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A 13.42‑kb tandem duplication 
at the ASIP locus is strongly associated 
with the depigmentation phenotype 
of non‑classic Swiss markings in goats
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Abstract 

Background:  The pigmentation phenotype diversity is rich in domestic goats, and identification of the genetic 
loci affecting coat color in goats has long been of interest. Via the detections of selection signatures, a duplication 
upstream ASIP was previously reported to be a variant affecting the Swiss markings depigmentation phenotype in 
goats.

Results:  We conducted a genome-wide association study using whole-genome sequencing (WGS) data to identify 
the genetic loci and causal variants affecting the pigmentation phenotype in 65 Jintang black (JT) goats (i.e., 48 solid 
black vs. 17 non-classic Swiss markings). Although a single association peak harboring the ASIP gene at 52,619,845–
72,176,538 bp on chromosome 13 was obtained using a linear mixed model approach, all the SNPs and indels in 
this region were excluded as causal variants for the pigmentation phenotype. We then found that all 17 individu-
als with non-classic Swiss markings carried a 13,420-bp duplication (CHI13:63,129,198–63,142,617 bp) nearly 101 kb 
upstream of ASIP, and this variant was strongly associated (P = 1.48 × 10− 12) with the coat color in the 65 JT goats. The 
copy numbers obtained from the WGS data also showed that the duplication was present in all 53 goats from three 
European breeds with Swiss markings and absent in 45 of 51 non-Swiss markings goats from four other breeds and 
21 Bezoars, which was further validated in 314 samples from seven populations based on PCR amplification. The copy 
numbers of the duplication vary in different goat breeds with Swiss markings, indicating a threshold effect instead 
of a dose-response effect at the molecular level. Furthermore, breakpoint flanking repeat analysis revealed that the 
duplication was likely to be a result of the Bov-B-mediated nonallelic homologous recombination.

Conclusion:  We confirmed that a genomic region harboring the ASIP gene is a major locus affecting the coat color 
phenotype of Swiss markings in goats. Although the molecular genetic mechanisms remain unsolved, the 13,420-bp 
duplication upstream of ASIP is a necessary but not sufficient condition for this phenotype in goats. Moreover, the var-
iations in the copy number of the duplication across different goat breeds do not lead to phenotypic heterogeneity.
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Introduction
Identification of the genetic loci affecting coat color in 
domestic goats has long been of great interest because 
the coat color is not only a breed-defining trait but also 
an economically important trait that is associated with 
hair fibers in goats [1]. Although the ASIP and MC1R 
genes are the most common regulators underlying the 
synthesis of black/brown eumelanin and yellow/red 
pheomelanin in animals (e.g., pigs [2–4], sheep [5], 
dogs [6, 7], chickens [8], and quails [9]), it is still chal-
lenging to pinpoint the causal variants for black coat 
color and other pigmentation phenotypes in goats. 
Strikingly, Adalsteinsson et  al. proposed up to 11 dif-
ferent alleles at the ASIP locus in goats through genetic 
analyses of the coat color patterns in 216 goat kids and 
their parents [10], indicating the sequence complex-
ity of this locus in goats. Based on genome-wide asso-
ciation or selection mapping analyses, previous studies 
revealed that the genomic region encompassing ASIP is 
a major genetic locus responsible for black/brown and 
yellow/red coat colors in different goat breeds [1, 11–
13], but the causal variants are still unknown. Although 
one missense SNP (c.383G > T; p.Gly128Val) in the 
ASIP gene is found in yellow-coated breeds from Italy 
[14] and China [15], its allele frequencies across differ-
ent populations do not suggest that this missense muta-
tion is a plausible causal variant.

It has been demonstrated that copy number varia-
tions (CNVs) at the ASIP locus are the causal variants 
underlying coat color phenotypes in a variety of animal 
species, such as dogs [6], cattle [16], sheep [17], and 
buffaloes [18]. Recent studies identified multiple dis-
tinct CNVs surrounding or harboring the ASIP gene 
in several goat breeds, mainly from Europe [19, 20]. 
Using solely low pooled heterozygosity values as selec-
tion signatures, an ASIP allele (Asm) with eight tandem 
copies of a 13,433 bp sequence was found to control 
the Swiss markings phenotype in British Alpine (BAL), 
Toggenburg (TOG), and Grisons Striped (BST) goats. 
Such phenotypes are characterized by predominantly 
black (e.g., BAL) or brown (e.g., TOG) with white 
markings down the face coupled with a white belly and 
legs. Nevertheless, the copy numbers of the 13,433-bp 
sequence were just the average values across several 
individuals within a population, obtained from pooled 
whole-genome sequencing (WGS) data. Therefore, 
whether the copy number varies between individuals 
within these breeds remains elusive. Another relevant 

question that deserves to explore is whether variations 
in copy number may contribute to heterogeneity in pig-
mentation phenotypes of goats. Taken together, a lack 
of compelling evidence has left the genetic basis of the 
Swiss marking phenotype in goats less well understood.

Since 2018, 10 goats (five male and five female) hav-
ing the similar coat color patterns to those of BAL (i.e., 
tan or beige coat colors on a black background, hereaf-
ter referred to as non-classic Swiss markings for the sake 
of simplicity) were collected from farmers at Jintang 
county (Chengdu, China) and raised on a Jintang Black 
goat farm. These goats with non-classic Swiss markings 
then served as parents to mate with Jintang Black goats 
(JT, a solid black breed). We further observed that the 
non-classic Swiss marking depigmentation phenotype 
is dominant to the solid black coat color in this popula-
tion, which produced a valuable resource population for 
the genetic analyses of coat color in goats. As a proof of 
principle, here we performed a genome-wide association 
study using high-density genotypes from WGS data for 
65 JT goats to identify the genetic loci responsible for the 
non-classic Swiss marking depigmentation phenotype in 
goats.

Results
Detection of short variants and population structure 
analysis
The alignment of short-read WGS data against the goat 
reference genome (i.e., the ARS1 assembly) generated an 
average sequencing depth of 6.06× (ranging from 5.28× 
to 8.69×) and genome coverage of 98.74% across 65 JT 
goats (Additional  file  1). A total of 14,531,193 single 
nucleotide polymorphisms (SNPs) (14,462,675 biallelic 
and 68,518 multiallelic) and 1,314,832 short insertions 
and deletions (indels) were identified across the goat 
autosomal genome.

The principal component analysis (PCA) showed that 
the 65 JT goats were divided into two groups based on 
the first two PCs (Additional  file  2), generally consist-
ent with the classification according to the coat color 
(48 solid black goats vs.17 JT goats with non-classic 
Swiss markings). However, the proportion of the total 
genetic variance explained by the first two PCs (4.78 and 
3.91%) was low. The low genome-wide average FST value 
(weighted mean FST = 0.037) also revealed no substantial 
genetic differentiation between the two groups. There-
fore, the population stratification was not a major con-
founding factor in our GWAS samples.

Keywords:  Goat, Coat color, Swiss markings, Whole-genome sequencing, Genome-wide association study, ASIP, 
Copy number variations
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A major locus affecting non‑classic Swiss markings 
mapped to a genomic region encompassing ASIP 
on chromosome 13
Although there are small phenotypical variations in 17 
goats with the non-classic Swiss marking depigmentation 
(Fig.  1 and Additional file  1), these goats were grouped 
as one category in the GWAS. After the Hardy-Wein-
berg test (Fisher’s exact test, P-value > 10− 10) in PLINK, 
14,412,316 biallelic SNPs on all 29 autosomes remained 
for the GWAS in 65 JT goats (48 solid black vs. 17 non-
classic Swiss markings). A mixed-model association anal-
ysis with the subsequent genomic control identified a total 
of 660 genome-wide significantly associated SNPs (F-test, 
Bonferroni-corrected P < 0.05, −log10P = 8.46, λ = 1.09), 
of which 656 were located at 52,619,845–72,176,538 bp 
on chromosome 13 and clustered into one association 
peak (Fig. 2 and Additional file 3). At the top associated 
SNP (CHI13:62,567,187 bp, P = 5.69 × 10− 26) site, all the 
48 solid black goats were homozygous for the reference 
allele (the ARS1 genome assembly is generated from a 
San Clemente goat without Swiss markings). In contrast, 
all animals with non-classic Swiss markings were het-
erozygous or homozygous for the mutant allele. Accord-
ing to genome annotations, this major association region 
encompasses 359 genes (294 protein-coding genes and 
65 RNA genes), such as RALY, ASIP (CHI13:63,244,165–
63,249,361 bp), AHCY, and ITCH (Additional file 4).

None of the short variants within the major 
association region were the plausible causal variants 
for the non‑classic Swiss marking phenotype
We first investigated whether the SNPs or indels were 
the causal variants underlying the non-classic Swiss 
marking phenotype in goats. There were 87,041 SNPs 
and 8100 indels within the major association region 
on chromosome 13. The variant annotation revealed 
that the top associated SNP was located in intron 1 
of CBFA2T2 (ENSCHIG00000017263) and was a 
variant with a modifier functional impact. We fur-
ther examined the causality of the missense vari-
ants and the high functional impact variants using 
SnpEff. The variant annotations predicted 407 mis-
sense SNPs and three SNPs with a high impact. Five 
of them showed genome-wide associations and were 
located within the ZBP1 (ENSCHIG00000006747, 
c .1019G > A|p.Arg340His , CHI13: 57866515 bp), 
BPIFB3 (c.589G > A|p.Val197Met, CHI13: 61687255 bp), 
ENSCHIG00000021281 (c.94G > A|p.Val32Ile, CHI13:61943452 bp), 
RPS6 pseudogene (ENSCHIG00000001593, c.91C > T|p.Arg31Cys, 
CHI13:61943478 bp), and SOGA1 (ENSCHIG00000025181, 
c.2969G > C|p.Gly990Ala, CHI13:65412552 bp) genes, 
respectively. Apart from the leading associated SNP, 
nevertheless, the genotypes obtained from WGS 
data in three European breeds with Swiss markings 
(i.e., 5 BAL, 24 TOG, and 24 BST goats) and four 

Fig. 1  Photos of the representative coat color phenotypes in JT goats investigated in this study. A solid black JT goat is shown in a. b–d show the 
JT goats having tan markings, beige markings, and beige points on the face, respectively. The photo of the goats having tan points on the face was 
unavailable
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other breeds without Swiss markings (15 Chengdu 
Brown [CB], 14 Tibetan Cashmere [TC], 14 Moroccan 
Draa [MD], and 8 Moroccan Northern [MN] goats) 
did not support the significant associations of the five 
missense SNPs with the phenotype (Additional file 5). 
Furthermore, only one indel (CHI13:53,790,832 bp) 
within the GID8 gene showed a high functional impact, 
but there was no significant association between this 
site and the phenotype in JT goats (Fisher’s exact test, 
P = 0.84; Additional file  5). Thus, all short variants 
within the major association region were excluded as 
the causal mutations for the non-classic Swiss marking 
phenotype based on the genotypes in multiple breeds 
and the biological functions of the corresponding 
genes.

A 13,420‑bp tandem duplication upstream of ASIP 
is strongly associated with the non‑classic Swiss marking 
phenotype
To find the causal mutations underlying the non-clas-
sic Swiss marking phenotype, we also conducted the 
genome-wide CNV calling using the WGS data in the 
65 JT animals and 104 domestic goats from seven other 
breeds, as well as 21 Bezoars. A total of 49 raw CNVs 
were identified in the major association region on chro-
mosome 13 via a read-depth approach with 1-kb sliding 

windows. Although one complex CNV (i.e., duplication 
and deletion within the same region from different indi-
viduals, CHI13:56,798,001–56,802,500 bp) were signifi-
cantly associated (Fisher’s exact test, P = 0.03) with the 
coat color in 65 JT goats, the genotypes at this site in 
other populations did not further support their correla-
tion (Additional file 6).

Strikingly, the contingency table analyses revealed that 
one duplication (CHI13:63,128,501-63,142,500 bp) was 
highly associated with the coat color in the 65 JT goats 
(Fisher’s exact test, P = 1.48 × 10− 12). Specifically, 17 JT 
animals with non-classic Swiss markings were heterozy-
gous (n = 14) or homozygous (n = 3) for the duplication 
(i.e., the mutant allele), whereas all the 48 solid black 
JT animals were homozygous for the reference allele 
except two goats (i.e., JT39 and JT48) (Additional file 6). 
Notably, none of the biallelic SNPs within the duplica-
tion showed significant associations as described above 
(Additional file  3). We then used the alignment infor-
mation of soft-clipped reads, a class of partially mapped 
reads, to pinpoint the breakpoint position of the dupli-
cation. The duplication was tandem, and its exact length 
was 13,420 bp (CHI13:63,129,198–63,142,617 bp) (Fig. 3a 
and Additional file 7) in JT goats with non-classic Swiss 
markings, validated by PCR amplification and Sanger 
sequencing (Fig. 3b). The coverage depth analyses showed 

Fig. 2  Genome-wide association study for the non-classic Swiss marking pigmentation phenotype in 65 JT goats based on a linear mixed model 
and genomic control. The Manhattan plot shows the association results of 14,412,316 biallelic SNPs on autosomes 1–29 with the coat color 
phenotype in 65 JT goats (48 solid black vs. 17 non-classic Swiss markings). The chromosomes are plotted in different colors. The P-values were 
obtained by using a mixed-model association approach and the genomic control and then transformed to –log10 (P-values). The horizontal dashed 
line indicates the genome-wide Bonferroni-corrected significance level
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the sequence only duplicated once in the genomes of JT 
goats with non-classic Swiss markings (Fig. 3c).

Among the 104 domestic goats from seven other 
breeds, 53 European goats with Swiss markings (i.e., 5 
BAL, 24 TOG, and 24 BST goats) all carried the same 
duplication (i.e., the same genomic coordinates) as those 
in JT goats (Fig. 3e, d, and f; Additional file 6 and Addi-
tional file 7). Strikingly, they carried more than two cop-
ies of the sequence on chromosome 13 based on the 
initial prediction using the coverage depth reported by 

the CNVcaller. The further analyses revealed that the 
average coverage depth of the duplication sequence 
was 4.10–9.31 folds of the average whole-genome cov-
erage depth across individuals (Fig.  3e, d, and f; Addi-
tional file 8). Therefore, the genotypes at the duplication 
site in the 53 European goats were predicted to have two 
alleles: one allele—four copies of the duplication on chro-
mosome 13, another allele—eight copies of the duplica-
tion on chromosome 13 (Additional file 8). By contrast, 
45 of 51 domestic goats without Swiss markings (i.e., 15 

Fig. 3  Characterization and genome coverage analysis of the 13,420-bp tandem duplication in the major associated region in JT goats and three 
European breeds with Swiss markings. a The visualization of several soft-clipped reads from WGS data reveals the 13,420-bp tandem duplication 
(CHI13:63,129,198-63,142,617 bp) in JT goats with non-classic Swiss markings using IGV. b PCR amplification and Sanger sequencing validated the 
presence of the duplication. c Genomic coverage at the duplication site in different phenotype groups of 24 JT goats (seven solid black goats vs. 
17 goats with non-classic Swiss markings; adjusted for the genome-wide average coverage depth and calculated in 20-bp sliding windows). The 
smooth lines obtained with LOESS regressions are added to describe the trends of relative genome coverage depth along the genomic positions 
within each phenotype group. The same plots are shown for 5 BAL (d), 24 BST (e), and 24 TOG goats (f), respectively
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CB, 14 TC, 14 MD, and 8 MN goats) were homozygous 
for the wild-type allele without duplication (Additional 
file  6). Furthermore, all of the 21 Bezoars (Bezoars do 
not have Swiss markings to our knowledge) carried the 
ancestral wild-type allele, implying that this duplica-
tion was a derived allele after domestication (Additional 
file 6).

We also did quantitative real-time PCR (qPCR) to 
examine the copy numbers of the duplicated sequence in 
the 20 sequenced JT goats and five additional goats with 
non-classic Swiss markings. The qPCR results agreed 
with the genotypes obtained from the WGS data, and 
verified that there were two copies of the duplicated 
sequence in the JT goats with non-classic Swiss markings 
(Fig. 4).

We further carried out PCR amplification to validate 
the presence or absence of the 13,420-bp duplication in 
314 goats from JT and six other breeds (JT: n = 80, CB: 
n = 20, TC: n = 36, Jianchang Black - JC: n = 40, Nan-
jiang Yellow - NJ: n = 72, Shaanbei White Cashmere – 
SC: n = 40, Boer: n = 26), which included the 94 goats 
(i.e., JT: n = 65, CB: n = 15, TC: n = 14) that were whole-
genome sequenced. The PCR results for the duplication, 
as expected, showed the presence of the duplication in 
22 JT goats with non-classic Swiss markings, whereas 
the duplication was absent in 281 of the 292 goats from 
JT and six other populations without the non-classic 
Swiss markings (Table 1). In summary, the results above 
indicated that the duplication was a necessary but not 
sufficient condition for the non-classic Swiss marking 
phenotype in goats.

In silico analysis of the sequence composition 
and functions of the 13,420‑bp duplication
According to genome annotations, the duplication 
harbors a novel gene (i.e., ENSCHIG00000012008, 
CHI13:63,136,535–63,140,279; LOC108637418 in 
NCBI, also known as CCDC115 pseudogene) and 
resides ~ 101 kb upstream of the ASIP gene (Fig. 5a and 
Additional file 4). The online evolutionary conservation 
analysis (Ruminant Genome database, http://​animal.​
nwsuaf.​edu.​cn/​code/​index.​php/​RGD) of the duplica-
tion sequence showed the mean base-wise phastCons 
and PhyloP scores of 0.43 and 0.32 across 51 Ruminan-
tia species, respectively (Additional file 9).

Fig. 4  qPCR validation of the 13,420-bp tandem duplication in JT goats. Three sequenced solid black JT goats were selected as a control group. 
Besides 17 sequenced goats with non-classic Swiss markings, five additional JT goats with beige markings (i.e., JT28, JT29, JT30, JT31, and JT32) were 
included in qPCR validation

Table 1  PCR validation for the presence or absence of the 
13,420-bp duplication in 314 goats with or without non-classic 
Swiss markings from seven populations

Population Coat color n Presence 
of the 
duplication

Yes No

JT Non-classic Swiss markings 22 22 0

JT Solid black 58 2 56

CB Black-and-tan 20 0 20

TC Solid black 36 4 32

JC Solid black 40 0 40

NJ Black-and-tan 72 1 71

SC Solid white 40 0 40

Boer White with the pigment on the head 26 4 22

http://animal.nwsuaf.edu.cn/code/index.php/RGD
http://animal.nwsuaf.edu.cn/code/index.php/RGD
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To better understand the potential function of the 
duplication, we also examined the types and propor-
tions of repetitive elements in this 13,420-bp sequence. 
The identified repetitive sequences accounted for 36.78% 
(4936 bp) of the whole sequence, with the RTE/Bov-B as 
the largest repeat class followed by LINE-1 (long inter-
spersed element 1) (Additional file  9). We detected the 
presence of two flanking highly similar RTE/Bov-B ele-
ments around the duplication of 13,420-bp sequence 
(Fig. 5b).

Discussion
In this study, we observed a simple segregation pat-
tern of the non-classic Swiss markings and solid black 
coat colors at the individual level in JT goats. Based on 
the well-established knowledge of pigmentation in ani-
mals, the phenotypic difference in solid-black goats and 
the individuals with non-classic Swiss markings is likely 
to be from melanin-type switching that is commonly 
regulated by both ASIP and MC1R genes. As expected, 
our GWAS using high-density SNP genotype data from 
whole-genome sequencing revealed a strong association 
between a genomic region at the ASIP locus on chromo-
some 13 and the pigmentation phenotype of Swiss mark-
ings in goats, which confirm a recent finding based on 
the detections of selection signatures in two Swiss goat 
populations [19]. Our result is consistent with the studies 
in dogs [21] and white wagtails [22] since the similar pig-
mentation patterns across the body surface (i.e., a black 
dorsum and yellow/white markings on the head, belly, 
and legs) in these species.

Identifications of the causal variants at the ASIP and 
MC1R loci underlying a specific pigmentation trait 
remain challenging because there are multiple alleles at 
both loci within a species (e.g., dogs [21], sheep [5], pigs 
[23], and chickens [24]). In goats, up to 11 alleles at the 
ASIP locus were proposed to explain different coat color 
patterns [10], supported by the recent findings of multi-
ple CNVs at this locus [19]. In this study, the genotype 
segregation of the top associated SNP appeared to agree 
with a Mendelian mode of inheritance of the coat color 
(solid back vs. non-classic Swiss markings) in JT goats. 
However, we excluded the causality of all the SNPs 
and indels within the strong association signal harbor-
ing ASIP, based on variant annotations and the geno-
type distributions in JT goats and other analyzed goat 
populations.

We then found that a 13,420-bp duplication ~ 101 kb 
upstream (CHI13: 631,29,198–63,142,617 bp) of ASIP 
was highly associated with the non-classic Swiss mark-
ing phenotype in JT goats, which was previously reported 
as a length of 13,433-bp based on pooled WGS data 
[19]. This association was supported by the presence of 
the duplication in three other domestic goat breeds with 
Swiss markings and its absence in most individuals from 
four other populations without Swiss markings. The 
absence of the duplication in modern Bezoars also indi-
cated that this variant might be a de novo derived mutant 
after domestication. However, our study cannot com-
pletely rule out the existence of other unknown genetic 
loci because several goats without Swiss markings were 
heterozygotes or homozygous for the duplication allele. 
In other words, the results from multiple populations 

Fig. 5  Sequence composition analysis of the 13,420-bp duplication in the major associated region. a The genomic locations of the 13,420-bp 
duplication and the ASIP gene (genomic positions refer to the ARS1 assembly). b The schematic diagram of the 13,240-bp tandem duplication 
formation as a result of Bov-B-mediated NAHR
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demonstrated that the 13,420-bp duplication is necessary 
but not sufficient for the presence of the Swiss marking 
depigmentation phenotype in goats. Given the pigmenta-
tion variations in the goats with non-classic Swiss mark-
ings, we realized that other unknown alleles at the ASIP 
locus or other genetic loci may also influence the tan and 
beige markings and even points on the face. However, 
a large sample size is needed to allow further examina-
tion. In summary, our findings strongly support that the 
duplication site has a predominant role for the presence/
absence of the pigmentation pattern in goats.

One interesting finding in our study was the changes in 
the copy number of the candidate duplication between 
different goat breeds having Swiss markings. Based on 
the genomic coverage analyses of WGS data, the dupli-
cated sequence replicated only once in the genomes of JT 
goats with non-classic Swiss markings. In contrast, there 
seemed to be four or eight copies of the 13,420-bp frag-
ment on chromosome 13 in three European breeds with 
Swiss markings (i.e., BAL, TOG, and BST goats). Such 
difference implies that these CNV alleles are unstable in 
domestic goats. The allele described here for non-classic 
Swiss marking may arise from the previously published 
derived allele for Swiss markings [19] or vice versa. Long-
read sequencing is needed to gain a deep insight into the 
complexity at the ASIP locus in the goat genome. These 
results also revealed that the variation in the copy num-
ber of the duplication did not lead to heterogeneity in 
coat color phenotypes in goats, suggesting a threshold 
effect instead of a simple dose-response effect at the 
molecular level.

In this study, the 13,420-bp duplicated sequence 
encompasses several members of the LINE repeat fam-
ily, such as partial sequences of LINE-1 and Bov-B. The 
breakpoint flanking repeats have the potential to medi-
ate nonallelic homologous recombination (NAHR) 
between them and thereby generate recurrent genomic 
arrangements in the mammalian genome (e.g., human 
[25]). Given the high similarity of the breakpoint flank-
ing Bov-B elements in both ends of the 13,420-bp 
sequence, the duplication of this sequence in the goats 
with non-classic Swiss markings was very likely to be a 
result of NAHR mediated by these Bov-B repeats. In 
addition, previous studies demonstrate that transpo-
sons may contribute to the phenotypic diversity in ani-
mals. For example, the insertion of a 2809-bp LINE-1 
sequence into ASIP is responsible for the white coat color 
in water buffaloes [26], and the insertion of LINE-1 into 
the upstream of ASIP also exists in Normande cattle [27]. 
In domestic dogs, a SINE insertion at the ASIP locus is 
thought to cause the black-and-tan and saddle tan phe-
notypes [6]. At the transcription level, ventral-specific 
and hairy-cycle-specific promoters are responsible for 

the expression of different ASIP transcripts in mammals 
[28–31] and birds [32, 33], respectively. The distribution 
of white or tan hairs on the body surface of goats with 
Swiss markings suggested the product of ventral-specific 
ASIP transcript may underlie this phenotype, similar to 
the results in dogs [30]. The non-classic Swiss marking 
phenotype in newborn goat kids can reflect the expres-
sion of the ventral-specific ASIP transcript during fetal 
development. Furthermore, the expression of ASIP was 
~ 40-fold higher in the pheomelanic skin regions than 
that in the eumelanic skin regions in one BST goat [19]. 
Given the short physical distance between the duplica-
tion and the predicted ventral-specific promoter of the 
goat ASIP gene, we speculate that there is a biological 
interaction between them in which the duplication acts 
as an enhancer or other regulatory elements.

Conclusion
We confirmed that a genomic region harboring the ASIP 
gene is a major locus affecting the Swiss marking phe-
notype in goats using GWAS. Further analyses provided 
strong evidence that a 13.42-kb duplication upstream of 
ASIP plays a predominant role in the presence/absence of 
Swiss markings in goats, although the molecular genetic 
mechanisms remain unsolved. In addition, the changes 
in copy number of the duplication across different breeds 
do not lead to phenotypic heterogeneity in goats.

Materials and methods
Animals and whole‑genome sequencing
In this study, 20 Jintang Black goats were selected from 
a breeding farm at Jintang County (Sichuan Province, 
China), which consisted of 17 goats with non-classic 
Swiss markings and three goats with solid black coat 
color (Additional file 1). The animals were released after 
sampling. Genomic DNA was extracted from blood using 
TIANmap Genomic DNA Kit (TIANGEN BIOTECH, 
China). After the quality assessment the integrity and 
yield, genomic DNA was then sequenced on an Illumina 
NovaSeq 6000 sequencer (2 × 150 bp) at Novogene (Bei-
jing, China).

We also included short-read WGS data for 45 JT goats 
(dataset number: PRJNA548681 and PRJNA734084 in 
NCBI) generated from our previous studies [15, 34]. Col-
lectively, we finally obtained a total of 65 JT goat samples 
(48 solid black goats vs. 17 black goats with non-classic 
Swiss markings) for a GWAS. Furthermore, the non-
classic Swiss markings type could be further classified 
into four subclasses according to the colors of markings 
or points on the face (Additional file  1). Nevertheless, 
for the sake of simplicity, the 17 goats with markings or 
points on the face was grouped as one category (i.e., non-
classic Swiss markings).
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To accurately determine the putative causal vari-
ants, this study additionally employed our previously 
generated WGS data from two other Chinese breeds 
(i.e., 15 CB goats with black and tan coat color and 14 
TC goats with solid black coat color, PRJNA548681) 
[15]. We also downloaded publicly available WGS 
data from NCBI for 21 Bezoar ibexes (Capra aega-
grus; PRJEB3136), 22 goats from two Moroccan breeds 
(i.e., 14 MD goats with a predominantly black with 
brown coat color and 8 MN goats with a solid red 
coat color, PRJEB3134) [11], and 53 goats with Swiss 
markings from three European breeds (i.e., 5 BAL 
[PRJEB25062], 24 TOG [PRJNA310684], and 24 BST 
goats [PRJNA310684]).

Alignment of short‑reads and variant calling 
and annotations
For the alignment of short reads and short vari-
ant calling, we used the bioinformatics pipelines 
described in our previous work [15]. In brief, high-
quality reads were mapped to the goat reference 
genome (the ARS1 assembly [35]) using BWA [36], 
followed by the removal of duplicated reads and local 
realignment around existing Indels and base qual-
ity score recalibration using GATK [37]. We first 
applied GATK (v 4.0.5.2) HaplotypeCaller module to 
call short variants (i.e., SNPs and Indels) and merged 
them using CombineGVCFs. We then obtained high-
quality short variants by conducting join calling of all 
gVCF via the GenotypeGVCFs module followed by 
VariantFiltration.

The final variant dataset was obtained after discarding 
the variants with minor allele frequency (MAF) < 0.05 
and missing genotype > 10% using VCFtools [38]. The 
biallelic SNPs were finally extracted and were used for 
the subsequent GWAS analysis. In addition, SnpEff [39] 
(v4.3) used to annotate SNPs and Indels, which pro-
vides a simple assessment of the putatively functional 
impacts of variants (i.e., high, moderate, low, and modi-
fier impact) for protein-coding genes.

As described in our previous study, the CNVcaller 
[40] (a read-depth approach) was applied to detect 
and genotype copy number variation regions (CNVRs) 
across autosomes. The alignment results of short reads 
stored in BAM format were visualized with Integrative 
Genomics Viewer (IGV) [41] to confirm the existence 
of several CNV loci of interest. The statistical test of the 
association between biallelic CNVs and the phenotypes 
was conducted using the ordinary contingency table in 
R [42] (version 3.6.0). The relative coverage depths of 
the genomic regions of interest were visualized using 
the R package ggplot2 [43].

Analysis of population structure and genome‑wide 
association study
Although there exist relatedness among the 65 JT goat 
samples, the PCA analysis was performed to estimate the 
extent of population structure using GCTA [44] as a vali-
dation step. We also assessed the population structure by 
calculating FST between 48 solid black JT goats and 17 JT 
animals with non-classic Swiss markings with 10 kb slid-
ing window in VCFtools (command: --fst-window-size 
10,000).

We conducted a GWAS using a linear mixed model 
approach implemented in EMMAX [45], which can 
effectively account for population structure (i.e., popu-
lation stratification and relatedness) in the analyzed 
samples. The genomic inflation factor (i.e., λ) of the test 
statistics was calculated as the slope of a linear regres-
sion between observed and theoretical quantiles in R [42] 
(version 3.6.0). The genome-wide genomic control was 
subsequently used to adjust the weak inflation of test sta-
tistics from EMMAX. Manhattan plots were drawn with 
a custom R script.

PCR and sanger sequencing of one duplication 
within the major association region
Quantitative PCR (qPCR) was performed to examine 
the copy numbers of the duplicated sequence in the 20 
sequenced goats and five additional goats with non-
classic Swiss markings. The MC1R gene was selected as 
the reference gene for the normalization and the primer 
information for qPCR validation was shown in Addi-
tional file 10. All qPCR reactions of 20 μL were amplified 
in triplicate for each animal using SYBR Green (2x SYBR 
Premix Ex Taq, Vazyme Biotech Co.,Ltd). qPCR amplifi-
cation protocol included 95 °C for 30 s; 39 cycles of 95 °C 
for 10 s, 60 °C for 30 s; and 95 °C for 10 s. The relative copy 
numbers of the duplicated sequence were calculated by 
the 2-ΔΔCt method.

For the 13,420-bp duplicated sequence within the major 
associated region identified using WGS data, we also per-
formed the PCR amplification to verify the presence/
absence of the duplication using one primer pair (Dup_F: 
5′-TGC​CAC​CCT​TTT​CTT​TCG​AT-3′, Dup_R: 5′-CAT​
GCA​GTT​GTT​CTT​CGG​AC-3′). The pair of Dup_F 
and Dup_R primers spanning the breakpoint junction 
between the duplicated copies amplifies a 3677-bp frag-
ment when the 13,420-bp tandem duplication is present. 
PCR assays were carried out in a final reaction volume 
of 10 μL containing 5 μL Taq PCR MasterMix II (2×) 
(TIANGEN BIOTECH), 0.4 μL Dup_F, 0.4 μL Dup_R, 
0.8 μL genomic DNA, and 3.4 μL ddH2O. PCR amplifi-
cation protocol began with 95 °C for 3 min; 33 cycles of 
95 °C for 30 s, 64 °C for 30 s, and 72 °C for 3 min; and 72 °C 
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for 7 min. The PCR products were resolved by agarose 
gel electrophoresis. We finally validated the presence or 
absence of the duplication in 314 sampled goats from JT 
and six other domestic breeds with or without the Swiss 
markings (JT: n = 80, CB: n = 20, TC: n = 36, JC: n = 40, 
NJ: n = 72, SC: n = 40, Boer: n = 26), which included the 
94 goats that were whole-genome sequenced.

The sequence composition and function analyses
To examine the potential functions of the 13,420-bp dupli-
cation carefully, we carried out the sequence composition 
and conservation analyses using the web RepeatMasker 
(http://​www.​repea​tmask​er.​org/​cgi-​bin/​WEBRe​peatM​
asker) and Ruminant Genome Database (http://​animal.​
nwsuaf.​edu.​cn/​code/​index.​php/​RGD) [46], respectively. We 
also attempted to predict the ventral promoter of the goat 
ASIP gene based on the ventral promoter sequence of the 
dog ASIP gene [30] by using the pairwise sequence align-
ment (https://​www.​ebi.​ac.​uk/​Tools/​psa/​emboss_​needle/).

Abbreviations
BI: Bezoar ibex; CB: Chengdu Brown goats; MD: Moroccan Draa goats; MN: 
Moroccan Northern goats; NJ: Nanjiang Yellow goats; JC: Jianchang Black 
goats; JT: Jintang Black goats; TC: Tibetan Cashmere goats; SC: Shaanbei White 
Cashmere goats; WGS: Whole-genome sequencing; SNP: Single nucleotide 
polymorphism; Indels: Short insertions and deletions; CNV: Copy number vari-
ation; CHI: Capra hircus chromosome; LINE: Long interspersed element; NAHR: 
Nonallelic homologous recombination.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12864-​022-​08672-9.

Additional file 1: Table S1. Summary of the short-read sequencing data 
and mapping statistics for 169 domestic goats and 21 Bezoars included in 
this study.

Additional file 2: Figure S1. PCA of the 65 sampled JT goats based on 
the identified biallelic SNPs.

Additional file 3: Table S2. The list of the genome-wide significantly 
associated SNPs for the coat color in 65 JT goats.

Additional file 4: Table S3. The list of genes within the major association 
signal on chromosome 13.

Additional file 5: Table S4. Summary of genotypes at five associated mis-
sense SNPs and one indel in eight domestic goat populations and Bezoars.

Additional file 6: Table S5. Summary of genotypes at two CNV sites 
within the major association signal in eight domestic goat populations 
and Bezoars.

Additional file 7: Figure S2. The visualization of aligned short reads char-
acterizing the 13,420-bp duplication in the genomes of three goats from 
each of the JT and three European breeds with Swiss markings using IGV.

Additional file 8: Table S6. The genome-coverage analysis and predicted 
copy numbers of the 13,420-bp duplicated sequence in the total 70 goats 
with Swiss markings from four domestic goat populations.

Additional file 9: Figure S3. The analyses of sequence conservation 
analysis and repetitive elements in the duplicated sequence.

Additional file 10: Table S7. The qPCR primer information to validate the 
copy number of the 13,420-bp sequence.

Acknowledgements
We are grateful to Dr. Yanjun Zan and Weiwei Fu for their helpful discussions 
and comments. This study makes use of data generated by the NextGen 
Consortium. The European Union Seventh Framework Programme (FP7/2010-
2014) provided funding for the project under grant agreement no 244356 
- NextGen. We also thank the two anonymous reviewers for their valuable 
comments and suggestions.

Authors’ contributions
J.G., G.L., and H.Z. initiated the study and designed the project. J.G., and X.S. 
performed bioinformatics analyses. A.M., H.L., S.Z., and L.L. conducted experi-
mental analyses. J.G., X.S., A.M., and G.L. summarized the results. T.Z., L.W., and 
J.C. contributed to the sample collection and resource generation. J.G., G.L., 
and H.Z. wrote the main manuscript, and J.G., X.S., and A.M. prepared Figs. 1-5 
and Table 1. All authors read and approved the final manuscript.

Funding
This study was funded by the Sichuan Science and Technology Program 
(2021YFYZ0003 to H.Z.). G.L. was supported in part by AFRI grant numbers 
2019-67015-29321 and 2021-67015-33409 from the USDA National Institute of 
Food and Agriculture (NIFA) Animal Genome and Reproduction Programs. The 
funding agencies had no role in study design, data collection, and analysis, or 
preparation of the manuscript.

Availability of data and materials
The newly generated raw sequencing data for 20 Jintang Black goats for 
GWAS in this study are available from the NCBI SRA database (accession 
number: PRJNA797197).

Declarations

Ethics approval and consent to participate
The collection of blood samples from goats was approved by the Animal 
Ethical and Welfare Committee of Sichuan Agricultural University (No. 
DKY-GR20210610). The written informed consent of the animal owners was 
obtained. The study was also conducted in accordance with the ARRIVE 
guidelines and was carried out in compliance with relevant national/institu-
tional guidelines (e.g., Regulations for the Administration of Affairs Concerning 
Experimental Animals, Ministry of Science and Technology, China, revised in 
March 2017).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 4 March 2022   Accepted: 27 May 2022

References
	1.	 Nazari-Ghadikolaei A, Mehrabani-Yeganeh H, Miarei-Aashtiani SR, Staiger 

EA, Rashidi A, Huson HJ. Genome-wide association studies identify can-
didate genes for coat color and mohair traits in the Iranian Markhoz goat. 
Front Genet. 2018;9:105. https://​doi.​org/​10.​3389/​fgene.​2018.​00105.

	2.	 Kijas JMH, Wales R, Törnsten A, Chardon P, Moller M, Andersson L. Mel-
anocortin receptor 1 (MC1R) mutations and coat color in pigs. Genetics. 
1998;150(3):1177–85.

	3.	 Drögemüller C, Giese A, Martins-Wess F, Wiedemann S, Andersson L, 
Brenig B, et al. The mutation causing the black-and-tan pigmentation 
phenotype of Mangalitza pigs maps to the porcine ASIP locus but does 
not affect its coding sequence. Mamm Genome. 2006;17(1):58–66.

	4.	 Andersson L. Mutations in domestic animals disrupting or creating pig-
mentation patterns. Front Ecol Evol. 2020;8:116. https://​doi.​org/​10.​3389/​
fevo.​2020.​00116.

	5.	 Rochus CM, Westberg Sunesson K, Jonas E, Mikko S, Johansson AM. 
Mutations in ASIP and MC1R: dominant black and recessive black 

http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker
http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker
http://animal.nwsuaf.edu.cn/code/index.php/RGD
http://animal.nwsuaf.edu.cn/code/index.php/RGD
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://doi.org/10.1186/s12864-022-08672-9
https://doi.org/10.1186/s12864-022-08672-9
https://doi.org/10.3389/fgene.2018.00105
https://doi.org/10.3389/fevo.2020.00116
https://doi.org/10.3389/fevo.2020.00116


Page 11 of 11Guo et al. BMC Genomics          (2022) 23:437 	

alleles segregate in native Swedish sheep populations. Anim Genet. 
2019;50(6):712–7.

	6.	 Dreger DL, Schmutz SM. A SINE insertion causes the black-
and-tan and saddle tan phenotypes in domestic dogs. J Hered. 
2011;102(Suppl_1):S11–S8.

	7.	 Schmutz SM, Berryere TG. Genes affecting coat colour and pattern in 
domestic dogs: a review. Anim Genet. 2007;38(6):539–49.

	8.	 Kerje S, Lind J, Schütz K, Jensen P, Andersson L. Melanocortin 1-receptor 
(MC1R) mutations are associated with plumage colour in chicken. Anim 
Genet. 2003;34(4):241–8.

	9.	 Hiragaki T, Inoue-Murayama M, Miwa M, Fujiwara A, Mizutani M, Minvielle 
F, et al. Recessive black is allelic to the yellow plumage locus in Japanese 
quail and associated with a Frameshift deletion in the ASIP gene. Genet-
ics. 2008;178(2):771–5.

	10.	 Adalsteinsson S, Sponenberg DP, Alexieva S, Russel AJF. Inheritance of 
goat coat colors. J Hered. 1994;85(4):267–72.

	11.	 Badr Benjelloun FJA, Streeter I, Boyer F, Coissac E, Stucki S, BenBati M, 
et al. Characterizing neutral genomic diversity and selection signatures 
in indigenous populations of Moroccan goats (Capra hircus) using WGS 
data. Front Genet. 2015;6:107.

	12.	 Guo J, Tao H, Li P, Li L, Zhong T, Wang L, et al. Whole-genome sequencing 
reveals selection signatures associated with important traits in six goat 
breeds. Sci Rep. 2018;8(1):10405.

	13.	 Wang X, Liu J, Zhou G, Guo J, Yan H, Niu Y, et al. Whole-genome sequenc-
ing of eight goat populations for the detection of selection signatures 
underlying production and adaptive traits. Sci Rep. 2016;6:38932.

	14.	 Fontanesi L, Beretti F, Riggio V, Gómez González E, Dall’ Olio S, Davoli 
R, et al. Copy number variation and missense mutations of the Agouti 
signaling protein (ASIP) gene in goat breeds with different coat colors. 
Cytogenet Genome Res. 2009;126(4):333–47.

	15.	 Guo J, Zhong J, Li L, Zhong T, Wang L, Song T, et al. Comparative genome 
analyses reveal the unique genetic composition and selection signals 
underlying the phenotypic characteristics of three Chinese domestic 
goat breeds. Genet Sel Evol. 2019;51(1):70.

	16.	 Trigo BB, Utsunomiya ATH, Fortunato AAAD, Milanesi M, Torrecilha RBP, 
Lamb H, et al. Variants at the ASIP locus contribute to coat color darken-
ing in Nellore cattle. Genet Sel Evol. 2021;53(1):40.

	17.	 Norris BJ, Whan VA. A gene duplication affecting expression of the 
ovine ASIP gene is responsible for white and black sheep. Genome Res. 
2008;18(8):1282–93.

	18.	 Liang D, Zhao P, Si J, Fang L, Pairo-Castineira E, Hu X, et al. Genomic analy-
sis revealed a convergent evolution of LINE-1 in coat color: a case study 
in water buffaloes (Bubalus bubalis). Mol Biol Evol. 2021;38(3):1122–36.

	19.	 Henkel J, Saif R, Jagannathan V, Schmocker C, Zeindler F, Bangerter 
E, et al. Selection signatures in goats reveal copy number variants 
underlying breed-defining coat color phenotypes. PLoS Genet. 
2019;15(12):e1008536.

	20.	 Guan D, Castelló A, Luigi-Sierra MG, Landi V, Delgado JV, Martínez A, et al. 
Estimating the copy number of the agouti signaling protein (ASIP) gene 
in goat breeds with different color patterns. Livest Sci. 2021;246:104440.

	21.	 Kaelin CB, Barsh GS. Genetics of pigmentation in dogs and cats. Annu Rev 
Anim Biosci. 2013;1(1):125–56.

	22.	 Semenov GA, Linck E, Enbody ED, Harris RB, Khaydarov DR, Alström P, 
et al. Asymmetric introgression reveals the genetic architecture of a 
plumage trait. Nat Commun. 2021;12(1):1019.

	23.	 Fang M, Larson G, Soares Ribeiro H, Li N, Andersson L. Contrasting mode 
of evolution at a coat color locus in wild and domestic pigs. PLoS Genet. 
2009;5(1):e1000341.

	24.	 Schwochow D, Bornelöv S, Jiang T, Li J, Gourichon D, Bed’Hom B, et al. 
The feather pattern autosomal barring in chicken is strongly associ-
ated with segregation at the MC1R locus. Pigment Cell Melanoma Res. 
2021;34:1015–28.

	25.	 Startek M, Szafranski P, Gambin T, Campbell IM, Hixson P, Shaw CA, et al. 
Genome-wide analyses of LINE–LINE-mediated nonallelic homologous 
recombination. Nucleic Acids Res. 2015;43(4):2188–98.

	26.	 Liang D, Zhao P, Si J, Fang L, Pairo-Castineira E, Hu X, et al. Genomic analy-
sis revealed a convergent evolution of LINE-1 in coat color: a case study 
in water buffaloes (Bubalus bubalis). Mol Biol Evol. 2020;38(3):1122–36.

	27.	 Girardot M, Guibert S, Laforet M-P, Gallard Y, Larroque H, Oulmouden A. 
The insertion of a full-length Bos taurus LINE element is responsible for a 

transcriptional deregulation of the Normande Agouti gene. Pigment Cell 
Res. 2006;19(4):346–55.

	28.	 Vrieling H, Duhl DM, Millar SE, Miller KA, Barsh GS. Differences in dorsal 
and ventral pigmentation result from regional expression of the mouse 
agouti gene. Proc Natl Acad Sci. 1994;91(12):5667.

	29.	 Girardot M, Martin J, Guibert S, Leveziel H, Julien R, Oulmouden A. Wide-
spread expression of the bovine Agouti gene results from at least three 
alternative promoters. Pigment Cell Res. 2005;18(1):34–41.

	30.	 Bannasch DL, Kaelin CB, Letko A, Loechel R, Hug P, Jagannathan V, et al. 
Dog colour patterns explained by modular promoters of ancient canid 
origin. Nat Ecol Evol. 2021;5(10):1415–23.

	31.	 Fontanesi L, Forestier L, Allain D, Scotti E, Beretti F, Deretz-Picoulet S, 
et al. Characterization of the rabbit agouti signaling protein (ASIP) 
gene: transcripts and phylogenetic analyses and identification of the 
causative mutation of the nonagouti black coat colour. Genomics. 
2010;95(3):166–75.

	32.	 Oribe E, Fukao A, Yoshihara C, Mendori M, Rosal KG, Takahashi S, et al. 
Conserved distal promoter of the agouti signaling protein (ASIP) gene 
controls sexual dichromatism in chickens. Gen Comp Endocrinol. 
2012;177(2):231–7.

	33.	 Robic A, Morisson M, Leroux S, Gourichon D, Vignal A, Thebault N, et al. 
Two new structural mutations in the 5′ region of the ASIP gene cause 
diluted feather color phenotypes in Japanese quail. Genet Sel Evol. 
2019;51(1):12.

	34.	 Guo J, Jiang R, Mao A, Liu GE, Zhan S, Li L, et al. Genome-wide association 
study reveals 14 new SNPs and confirms two structural variants highly 
associated with the horned/polled phenotype in goats. BMC Genomics. 
2021;22(1):769.

	35.	 Bickhart DM, Rosen BD, Koren S, Sayre BL, Hastie AR, Chan S, et al. Single-
molecule sequencing and chromatin conformation capture enable de 
novo reference assembly of the domestic goat genome. Nat Genet. 
2017;49:643.

	36.	 Li H, Durbin R. Fast and accurate short read alignment with burrows–
wheeler transform. Bioinformatics. 2009;25(14):1754–60.

	37.	 McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernyt-
sky A, et al. The genome analysis toolkit: a MapReduce framework 
for analyzing next-generation DNA sequencing data. Genome Res. 
2010;20(9):1297–303.

	38.	 Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al. 
The variant call format and VCFtools. Bioinformatics. 2011;27(15):2156–8.

	39.	 Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A 
program for annotating and predicting the effects of single nucleotide 
polymorphisms, SnpEff. Fly. 2012;6(2):80–92.

	40.	 Wang X, Zheng Z, Cai Y, Chen T, Li C, Fu W, et al. CNVcaller: highly efficient 
and widely applicable software for detecting copy number variations in 
large populations. Gigascience. 2017;6(12):1–12.

	41.	 Thorvaldsdóttir H, Robinson JT, Mesirov JP. Integrative genomics viewer 
(IGV): high-performance genomics data visualization and exploration. 
Brief Bioinform. 2012;14(2):178–92.

	42.	 Team RC. R: a language and environment for statistical computing. 
Vienna: R Foundation for Statistical Computing; 2019.

	43.	 Wickham H. ggplot2. WIREs Comput Stat. 2011;3(2):180–5.
	44.	 Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide 

complex trait analysis. Am J Hum Genet. 2011;88(1):76–82.
	45.	 Kang HM, Sul JH, Service SK, Zaitlen NA, Kong S-y, Freimer NB, et al. 

Variance component model to account for sample structure in genome-
wide association studies. Nat Genet. 2010;42(4):348–54.

	46.	 Fu W, Wang R, Nanaei HA, Wang J, Hu D, Jiang Y. RGD v2.0: a major update 
of the ruminant functional and evolutionary genomics database. Nucleic 
Acids Res. 2022;50(D1):D1091–D9.

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


	A 13.42-kb tandem duplication at the ASIP locus is strongly associated with the depigmentation phenotype of non-classic Swiss markings in goats
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Results
	Detection of short variants and population structure analysis
	A major locus affecting non-classic Swiss markings mapped to a genomic region encompassing ASIP on chromosome 13
	None of the short variants within the major association region were the plausible causal variants for the non-classic Swiss marking phenotype
	A 13,420-bp tandem duplication upstream of ASIP is strongly associated with the non-classic Swiss marking phenotype
	In silico analysis of the sequence composition and functions of the 13,420-bp duplication

	Discussion
	Conclusion
	Materials and methods
	Animals and whole-genome sequencing
	Alignment of short-reads and variant calling and annotations
	Analysis of population structure and genome-wide association study
	PCR and sanger sequencing of one duplication within the major association region
	The sequence composition and function analyses

	Acknowledgements
	References


