyte migration and syn-
thesis. lysosomal membrane is the outer membrane of the 
lysosome and plays a role in melanin synthesis and migra-
tion. The negative regulation of the smoothened signaling 
pathway involved in dorsal/ventral neural tube pattern-
ing is associated with neural crest formation and may 
affect melanocyte formation. Negative regulation of cell 
migration may affect the evenness of melanin distribu-
tion in the skin, resulting in patchy or uneven wool color. 
The melanocyte-stimulating hormone receptor activity 
and melanocortin receptor activity affect the degree of 
melanocyte-stimulating hormone binding, leading to an 
increase in melanin synthesis. The trans-Golgi network 
and Golgi membrane are essential for the correct pro-
cessing and transportation of tyrosinase for the process 
of melanin synthesis [101–103]. This process ultimately 
leads to the formation of melanin in melanosomes, which 
affects the color of skin and hair. Tyrosine kinase activity 
is directly related to melanin synthesis, whereas serine/
threonine kinase, a protein kinase C-β, is involved in the 
regulation of tyrosinase activity [20, 104–106]; thus, pro-
tein serine/threonine/tyrosine kinase activity influences 
the wool color phenotype. G-protein beta/gamma-subu-
nit complex binding can regulate key enzymes of melanin 
synthesis such as tyrosinase. Arginine and proline metab-
olism affect and regulates the functioning of the pig-
ment cells, which leads to the white phenotype [107]. The 
response to oxidative stress [108] and the HIF-1 signaling 
pathway [109], which is activated under hypoxic condi-
tions, may work together to regulate melanocyte develop-
ment and function, by affecting the expression of genes 
related to melanin synthesis. Hedgehog signaling path-
way, Ras signaling pathway [110–112], MAPK signaling 
pathway [113–115], and Phosphatidylinositol signaling 
system [116] have important roles in melanocyte prolif-
eration and differentiation. The Wnt signaling pathway is 
involved in melanin stem cell differentiation [117–119], 
melanin synthesis [114], and pigment aggregation [118]. 
The Notch signaling pathway affects the proliferation and 

apoptosis of melanoblasts [120] and melanogenic stem 
cells [121]. Oligopeptides such as oxytocin stimulate mel-
anogenesis, and the Oxytocin signaling pathway regulates 
oxytocin production and release [20]. The Melanogenesis 
pathway refers to the process of melanin synthesis which 
is important for regulating skin and wool color [122]. The 
proteasome activator complex and Proteasome pathway 
would regulate tyrosinase processing and transport [123]. 
Melanocyte differentiation is closely related to the Cell 
cycle. ErbB signaling pathway affects pigment cell migra-
tion [124, 125].

Role of shared genes
Shared genes play multiple roles in wool color forma-
tion, resulting in their simultaneous presence in two 
candidate genes for wool color. The expression of such 
genes may affect the amount of pigment cell deposi-
tion and thus the shade of wool color. Mutations or 
variations in some genes may result in different wool 
color phenotypes. In addition to this, some genes are 
co-regulators of black and white wool color regula-
tion, affecting the expression or function of other wool 
color-related genes through a complex regulatory net-
work, suggesting that these genes have a shared effect 
in the two different phenotypes. Similarly, there are 
complex interactions between genes, and certain com-
binations of genes may have synergistic effects in the 
expression of black and white wool color, resulting in 
specific wool color phenotypes. The CAMK2D gene is 
involved in cellular communication during melanogen-
esis [126–128]. The RPS24 knockdown assay revealed 
reduced pigmentation in zebrafish [129]. The CCDC39 
gene assembles the kinesin inner arm and the kine-
sin regulatory complex, which plays a key role in cilia 
movement [130], and thus it may affect melanocyte 
migration. ATP8B4 plays a role in skin pigmentation 
changes [131, 132]. PPP2R5E may regulate melanogen-
esis/melanocyte proliferation through Dopaminergic 
synapse [91, 92], AMPK signaling pathway [133], and 
PI3K-Akt signaling pathway [134–136]. The results 
based on GO and KEGG enrichment analysis revealed 
that genes were enriched to terms and pathways related 
to wool color, implying that these shared genes play a 
crucial role in the regulation of wool color. Some can-
didate genes for black and white wool color have some 
interactions with shared genes. Key nodes in the gene 
interaction network (PPP2R5E, GLIS1, CAMK2D) may 
be multifunctional in the process of wool color regu-
lation. This suggests that they may interact with each 
other in a complex manner and jointly participate in 
the establishment and maintenance of the wool color 
regulatory network. Through these further analy-
ses, we gained a more comprehensive and in-depth 
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understanding of the roles of these shared genes in 
black and white wool color regulation, which provides 
richer information to unravel the molecular mecha-
nisms of wool color regulation.

Conclusions
Our study pinpointed key genes like MC1R, MLPH, 
SPIRE2, RAB17, SMARCA4, IRF4, CAV1, USP7, TP53, 
MYO6, MITF, MC2R, TET2, NF1, JAK1, GABRR1 cru-
cial for black wool development in Gangba sheep, 
influencing melanocyte formation, melanin synthesis, 
melanin transport. Conversely, genes such as REST, 
POU2F1, ADCY10, CCNB1, EP300, BRD4, GLI3, and 
SDHA impact white wool formation by the differentia-
tion of neural crest cells into melanocytes, proliferation 
of melanocytes, and melanin synthesis. Shared genes 
such as PPP2R5E, CCDC39, and CAMK2D play multi-
ple regulatory roles in the black and white wool colors. 
This study identifies genome-wide selection signals 
for black and white wool in Gangba sheep, providing 
information for genetic improvement and selection of 
Tibetan sheep.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12864- 024- 10464-2.

Supplementary Material 1: Table S1. Statistics of base information before 
and after filtering.

Supplementary Material 2: Table S2. Reads filter information statistics.

Supplementary Material 3: Table S3. The statistical results of each sample 
were compared with the reference genome.

Supplementary Material 4: Table S4. Sequencing depth of each sample.

Supplementary Material 5: Table S5. Select the genes for signal screening.

Supplementary Material 6: Table S6. GO enrichment (GBB vs GBW).

Supplementary Material 7: Table S7. KEGG enrichment (GBB vs GBW).

Supplementary Material 8: Table S8. GO enrichment (GBW vs GBB).

Supplementary Material 9: Table S9. KEGG enrichment (GBW vs GBB).

Supplementary Material 10: Table S10. GO enrichment (shared genes).

Supplementary Material 11: Table S11. KEGG enrichment (shared genes).

Acknowledgements
Not applicable.

Authors’ contributions
Conceived and designed the experiments: W Z., J L., Z L., C L., C W.; Performed 
the experiments: W Z., C Y., T G., J L.; Analyzed the data: Z L., W Z., C W.; Con-
tributed reagents and materials: T G., J L, Z L., C L.; Wrote the paper: W Z.; All 
authors read and approved the final manuscript.

Funding
This study was supported by the National Key R&D Program of China 
(2022YFD1302102), the Innovation Project of Chinese Academy of Agricul-
tural Sciences (25-LZIHPS-07), the Science and Technology Program of Gansu 

Province (22CX8NA014), and the National Technical System for Wool Sheep 
Industry (CARS-39–02).

Availability of data and materials
The datasets generated and analyzed in the current project (PRJNA1087586, 
Have been released) are deposited in the NCBI SRA repository (http:// www. 
ncbi. nlm. nih. gov/ biopr oject/ 10875 86).

Declarations

Ethics approval and consent to participate
The experimental protocols involving sheep were approved by the Animal 
Ethics Committee at the Lanzhou Institute of Husbandry and Pharmaceutical 
Sciences, Chinese Academy of Agricultural Sciences (NO. 20231447). Informed 
consent was obtained from the farm site for the sheep used in this trial.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Key Laboratory of Animal Genetics and Breeding On Tibetan Plateau, Ministry 
of Agriculture and Rural Affairs, Lanzhou Institute of Husbandry and Pharma-
ceutical Sciences, Chinese Academy of Agricultural Sciences, Lanzhou 730050, 
China. 2 Sheep Breeding Engineering Technology Research Center of Chi-
nese Academy of Agricultural Sciences, Lanzhou 730050, China. 3 State Key 
Laboratory of Animal Biotech Breeding, Institute of Animal Sciences, Chinese 
Academy of Agricultural Sciences, Beijing 100193, China. 4 Institute of Animal 
Science, Tibet Academy of Agricultural and Animal Husbandry Sciences, 
Lhasa 850009, China. 

Received: 3 March 2024   Accepted: 29 May 2024

References
 1. Keng Y. Sheep Production and Development in China. PCARRD Book 

Series (Philippines). 1988;96:80.
 2. McGuckin E. Tibetan carpets: from folk art to global commodity. J Mater 

Cult. 1997;2(3):291–310.
 3. Zhang TY. Carpet worlds: The cultural representation and production of 

Tibetan carpets. Simon Fraser University; 2009. https:// summit. sfu. ca/ 
item/ 9902.

 4. Kalds P, Zhou S, Cai B, Liu J, Wang Y, Petersen B, Sonstegard T, Wang X, 
Chen Y. Sheep and goat genome engineering: from random transgen-
esis to the CRISPR era. Front Genet. 2019;10:750.

 5. Xu X, Bai G. Whole-genome resequencing: changing the paradigms of 
SNP detection, molecular mapping and gene discovery. Mol Breeding. 
2015;35:1–11.

 6. Marudamuthu B, Sharma T, Purru S, Soam S, Rao CS. Next-generation 
sequencing technology: a boon to agriculture. Genet Resour Crop Evol. 
2023;70(2):353–72.

 7. Pareek CS, Smoczynski R, Tretyn A. Sequencing technologies and 
genome sequencing. J Appl Genet. 2011;52:413–35.

 8. Zhang X, Li W, Liu C, Peng X, Lin J, He S, Li X, Han B, Zhang N, Wu Y, et al. 
Alteration of sheep coat color pattern by disruption of ASIP gene via 
CRISPR Cas9. Sci Rep. 2017;7(1):8149.

 9. Cieslak M, Reissmann M, Hofreiter M, Ludwig A. Colours of domestica-
tion. Biol Rev. 2011;86(4):885–99.

 10. Fan R, Xie J, Bai J, Wang H, Tian X, Bai R, Jia X, Yang L, Song Y, Herrid M, 
et al. Skin transcriptome profiles associated with coat color in sheep. 
BMC Genomics. 2013;14:389.

 11. Yao L, Bao A, Hong W, Hou C, Zhang Z, Liang X, Aniwashi J. Transcrip-
tome profiling analysis reveals key genes of different coat color in 
sheep skin. PeerJ. 2019;7:e8077.

https://doi.org/10.1186/s12864-024-10464-2
https://doi.org/10.1186/s12864-024-10464-2
http://www.ncbi.nlm.nih.gov/bioproject/1087586
http://www.ncbi.nlm.nih.gov/bioproject/1087586
https://summit.sfu.ca/item/9902
https://summit.sfu.ca/item/9902


Page 12 of 14Zhang et al. BMC Genomics          (2024) 25:606 

 12. Kobayashi T, Imokawa G, Bennett DC, Hearing VJ. Tyrosinase 
stabilization by Tyrp1 (the brown locus protein). J Biol Chem. 
1998;273(48):31801–5.

 13. Koseniuk A, Ropka-Molik K, Rubiś D, Smołucha G. Genetic back-
ground of coat colour in sheep. Archives Animal Breeding. 
2018;61(2):173–8.

 14. Hadjiconstantouras C, Sargent C, Skinner T, Archibald A, Haley C, Plas-
tow G. Characterization of the porcine KIT ligand gene: expression 
analysis, genomic structure, polymorphism detection and association 
with coat colour traits. Anim Genet. 2008;39(3):217–24.

 15. Wu S, Li J, Ma T, Li J, Li Y, Jiang H, Zhang Q. MiR-27a regulates WNT3A 
and KITLG expression in Cashmere goats with different coat colors. 
Anim Biotechnol. 2021;32(2):205–12.

 16. Hellström AR, Watt B, Fard SS, Tenza D, Mannström P, Narfström K, 
Ekesten B, Ito S, Wakamatsu K, Larsson J. Inactivation of Pmel alters 
melanosome shape but has only a subtle effect on visible pigmenta-
tion. PLoS Genet. 2011;7(9): e1002285.

 17. Schmutz SM, Dreger DL. Interaction of MC1R and PMEL alleles on 
solid coat colors in H ighland cattle. Anim Genet. 2013;44(1):9–13.

 18. Ryder ML. The natural pigmentation of animal textile fibres. Text Hist. 
1990;21(2):135–48.

 19. Chevis H. Why early modern English clothiers started using Spanish 
Wool. Text Hist. 2021;52(1–2):122–43.

 20. Zhang W, Jin M, Lu Z, Li T, Wang H, Yuan Z, Wei C. Whole Genome 
Resequencing Reveals Selection Signals Related to Wool Color in 
Sheep. Animals. 2023;13(20):3265.

 21. Jenkins DT. The western wool textile industry in the nineteenth 
century. The Cambridge history of Western textiles. 2003;2:761–89.

 22. Li M, Tiirikka T, Kantanen J. A genome-wide scan study identifies a 
single nucleotide substitution in ASIP associated with white versus 
non-white coat-colour variation in sheep (Ovis aries). Heredity. 
2014;112(2):122–31.

 23. Renieri C, Valbonesi A, La Manna V, Antonini M, Lauvergne J. 
Inheritance of coat colour in Merino sheep. Small Rumin Res. 
2008;74(1–3):23–9.

 24. Kalds P, Zhou S, Gao Y, Cai B, Huang S, Chen Y, Wang X. Genetics of the 
phenotypic evolution in sheep: a molecular look at diversity-driving 
genes. Genet Sel Evol. 2022;54(1):61.

 25. Zhang W, Jin M, Li T, Lu Z, Wang H, Yuan Z, Wei C. Whole-Genome Rese-
quencing Reveals Selection Signal Related to Sheep Wool Fineness. 
Animals. 2023;13(18):2944.

 26. Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25(14):1754–60.

 27. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing 
genomic features. Bioinformatics. 2010;26(6):841–2.

 28. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of 
genetic variants from high-throughput sequencing data. Nucleic Acids 
Res. 2010;38(16):e164–e164.

 29. Tang H, Quertermous T, Rodriguez B, Kardia SL, Zhu X, Brown A, Pankow 
JS, Province MA, Hunt SC, Boerwinkle E. Genetic structure, self-identified 
race/ethnicity, and confounding in case-control association studies. 
The American Journal of Human Genetics. 2005;76(2):268–75.

 30. Wei C, Wang H, Liu G, Zhao F, Kijas JW, Ma Y, Lu J, Zhang L, Cao J, Wu 
M, et al. Genome-wide analysis reveals adaptation to high altitudes in 
Tibetan sheep. Sci Rep. 2016;6:26770.

 31. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, 
Maller J, Sklar P, de Bakker PIW, Daly MJ, et al. PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J Hum 
Genet. 2007;81(3):559–75.

 32. Bruno WJ, Socci ND, Halpern AL. Weighted neighbor joining: a 
likelihood-based approach to distance-based phylogeny reconstruc-
tion. Mol Biol Evol. 2000;17(1):189–97.

 33. Vilella AJ, Severin J, Ureta-Vidal A, Heng L, Durbin R, Birney E. Ensem-
blCompara GeneTrees: Complete, duplication-aware phylogenetic trees 
in vertebrates. Genome Res. 2009;19(2):327–35.

 34. Letunic I, Bork P. Interactive Tree Of Life (iTOL) v4: recent updates and 
new developments. Nucleic Acids Res. 2019;47(W1):W256–9.

 35. Alexander DH, Novembre J, Lange K. Fast model-based estimation of 
ancestry in unrelated individuals. Genome Res. 2009;19(9):1655–64.

 36. Weir BS, Cockerham CC. Estimating f-statistics for the analysis of popu-
lation structure. Evolution. 1984;38(6):1358–70.

 37. Nei M, Li W-H. Mathematical model for studying genetic varia-
tion in terms of restriction endonucleases. Proc Natl Acad Sci. 
1979;76(10):5269–73.

 38. Lin T, Zhu G, Zhang J, Xu X, Yu Q, Zheng Z, Zhang Z, Lun Y, Li S, Wang X. 
Genomic analyses provide insights into the history of tomato breeding. 
Nat Genet. 2014;46(11):1220–6.

 39. Tajima F. Statistical method for testing the neutral mutation hypothesis 
by DNA polymorphism. Genetics. 1989;123(3):585–95.

 40. Pfeifer B, Wittelsbürger U, Ramos-Onsins SE, Lercher MJ. PopGenome: 
an efficient Swiss army knife for population genomic analyses in R. Mol 
Biol Evol. 2014;31(7):1929–36.

 41. Gallone B, Steensels J, Prahl T, Soriaga L, Saels V, Herrera-Malaver B, 
Merlevede A, Roncoroni M, Voordeckers K, Miraglia L. Domestica-
tion and divergence of Saccharomyces cerevisiae beer yeasts. Cell. 
2016;166(6):1397-1410. e1316.

 42. R Core Team R. R: A language and environment for statistical comput-
ing. language. 2013;1:79318.

 43. Oliveros JC. Venny. An interactive tool for comparing lists with Venn 
Diagrams. 2007–2015. 2018. Available online: https:// bioin fogp. cnb. csic. 
es/ tools/ venny/ index. html. Accessed 1 Jan 2024.

 44. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analy-
sis of large gene lists using DAVID bioinformatics resources. Nat Protoc. 
2009;4(1):44–57.

 45. Bu D, Luo H, Huo P, Wang Z, Zhang S, He Z, Wu Y, Zhao L, Liu J, Guo J, 
et al. KOBAS-i: intelligent prioritization and exploratory visualization of 
biological functions for gene enrichment analysis. Nucleic Acids Res. 
2021;49(W1):W317–25.

 46. Tang D, Chen M, Huang X, Zhang G, Zeng L, Zhang G, Wu S, Wang Y. 
SRplot: A free online platform for data visualization and graphing. PLoS 
ONE. 2023;18(11):e0294236.

 47. Panigrahi M, Kumar H, Saravanan K, Rajawat D, Nayak SS, Ghildiyal K, 
Kaisa K, Parida S, Bhushan B, Dutt T. Trajectory of livestock genomics in 
South Asia: a comprehensive review. Gene. 2022;843:146808.

 48. Panigrahi M, Rajawat D, Nayak SS, Ghildiyal K, Sharma A, Jain K, Lei C, 
Bhushan B, Mishra BP, Dutt T. Landmarks in the history of selective 
sweeps. Anim Genet. 2023;54(6):667–88.

 49. Rajawat D, Ghildiyal K, Nayak SS, Sharma A, Parida S, Kumar S, Ghosh 
A, Singh U, Sivalingam J, Bhushan B. Genome-wide mining of diversity 
and evolutionary signatures revealed selective hotspots in Indian 
Sahiwal cattle. Gene. 2024;901: 148178.

 50. Nayak SS, Panigrahi M, Kumar H, Rajawat D, Sharma A, Bhushan B, Dutt 
T. Evidence for selective sweeps in the MHC gene repertoire of various 
cattle breeds. Anim Biotechnol. 2023;34(8):4167–73.

 51. Rajawat D, Panigrahi M, Kumar H, Nayak SS, Parida S, Bhushan B, Gaur G, 
Dutt T, Mishra B. Identification of important genomic footprints using 
eight different selection signature statistics in domestic cattle breeds. 
Gene. 2022;816:146165.

 52. Nayak SS, Panigrahi M, Rajawat D, Ghildiyal K, Sharma A, Parida S, 
Bhushan B, Mishra B, Dutt T. Comprehensive selection signature analy-
ses in dairy cattle exploiting purebred and crossbred genomic data. 
Mamm Genome. 2023;34(4):615–31.

 53. Nayak SS, Panigrahi M, Rajawat D, Ghildiyal K, Sharma A, Jain K, Bhushan 
B, Dutt T. Deciphering climate resilience in Indian cattle breeds by 
selection signature analyses. Trop Anim Health Prod. 2024;56(2):1–14.

 54. Rajawat D, Panigrahi M, Nayak SS, Bhushan B, Dutt T. Dissecting the 
genomic regions of selection on the X chromosome in different cattle 
breeds. 3 Biotech. 2024;14(2):1–16.

 55. Tiesnamurti B, Destomo A, Febresiana A. Coat cover characteristics of 
sheep in North Sumatera, Indonesia. IOP Conference Series: Earth and 
Environmental Science. 2021;788(1):012009.

 56. Mortimer S, Hatcher S, Fogarty N, Van Der Werf J, Brown D, Swan A, 
Greeff J, Refshauge G, Edwards JH, Gaunt G. Genetic parameters for 
wool traits, live weight, and ultrasound carcass traits in Merino sheep. J 
Anim Sci. 2017;95(5):1879–91.

 57. Gratten J, Wilson A, McRae A, Beraldi D, Visscher P, Pemberton J, Slate J. 
A localized negative genetic correlation constrains microevolution of 
coat color in wild sheep. Science. 2008;319(5861):318–20.

 58. Dowling M, Schlink A, Greeff J. Breeding Merino wool for colour stability 
is achievable. Association for the Advancement of Animal Breeding and 
Genetics. 2007;17:328–31.

https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html


Page 13 of 14Zhang et al. BMC Genomics          (2024) 25:606  

 59. Adalsteinsson S. Inheritance of colours, fur characteristics and skin 
quality traits in North European sheep breeds: A review. Livest Prod Sci. 
1983;10(6):555–67.

 60. Ernfors P. Cellular origin and developmental mechanisms during the 
formation of skin melanocytes. Exp Cell Res. 2010;316(8):1397–407.

 61. Cichorek M, Wachulska M, Stasiewicz A, Tymińska A. Skin melanocytes: 
biology and development. Advances in Dermatology and Allergology/
Postępy Dermatologii i Alergologii. 2013;30(1):30–41.

 62. Nordlund JJ, Abdel-Malek ZA, Boissy RE, Rheins LA. Pigment cell biol-
ogy: an historical review. J Investig Dermatol. 1989;92(4):S53–60.

 63. Harland DP, Plowman JE. Development of hair fibres. The Hair Fibre: 
Proteins, Structure and Development. 2018;1054:109–54.

 64. Dai X, Rao C, Li H, Chen Y, Fan L, Geng H, Li S, Qu J, Hou L. Regulation of 
pigmentation by microRNAs: MITF-dependent microRNA-211 targets 
TGF-β receptor 2. Pigment Cell Melanoma Res. 2015;28(2):217–22.

 65. Dreier MR, de la Serna IL. SWI/SNF chromatin remodeling enzymes in 
melanoma. Epigenomes. 2022;6(1):10.

 66. Allen JR, Skeath JB, Johnson SL. Maintenance of melanocyte stem 
cell quiescence by GABA-A signaling in larval zebrafish. Genetics. 
2019;213(2):555–66.

 67. Kobayashi Y, Mizusawa K, Saito Y, Takahashi A. Melanocortin systems on 
pigment dispersion in fish chromatophores. Front Endocrinol. 2012;3:9.

 68. Chhabra Y, Yong HX, Fane ME, Soogrim A, Lim W, Mahiuddin DN, 
Kim RS, Ashcroft M, Beatson SA, Ainger SA. Genetic variation in IRF 4 
expression modulates growth characteristics, tyrosinase expression 
and interferon-gamma response in melanocytic cells. Pigment Cell 
Melanoma Res. 2018;31(1):51–63.

 69. Domingues L, Hurbain I, Gilles-Marsens F, Sirés-Campos J, André N, 
Dewulf M, Romao M. Viaris de Lesegno C, Macé A-S, Blouin C: Coupling 
of melanocyte signaling and mechanics by caveolae is required for 
human skin pigmentation. Nat Commun. 2020;11(1):2988.

 70. Hu S, Wang L. The potential role of ubiquitination and deubiquitination 
in melanogenesis. Exp Dermatol. 2023;32(12):2062–71.

 71. Wang Y, Duan T, Hong M, Zhou Y, Huang H, Xiao X, Zheng J, Zhou H, 
Lu Z. Quantitative proteomic analysis uncovers inhibition of melanin 
synthesis by silk fibroin via MITF/tyrosinase axis in B16 melanoma cells. 
Life Sci. 2021;284: 119930.

 72. Chang Y, Kang P, Cui T, Guo W, Zhang W, Du P, Yi X, Guo S, Gao T, Li C. 
Pharmacological inhibition of demethylzeylasteral on JAK-STAT signal-
ing ameliorates vitiligo. J Transl Med. 2023;21(1):434.

 73. Choi H, Choi H, Han J, Jin SH, Park J-Y, Shin DW, Lee TR, Kim K, Lee A-Y, 
Noh M. IL-4 inhibits the melanogenesis of normal human melanocytes 
through the JAK2–STAT6 signaling pathway. J Investig Dermatol. 
2013;133(2):528–36.

 74. Kiuru M, Busam KJ. The NF1 gene in tumor syndromes and melanoma. 
Lab Invest. 2017;97(2):146–57.

 75. Alp S. UVR Induces DNA Methylation Changes in Melanocytes. Temple 
University ProQuest Dissertation & Theses. 2021. http:// dx. doi. org/ 10. 
34944/ dspace/ 6800.

 76. O’Loughlin T, Masters TA, Buss F. The MYO6 interactome reveals adaptor 
complexes coordinating early endosome and cytoskeletal dynamics. 
EMBO Rep. 2018;19(4):e44884.

 77. Matesic LE, Yip R, Reuss AE, Swing DA, O’Sullivan TN, Fletcher CF, Cope-
land NG, Jenkins NA. Mutations in Mlph, encoding a member of the 
Rab effector family, cause the melanosome transport defects observed 
in leaden mice. Proc Natl Acad Sci. 2001;98(18):10238–43.

 78. Hume AN, Ushakov DS, Tarafder AK, Ferenczi MA, Seabra MC. Rab27a 
and MyoVa are the primary Mlph interactors regulating melanosome 
transport in melanocytes. J Cell Sci. 2007;120(17):3111–22.

 79. Beaumont KA, Hamilton NA, Moores MT, Brown DL, Ohbayashi N, 
Cairncross O, Cook AL, Smith AG, Misaki R, Fukuda M. The recycling 
endosome protein Rab17 regulates melanocytic filopodia formation 
and melanosome trafficking. Traffic. 2011;12(5):627–43.

 80. Qiu W, Chuong CM, Lei M. Regulation of melanocyte stem cells in the 
pigmentation of skin and its appendages: Biological patterning and 
therapeutic potentials. Exp Dermatol. 2019;28(4):395–405.

 81. Liang H, Fekete DM, Andrisani OM. CtBP2 downregulation during neu-
ral crest specification induces expression of Mitf and REST, resulting in 
melanocyte differentiation and sympathoadrenal lineage suppression. 
Mol Cell Biol. 2011;31(5):955–70.

 82. Dai Y, Hu S, Bai S, Li J, Yang N, Zhai P, Zhao B, Chen Y, Wu X. CDK1 
promotes the proliferation of melanocytes in Rex rabbits. Genes & 
Genomics. 2022;44(10):1191–9.

 83. Li T, Gu M, Deng A, Qian C. Increased expression of YTHDF1 and 
HNRNPA2B1 as potent biomarkers for melanoma: a systematic analysis. 
Cancer Cell Int. 2020;20:1–14.

 84. Dilshat R, Vu HN. Epigenetic regulation during melanocyte develop-
ment and homeostasis. 2021;30(8):1033–50.

 85. Zhou D, Ota K, Nardin C, Feldman M, Widman A, Wind O, Simon A, Reilly 
M, Levin LR, Buck J. Mammalian pigmentation is regulated by a distinct 
cAMP-dependent mechanism that controls melanosome pH. Sci Signal. 
2018;11(555):eaau7987.

 86. Chen Y, Hu S, Mu L, Zhao B, Wang M, Yang N, Bao G, Zhu C, Wu X. 
Slc7a11 modulated by POU2F1 is involved in pigmentation in rabbit. Int 
J Mol Sci. 2019;20(10):2493.

 87. Yang N, Zhao B, Hu S, Bao Z, Liu M, Chen Y, Wu X. Characterization of 
POU2F1 gene and its potential impact on the expression of genes 
involved in fur color formation in Rex Rabbit. Genes. 2020;11(5):575.

 88. Trivedi A, Mehrotra A, Baum CE, Lewis B, Basuroy T, Blomquist T, Trumbly 
R, Filipp FV, Setaluri V, de la Serna IL. Bromodomain and extra-terminal 
domain (BET) proteins regulate melanocyte differentiation. Epigenetics 
Chromatin. 2020;13:1–18.

 89. Trivedi A. Bromodomain containing proteins in melanocyte differentia-
tion and melanoma. University of Toledo; 2015. http:// rave. ohiol ink. 
edu/ etdc/ view? acc_ num= mco14 38963 150.

 90. Boulton SJ, Birch-Machin MA. Impact of hyperpigmentation on super-
oxide flux and melanoma cell metabolism at mitochondrial complex II.  
FASEB J. 2015;29(1):346–53.

 91. Enkhtaivan E, Lee CH. Role of amine neurotransmitters and their 
receptors in skin pigmentation: therapeutic implication. Int J Mol Sci. 
2021;22(15):8071.

 92. Khanam S, Siddique YH. Dopamine: agonists and neurodegenerative 
disorders. Curr Drug Targets. 2018;19(14):1599–611.

 93. Zhang L, Zhang X, Liang L, He S. Understanding key genetic make-up 
of different coat colour in Bayinbuluke sheep through a comparative 
transcriptome profiling analysis. Small Ruminant Res. 2023;226:107028.

 94. Guo MS, Wu Q, Dong TT, Tsim KWK. The UV-induced uptake of melano-
some by skin keratinocyte is triggered by α7 nicotinic acetylcholine 
receptor-mediated phagocytosis. FEBS J. 2023;290(3):724–44.

 95. Iyengar B. Modulation of melanocytic activity by acetylcholine. Cells 
Tissues Organs. 1989;136(2):139–41.

 96. Castellano-Pellicena I, Morrison CG, Bell M, O’Connor C, Tobin DJ. 
Melanin distribution in human skin: influence of cytoskeletal, polarity, 
and centrosome-related machinery of stratum basale keratinocytes. Int 
J Mol Sci. 2021;22(6):3143.

 97. Rogers SL, Gelfand VI. Myosin cooperates with microtubule motors dur-
ing organelle transport in melanophores. Curr Biol. 1998;8(3):161–4.

 98. Rodionov VI, Hope AJ, Svitkina TM, Borisy G. Functional coordination of 
microtubule-based and actin-based motility in melanophores. Curr Biol. 
1998;8(3):165–9.

 99. Kashina AS, Semenova IV, Ivanov PA, Potekhina ES, Zaliapin I, Rodionov 
VI. Protein kinase A, which regulates intracellular transport, forms 
complexes with molecular motors on organelles. Current biology: CB. 
2004;14(20):1877–81.

 100. Tuma MC, Gelfand VI. Molecular mechanisms of pigment transport in 
melanophores. Pigment Cell Res. 1999;12(5):283–94.

 101. Halaban R, Cheng E, Svedine S, Aron R, Hebert DN. Proper folding and 
endoplasmic reticulum to golgi transport of tyrosinase are induced by 
its substrates, DOPA and tyrosine. J Biol Chem. 2001;276(15):11933–8.

 102. Yasumoto K-i. Watabe H, Valencia JC, Kushimoto T, Kobayashi T, Appella 
E, Hearing VJ. Epitope mapping of the melanosomal matrix protein 
gp100 (PMEL17): rapid processing in the endoplasmic reticulum 
and glycosylation in the early Golgi compartment. J Biol Chem. 
2004;279(27):28330–8.

 103. Hearing VJ. Biogenesis of pigment granules: a sensitive way to regulate 
melanocyte function. J Dermatol Sci. 2005;37(1):3–14.

 104. Bae-Harboe Y-SC, Park H-Y. Tyrosinase: a central regulatory protein for 
cutaneous pigmentation. J Invest Dermatol. 2012;132(12):2678–80.

 105. Yang B-T, Wen B, Ji Y, Wang Q, Zhang H-R, Zhang Y, Gao J-Z, Chen Z-Z. 
Comparative metabolomics analysis of pigmentary and structural 

http://dx.doi.org/10.34944/dspace/6800
http://dx.doi.org/10.34944/dspace/6800
http://rave.ohiolink.edu/etdc/view?acc_num=mco1438963150
http://rave.ohiolink.edu/etdc/view?acc_num=mco1438963150


Page 14 of 14Zhang et al. BMC Genomics          (2024) 25:606 

coloration in discus fish (Symphysodon haraldi). J Proteomics. 
2021;233:104085.

 106. Bai D-P, Lin X-Y, Wu Y, Zhou S-Y. Huang Z-b, Huang Y-F, Li A, Huang X-H: 
Isolation of blue-green eggshell pigmentation-related genes from 
Putian duck through RNA-seq. BMC Genomics. 2019;20:1–12.

 107. Marzabani R, Rezadoost H, Choopanian P, Kolahdooz S, Mozafari N, 
Mirzaie M, Karimi M, Nieminen AI, Jafari M. Metabolomic signature of 
amino acids in plasma of patients with non-segmental Vitiligo. Metabo-
lomics. 2021;17:1–11.

 108. Kamiński K, Kazimierczak U, Kolenda T. Oxidative stress in melano-
genesis and melanoma development. Contemporary Oncology/
Współczesna Onkologia. 2022;26(1):1–7.

 109. Zbytek B, Peacock DL, Seagroves TN, Slominski A. Putative role of 
HIF transcriptional activity in melanocytes and melanoma biology. 
Dermato-endocrinology. 2013;5(2):239–51.

 110. Yan J, Roy S, Apolloni A, Lane A, Hancock JF. Ras isoforms vary in their 
ability to activate Raf-1 and phosphoinositide 3-kinase. J Biol Chem. 
1998;273(37):24052–6.

 111. Buscà R, Abbe P, Mantoux F, Aberdam E, Peyssonnaux C, Eychène A, 
Ortonne JP, Ballotti R. Ras mediates the cAMP-dependent activation of 
extracellular signal-regulated kinases (ERKs) in melanocytes. EMBO J. 
2000;19(12):2900–10.

 112. Dumaz N, Marais R. Integrating signals between cAMP and the RAS/
RAF/MEK/ERK signalling pathways: Based on The Anniversary Prize 
of the Gesellschaft für Biochemie und Molekularbiologie Lecture 
delivered on 5 July 2003 at the Special FEBS Meeting in Brussels. FEBS J. 
2005;272(14):3491–504.

 113. Hemesath TJ, Price ER, Takemoto C, Badalian T, Fisher DE. MAP kinase 
links the transcription factor Microphthalmia to c-Kit signalling in 
melanocytes. Nature. 1998;391(6664):298–301.

 114. Kunene LM, Muchadeyi FC, Hadebe K, Mészáros G, Sölkner J, Dugmore 
T, Dzomba EF. Genetics of Base Coat colour variations and coat colour-
patterns of the South African nguni cattle investigated using high-
density snp genotypes. Front Genet. 2022;13:832702.

 115. Saburina IN, Zurina IM, Kosheleva NV, Gorkun AA, Volkova EN, Grinako-
vskaya OS, Rybakov AS, Kaysheva AL, Kopylov AT, Morozov SG. MAPK 
and Notch-Mediated Effects of Meso-Xanthin F199 Compounds on 
Proliferative Activity and Apoptosis of Human Melanocytes in Three-
Dimensional Culture. Biomed Res Int. 2021;2021:1–16.

 116. Slominski A, Tobin DJ, Shibahara S, Wortsman J. Melanin pigmenta-
tion in mammalian skin and its hormonal regulation. Physiol Rev. 
2004;84(4):1155–228.

 117. Guo H, Xing Y, Liu Y, Luo Y, Deng F, Yang T, Yang K, Li Y. Wnt/β-catenin 
signaling pathway activates melanocyte stem cells in vitro and in vivo. J 
Dermatol Sci. 2016;83(1):45–51.

 118. Lim X, Nusse R. Wnt signaling in skin development, homeostasis, and 
disease. Cold Spring Harb Perspect Biol. 2013;5(2):a008029.

 119. Vibert L, Aquino G, Gehring I, Subkankulova T, Schilling TF, Rocco A, 
Kelsh RN. An ongoing role for Wnt signaling in differentiating melano-
cytes in vivo. Pigment Cell Melanoma Res. 2017;30(2):219–32.

 120. Moriyama M, Osawa M, Mak SS, Ohtsuka T, Yamamoto N, Han H, Delmas 
V, Kageyama R, Beermann F, Larue L, et al. Notch signaling via Hes1 
transcription factor maintains survival of melanoblasts and melanocyte 
stem cells. J Cell Biol. 2006;173(3):333–9.

 121. Kumano K, Masuda S, Sata M, Saito T, Lee SY, Sakata-Yanagimoto M, 
Tomita T, Iwatsubo T, Natsugari H, Kurokawa M, et al. Both Notch1 and 
Notch2 contribute to the regulation of melanocyte homeostasis. Pig-
ment Cell Melanoma Res. 2008;21(1):70–8.

 122. D’Mello SA, Finlay GJ, Baguley BC, Askarian-Amiri ME. Signaling Path-
ways in Melanogenesis. Int J Mol Sci. 2016;17(7).

 123. Watabe H, Valencia JC. Yasumoto K-i, Kushimoto T, Ando H, Muller J, 
Vieira WD, Mizoguchi M, Appella E, Hearing VJ: Regulation of tyrosinase 
processing and trafficking by organellar pH and by proteasome activity. 
J Biol Chem. 2004;279(9):7971–81.

 124. Parichy DM, Spiewak JE. Origins of adult pigmentation: diversity in 
pigment stem cell lineages and implications for pattern evolution. Pig-
ment Cell Melanoma Res. 2015;28(1):31–50.

 125. Budi EH, Patterson LB, Parichy DM. Embryonic requirements for ErbB 
signaling in neural crest development and adult pigment pattern 
formation. 2008;135(15):2603-14.

 126. Recuerda M, Palacios M, Frías O, Hobson K, Nabholz B, Blanco G, Milá 
B. Adaptive phenotypic and genomic divergence in the common 
chaffinch (Fringilla coelebs) following niche expansion within a small 
oceanic island. J Evol Biol. 2023;36(9):1226–41.

 127. Apopo S, Liu H, Jing L, Du X, Xie S, Gong Y, Xu R, Li S. Identification and 
profiling of micro RNA s associated with white and black plumage 
pigmentation in the white and black feather bulbs of ducks by RNA 
sequencing. Anim Genet. 2015;46(6):627–35.

 128. Campagna L, Repenning M, Silveira LF, Fontana CS, Tubaro PL, Lovette 
IJ. Repeated divergent selection on pigmentation genes in a rapid finch 
radiation. Sci Adv. 2017;3(5):e1602404.

 129. Yadav GV, Chakraborty A, Uechi T, Kenmochi N. Ribosomal protein 
deficiency causes Tp53-independent erythropoiesis failure in zebrafish. 
Int J Biochem Cell Biol. 2014;49:1–7.

 130. Ishikawa H, Ide T, Yagi T, Jiang X, Hirono M, Sasaki H, Yanagisawa H, 
Wemmer KA, Stainier DY, Qin H. TTC26/DYF13 is an intraflagellar 
transport protein required for transport of motility-related proteins into 
flagella. Elife. 2014;3:e01566.

 131. Ganguly K, Saha T, Saha A, Dutta T, Banerjee S, Sengupta D, Bhattacha-
rya S, Ghosh S, Sengupta M. Meta-analysis and prioritization of human 
skin pigmentation-associated GWAS-SNPs using ENCODE data-based 
web-tools. Arch Dermatol Res. 2019;311:163–71.

 132. Hernandez-Pacheco N, Flores C, Alonso S, Eng C, Mak AC, Hunstman 
S, Hu D, White MJ, Oh SS, Meade K. Identification of a novel locus 
associated with skin colour in African-admixed populations. Sci Rep. 
2017;7(1):44548.

 133. Bang S, Won KH, Moon HR, Yoo H, Hong A, Song Y, Chang SE. Novel 
regulation of melanogenesis by adiponectin via the AMPK/CRTC path-
way. Pigment Cell Melanoma Res. 2017;30(6):553–7.

 134. Blume-Jensen P, Janknecht R, Hunter T. The kit receptor promotes cell 
survival via activation of PI 3-kinase and subsequent Akt-mediated 
phosphorylation of Bad on Ser136. Curr Biol. 1998;8(13):779–82.

 135. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME. Akt 
phosphorylation of BAD couples survival signals to the cell-intrinsic 
death machinery. Cell. 1997;91(2):231–41.

 136. Vredeveld LC, Possik PA, Smit MA, Meissl K, Michaloglou C, Horlings HM, 
Ajouaou A, Kortman PC, Dankort D, McMahon M, et al. Abrogation of 
BRAFV600E-induced senescence by PI3K pathway activation contrib-
utes to melanomagenesis. Genes Dev. 2012;26(10):1055–69.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Selection signatures of wool color in Gangba sheep revealed by genome-wide SNP discovery
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Sample collection and resequencing
	Quality control and alignment
	Genetic variation
	Population structure analysis
	Selection signal analyses
	Detection and annotation of candidate genes
	Candidate gene enrichment analysis

	Results
	Population genetic analysis
	Analysis of selection signals
	Enrichment analysis
	Shared gene

	Discussion
	Genetic variation and population genetic analysis
	Analysis of selection signals related to wool color
	Genes associated with black wool formation
	Genes associated with white wool formation
	Analysis of enrichment results related to wool color
	Role of shared genes


	Conclusions
	Acknowledgements
	References


