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ABSTRACT

Coat color polymorphism in domestic animals provides a
robust framework for elucidating mechanisms of species
adaptation, domestication, and genomic diversity. Leigiong
cattle, a representative indicine breed from southern
China, are predominantly yellow-coated, although a subset
exhibits a solid black phenotype. To determine the genetic
basis of this variation, a genome-wide association study
(GWAS) was performed in 212 Leigiong bulls. A
pronounced association signal was detected on
chromosome 6 within the fifth intron of the CORIN gene,
providing the first evidence of the potential influence of
CORIN on bovine coat color variation. Integration of these
results with publicly available genomic datasets and
haplotype analyses indicated that the yellow coat
phenotype is derived from Indian indicine ancestry,
whereas the black coat phenotype emerged through
introgression from wild bovine lineages and artificial
hybridization with Wagyu cattle. Comparative analysis of
Indian indicine cattle with divergent coat colors revealed
distinct LEF1 haplotypes within a shared CORIN
background, suggesting an ancient and complex
domestication history underlying coat color variation.
These findings provide direct evidence that introgression
has shaped phenotypic variation in East Asian cattle and
offer novel insights into the genetic architecture of
pigmentation, with implications for future breeding
strategies.
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INTRODUCTION

Coat color polymorphism serves as a powerful model for
investigating the mechanisms of species adaptation, the
evolutionary processes involved in domestication, and the
genetic architecture underlying phenotypic diversity in both
wild and domestic animals (Cieslak et al., 2011). To date, over
150 genes involved in pigmentation have been identified in
mammals (Caro & Mallarino, 2020; Hofreiter, 2013). These
genes regulate various aspects of pigmentation biology,
including pheomelanin and eumelanin production, melanocyte
development, melanogenesis, and the intracellular transport
and transfer of melanin (Cieslak et al., 2011; Hubbard et al.,
2010). The remarkable spectrum of coat color phenotypes
observed in modern domestic animals offers a tractable

system for dissecting the genetic determinants of
morphological variation.
Indicine cattle (Bos indicus) were domesticated

approximately 8 000 years before present (YBP) in the Indus
Valley, located in present-day Pakistan, and subsequently
dispersed across diverse geographic regions (Verdugo et al.,
2019). Genomic analyses have demonstrated that modern
indicine cattle can be broadly classified into three major
lineages: Indian indicine, African indicine, and East Asian
indicine (Chen et al., 2018a). East Asian indicine cattle are
thought to have migrated into China via Southeast Asia,
during which they experienced repeated introgression events
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from other Bos species (Chen et al., 2023; Dai et al., 2023).
Coat color phenotypes in Indian and African indicine
populations are typically dominated by solid yellow (e.g.,
Sahiwal, Gir) or solid white (e.g., Bhagnari, Dajal) morphs
(Igbal etal., 2019; Kim et al., 2020). In East Asian indicine
cattle, yellow remains the predominant coat color (Dai et al.,
2023), a ftrait that is particularly valued in China due to
longstanding cultural preferences. Despite substantial
research on coloration in taurine cattle, studies on
domesticated indicine cattle remain relatively limited (Fan
et al., 2014; Hofstetter et al., 2019).

Leigiong cattle, a distinctive indicine breed native to
southern China, have been historically maintained for meat
production and are characterized by excellent heat tolerance,
resilience to low-quality forage, and robust resistance to
disease. The current population exceeds 400 000 individuals
annually (China National Commission of Animal Genetic
Resources, 2011). This breed typically exhibits the
characteristic yellow coat associated with native Chinese
cattle, along with hallmark Bos indicus features such as
prominent humps and thin, pliable skin (Gao etal., 2017).
Although the black coat phenotype is uncommon among
indigenous Chinese cattle, a subset of Leigiong individuals
displays a uniform black coloration. The presence of this rare
phenotype, coupled with a complex breeding history,
potentially including hybridization with other breeds or Bos
species, suggests underlying genetic contributions that have
not been fully characterized. This study investigated the
genetic basis of coat color variation in Leigiong cattle and
explored the evolutionary origins of their yellow and black
pigmentation phenotypes.

MATERIALS AND METHODS

Sample collection

Fresh blood samples were collected from a total of 212
Leigiong bulls across different regions in Hainan province,
including Haikou City (n=64), Wenchang City (n=40), Ding’an
County (n=73), Baoting County (n=17), and Chengmai County
(n=18). Each sampling site consisted of small-scale breeding
farms housing several hundred Leigiong cattle. To maximize
representativeness, nearly all available adult, uncastrated
bulls aged between one and three years were included. In
addition to these newly collected samples, whole-genome
resequencing data from 641 individuals representing diverse
Bos species were retrieved from public databases for
comparative  population genomic analyses. Detailed
information on all individuals, including breed, country of
origin, geographical location, and sequencing depth, is
provided in Supplementary Table S1.

Phenotypic assessment

Photographs of all 212 Leiqgiong bulls were captured during
sample collection. To quantify coat color as a continuous trait,
seven anatomical regions, including the back, hump,
abdomen, and head, among others, were scored using a
binary scale, assigning 1 for black and 0 for yellow.
Phenotypic evaluations were independently conducted by
three observers to avoid subjective bias. Final scores were
determined by consensus following discussion among
evaluators. This scoring approach yielded individual-level trait
profiles suitable for principal component analysis (PCA)
(Supplementary Table S2). The first principal component

(PC1) correlated strongly with the degree of black coloration,
with lower scores corresponding to predominantly yellow coats
and higher scores reflecting predominantly black coats. The
distribution of these phenotypes is shown in Supplementary
Figure S1. Additionally, coat color was categorized as a binary
trait—yellow or black—for downstream analyses.

Whole-genome sequencing and variant detection

Genomic DNA was isolated from whole blood samples using a
standard cetyltrimethylammonium bromide (CTAB) extraction
protocol. Paired-end short-insert (150 bp) libraries were
constructed and sequenced on the lllumina HiSeq platform
(Beijing Genomics Institution, China). Raw short-read data
were filtered using Fastp v.0.20.0 (Chen etal., 2018b) with
default parameters. Quality-filtered reads were aligned to the
bovine reference genome (ARS-UCD2.0) using default
settings. Variant calling was conducted using Simgvcf _gpu
v.2.0.7 (Zhang etal., 2021). Raw single nucleotide
polymorphisms (SNPs) were filtered with BCFtools v.1.1
(Chen etal, 2018b) using the parameters: “v snps -e
‘QD<2.0 | QUAL<30.0 | SOR>3.0 | FS>60.0 | MQ<40.0 |
MQRankSum<-12.5 | ReadPosRankSum<-8.0’ -m2 -M2”. To
evaluate the influence of sequencing depth on SNP detection,
recall, precision, and concordance were assessed across a
range of depths (1x to 13x). At the average sequencing depth
of 6.6x, SNP precision exceeded 92%, concordance was
greater than 95%, and recall reached approximately 75%.
These results indicated that although variant discovery was
limited at lower depths, identified SNPs remained highly
accurate  (Supplementary Figure S2). Validation of
Simgvcf_gpu SNP calls was conducted by comparing results
from a subset of samples analyzed using the BWA-MEM and
GATK pipelines under identical conditions. SNP concordance
between the two methods reached 99.9%, confirming the
accuracy of Simgvcf_gpu (Supplementary Figure S2). Only
biallelic SNPs with a missing genotype rate below 0.2 were
retained. Genotype imputation and phasing were
simultaneously performed using Beagle v5.4 (Browning et al.,
2021) with default parameters. To assess imputation and
phasing accuracy, 13 samples with sequencing depths
ranging from 9.98x to 13.48x were selected. Six samples
were randomly downsampled to 5-6x% as the test set, while the
remaining seven samples were used as the reference. These
samples, together with additional publicly available data, were
re-phased using Beagle. Even at 5x depth, phasing accuracy
exceeded 95.5% (Supplementary Figure S2). All SNPs were
annotated using ANNOVAR (Wang et al., 2010).

Genome-wide association study
Genotype data for 212 Leigiong cattle were extracted using
BCFtools (Danecek et al., 2021). Variants with a minor allele
frequency (MAF) below 0.05 were excluded, yielding
25 066 549 SNPs for downstream analysis. Nucleotide
diversity was calculated for four groups (n=20 per group)
using a sliding window approach with a window size of 50 kb
(Supplementary Figure S2). In subsequent GWAS analyses,
the first eight PCs from genome-wide PCA were used as
covariates to correct for population structure effects.
Association testing for the quantitative phenotype (PC1
scores of color phenotype), was performed using the mixed
linear model with the leave-one-chromosome-out (MLMA-
LOCO) procedure in GCTA v1.94 (Yang etal., 2011). For
binary phenotype analysis, logistic regression analysis was
performed using the “--logistic” option in PLINK (Purcell et al.,
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2007).

To identify association signals potentially driven by multiple
causal variants either independent or partially correlated,
conditional GWAS analysis was performed by including the
top-scoring SNP as a fixed effect, with PC1 as the phenotype,
using the “--condition” option in PLINK v.1.9 (Purcell et al.,
2007). A genome-wide significance threshold of 1.995x10°
was adopted, derived from Bonferroni correction for multiple

testing (0.05/25 066 549).

Assessment of non-additive genetic effects
Non-additive GWAS was performed following previously
described methods (Mapel etal., 2024). Briefly, SNP
genotypes were recoded under recessive inheritance
assumptions for either the reference (R) or alternate (A) allele.
Specifically, genotypes were coded as RR=1, RA=0, AA=0
(M1) in the former case and as AA=1, RA=0, RR=0 (M2) in the
latter case. Only SNPs with a MAF greater than 0.5% and a
frequency of the encoded “1” genotype between 0.5% and
0.95% were retained for association testing.

To further examine deviations from additive genetic effects,
a dominance deviation test was conducted using the
genotypic model in PLINK (Purcell et al., 2007) (option --linear
genotypic). This model tested each SNP independently for
evidence of a deviation from additivity in the CORIN haplotype
region (Supplementary Table S3).

Population structure and phylogenetic analysis

To elucidate the genetic structure and phylogenetic
relationships among cattle breeds/populations, PCA,
neighbor-joining (NJ) tree construction, and admixture
analyses were conducted using autosomal SNPs.

A total of 747 individuals, comprising representatives from
four wild Bos species and 79 domestic cattle breeds, were
included. Prior to analysis, linkage disequilibrium (LD)-based
pruning was applied to the genotype data using PLINK v.1.9
with the option “--indep-pairwise 50 10 0.1”. PCA was then
performed on the pruned dataset using EIGENSOFT v8.0.0
(Patterson etal., 2006). Pairwise genetic distances were
calculated with PLINK v.1.9 (--distance-matrix), with the
resulting distance matrix used to construct a NJ tree. The final
phylogenetic tree was visualized with Interactive Tree of Life
(iTOL) (Letunic & Bork, 2016).

Population structure was further investigated using
ADMIXTURE v.1.23 (Alexander etal.,, 2009). Ancestry
proportions were estimated by testing K values ranging from 2
to 5, enabling the quantification of genome-wide admixture for
each individual.

Selective sweep detection and pairwise sequence
divergence analysis

To identify potential selection signals associated with color
variation in Leigiong cattle, individuals were divided into two
groups based on coat phenotype: solid black and yellow (non-
solid black). Selection signatures were evaluated using
several metrics, including population differentiation index
(FsT), nucleotide diversity (1), and Tajima’s D. These statistics
were calculated using a window size of 40 kb and a step size
of 10 kb with VCFtools v.0.1.17 (Danecek et al., 2011), unless
otherwise specified.

Nucleotide differences between populations were calculated
using an in-house script. Briefly, SNP differences were
quantified by comparing each haplotype to all other
haplotypes across the dataset, and results were categorized
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by population group. To estimate divergence times between
haplotypes, a mutation rate of 1.26x107® per site per
generation and a generation interval of 6 years were applied
(Liu et al., 2006). Although the mutation rate may vary across
lineages, including geographically isolated and specifically
managed local populations such as Leigiong cattle, the
adopted mutation rate reflects values widely utilized in multiple
studies on cattle.

Maximum-likelihood (ML) phylogenetic tree

To determine the potential origins of haplotypes across the
Bos genus, a ML phylogenetic tree was constructed following
our previous study (Dai et al., 2023). Briefly, SNPs located
within the target genomic region were extracted from Bos
samples, and heterozygous SNP sites were encoded using
standard International Union of Pure and Applied Chemistry
chemical nomenclature (IUPAC) codes. Phylogenetic
reconstruction was performed in MEGA v.11.0.10 (Tamura
et al., 2021) using the Tamura-Nei model. Tree topology was
evaluated with 100 bootstrap replicates to assess node
support.

Haplotype visualization and network construction

To characterize haplotype-specific genotype patterns, phased
SNPs from the target region were extracted and visualized as
a heatmap using an in-house script. Haplotype networks were
inferred using the PEGAS package in R (Paradis, 2010) based
on pairwise differences. To minimize redundancy, no more
than four individuals sharing identical haplotypes within the
same population were retained. SNPs with a MAF below 0.05
were excluded from the analysis to ensure robustness.

Analysis of exonic variants

Subsequent to functional annotation, exonic SNPs significantly
associated with coat color phenotype were selected for further
investigation. Amino acid sequences corresponding to these
variants were retrieved from the Ruminant Genome Database
(http://animal.omics.pro/code/index.php/RGD) (Fu et al., 2022)
to assess cross-species conservation across representative
ruminants. Local hydrophobicity of adjacent amino acids was
analyzed using ProtScale (https://web.expasy.org/ProtScale/)
(Wilkins et al., 1998). Additionally, the amino acid sequences
of two types of CORIN (CORIN540H and CORIN540Y) were
submitted to SWISS-MODEL for protein structure prediction
(https://swissmodel.expasy.org/interactive) (Waterhouse et al.,
2018).

RESULTS

CORIN underlies coat color variation in Leiqgiong cattle

To elucidate the genetic basis of pigmentation differences in
Leigiong cattle, a GWAS was performed on 212 bulls sampled
from different regions, with an average sequencing depth of
6.6x (Supplementary Table S1). Coat color phenotypes were
quantified by scoring pigmentation across seven anatomical
regions, revealing significant variation in the extent of black fur
coverage, although most individuals exhibited predominantly
yellow coats. PCA of these phenotypic scores indicated that
PC1 explained 59.36% of the total variance (Supplementary
Figure S1). Additionally, association tests on all 212 Leigiong
bulls, classifying coats as either black (n=38) or yellow
(n=174), yielded consistent association signals (Figure 1A,
Supplementary Figure S3). Both approaches identified a ~30
kb region on chromosome 6 (chr6:66380000-66410000) as
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Figure 1 Genome-wide association study of coat color variation in Leigiong cattle

A: A single genomic region on chromosome 6 exhibited a strong association with coat color, with the most significant SNP located at chr6:66399854
(P=3.56x107%?). B: Magnified view of peak association reveals that the signal is located within the CORIN gene (chr6: 66272531-66581941), with r?
indicating degree of linkage between the lead SNP and surrounding variants. C: Genetic differentiation (Fg1) across the significant region. D:
Phenotypic variation stratified by CORIN haplotypes. Haplotypes H1 and H3 were associated with increased black pigmentation (PC1,
Supplementary Figure S1). H2-H2 denotes individuals homozygous for haplotype H2 (as defined in Figure 2A), with the other five genotypes

denoted accordingly. Photos by Fu-Nong Luo.

the primary locus of association. The most strongly associated
SNP, located at chr6:66399854 A>G (P=3.56x107?2), exhibited
an alternative allele frequency of 87.5% in the population,
situated within the fifth intron of CORIN (Figure 1B). The
GWAS signal disappeared when this SNP was included as a
fixed effect, suggesting that the signal is likely driven by a
single underlying causal variant or haplotype (Supplementary
Figure S3).

To identify putative genes associated with the dark black
coat color in Leigiong cattle, population genetic analyses were
conducted to detect signatures of selection across the
genome. Individuals were stratified by coat color and
subjected to genome-wide calculations of the population
differentiation index (Fst). A pronounced Fgr peak was
detected at the CORIN locus compared to other genomic
regions (Figure 1C; Supplementary Figure S4). Additional
evidence of selection at CORIN was provided by elevated -
ratio values and shifts in Tajima’s D (Supplementary Figure
S4). Haplotype heatmap analysis identified three distinct
haplotype clusters in the CORIN region, designated as H1
(4.95%), H2 (89.86%), and H3 (5.19%) (Figure 2A), which
were clearly associated with coat color phenotype. H2 was
predominantly associated with yellow coats (lower PC1
values), whereas H1 and H3 were associated black coats
(higher PC1 values) (Fisher test P<0.001, odds ratio=6401)

(Figure 1D). Notably, most black-coated individuals were
heterozygous (e.g., H1/H2, H2/H3), suggesting that H1 and
H3 alleles may exhibit dominance over H2. This hypothesis
was corroborated by non-additve GWAS and dominance
deviation analyses, both of which yielded significant results
(P<0.001) (Supplementary Figure S5 and Table S3). The
observed genotype frequencies did not deviate from Hardy-
Weinberg equilibrium (P=0.098).

To investigate whether any exon variants near the GWAS
signal were associated with coat color, SNPs within coding
regions were analyzed. However, no significant exonic
variants were identified (Supplementary Figure S6),
suggesting that the causal mechanism may involve regulatory
elements or splicing factors, with potential causative variants
requiring further investigation.

Black coat color in Leigiong Cattle originates from
introgression and artificial hybridization

To trace the evolutionary origins of the haplotype groups H1
and H3 associated with the black coat phenotype in Leigiong
cattle, whole-genome sequencing data from 641 previously
published Bos genomes were analyzed. This dataset included
603 domestic cattle covering 78 breeds and 38 individuals
from eight wild Bos species (Supplementary Table S1). PCA
and phylogenetic reconstructions recovered six major cattle
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Figure 2 Haplotype pattern at the GWAS-associated loci within CORIN

A: Haplotype heatmap of the CORIN-associated region (ARS-UCD2.0 chr6:66360000—-66410000). Each row represents a phased haplotype, and
each column represents a polymorphic SNP variant. Reference and alternative alleles are shown in light gray and black, respectively. B: Haplotype
network map of the CORIN-associated region (ARS-UCD2.0 chr6:66360000-66410000). Haplotype group H1 was identified as the introgressed

haplotype from kouprey.

lineages: European taurine, Asian taurine, African taurine,
Indian indicine, African indicine, and Chinese indicine
(Supplementary Figure S7). Comparative analysis of CORIN
haplotypes revealed distinct phylogenetic patterns: H1
grouped with kouprey (Bos sauveli), H3 with European taurine
cattle, H2 with Indian indicine lineages (Supplementary Figure
S8). These relationships were further supported by haplotype
network analysis (Figure 2B), which confirmed the clustering
of H1 haplotypes from Leigiong cattle with kouprey,
suggesting historical introgression from this now-extinct wild
species.

To investigate the origin of H3, the distribution of CORIN
haplotypes was examined across taurine breeds. While most
taurine cattle harbored two major haplotypes, Wagyu cattle
exhibited four distinct CORIN haplotypes (Figure 3A, B).
Among all domesticated breeds, the H3 haplotypes found in
Leigiong cattle were most similar to those in Wagyu, but
dissimilar to those in other taurine cattle (Supplementary
Figure S9). This close affinity was corroborated by significantly
lower pairwise sequence divergence between H3 haplotypes
from Leigiong and Wagyu cattle (P<0.001) (Figure 3C).
Additional support for shared ancestry came from genome-
wide Fgr comparisons, where the strongest signal of
differentiation between black-coated Leigiong and Wagyu
individuals also appeared in the CORIN region (Figure 3D),
suggesting shared mutation patterns in the CORIN region. To
further evaluate the proportion of Wagyu ancestry in Leigiong
cattle, unsupervised clustering analysis was performed using
ADMIXTURE (v.1.3.0). At K=5, Wagyu cattle formed a distinct
ancestral component, and the proportion of Wagyu-like
ancestry in Leigiong cattle ranged from 0% to 50.81%.
Individuals carrying the H3 haplotype exhibited three-fold
higher Wagyu ancestry than those lacking the H3 haplotype
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(P<0.001) (Supplementary Figure S10). Interestingly,
historical records confirm the introduction of Wagyu cattle to
Hainan Province in the 1990s to enhance the meat quality and
productivity of Leigiong cattle. These genetic and historical
data strongly imply that haplotype group H3 was introduced
into Leigiong cattle through deliberate hybridization with
Wagyu cattle, one of the few taurine breeds with black fur.
Taken together, the appearance of black coat color in Leigiong
cattle appears to be the result of wild Bos introgression and
artificial hybridization with Wagyu cattle.

Yellow coat color in Leigiong Cattle originates from Indian
indicine cattle

Haplotype analysis revealed that the H2 haplotype, associated
with yellow coat color in Leigiong cattle, was widely shared
with both Indian and African indicine populations (Figure 2).
Given the established ancestry of modern-day Pakistani cattle
from indicine cattle, we hypothesized that the H2 haplotype
originated from Indian indicine cattle. To evaluate this
hypothesis, nine Indian indicine breeds were investigated,
including five white-coated and four yellow-coated breeds.
Comparative analysis of CORIN haplotypes revealed that H2
was almost universal across all Indian indicine samples,
regardless of coat color (Figure 4A).

Previous studies have identified LEF1, a gene implicated in
pigmentation regulation, as the most divergent locus among
differently colored Indian indicine cattle (Chen etal., 2023;
Guenther etal., 2014). Therefore, LEF1 haplotypes were
investigated to further clarify the genetic basis of coat color
variation. While both white and yellow Indian indicine cattle
shared the same CORIN haplotype, they exhibited striking
differences in LEF1 haplotypes (Figure 4B). Two highly
divergent LEF1 haplotype groups were identified—designated
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Figure 3 Comparative analysis of CORIN haplotype group H3 in Leigiong cattle and other domestic taurine cattle

A: Haplotype composition across domestic taurine cattle. B: Detailed assessment of haplotype H3 origin, comparing haplotypes between black-

coated domestic and Leigiong cattle. C: Pairwise nucleotide differences showing smaller divergence between Leigiong and Wagyu cattle than

between Leigiong and other taurine cattle. D: Population differentiation (Fst) between yellow-coated Leigiong cattle and black-coated cattle

(including black Leigiong and Wagyu individuals). Threshold line represents the top 1% of Fgr values. Mann-Whitney U test,

LEF1-w (white-associated) and LEF1-y (yellow-associated).
The extent of sequence divergence between these haplotypes
was substantial, with an estimated nucleotide divergence of
0.61%, corresponding to a divergence time of approximately
2.9 million years (Supplementary Figure S11). This deep
divergence suggests that the observed haplotype differences
predate cattle domestication and likely reflect ancestral
variation within Bos lineages. The LEF1-y haplotype was
widely distributed among European taurine cattle and further
subdivided into two distinct subgroups (Figure 4B), indicating
that both haplotypes likely coexisted in the early domestication
regions of indicine cattle, with LEF71-y in Bos indicus

wx

1 P<0.001.

potentially originating from a common ancestor of Bos
primigenius primigenius and Bos primigenius namadicus, or
possibly through introgression from subgroup LEF1-y1 of Bos
taurus. Notably, LEF1-w haplotypes were absent in Leigiong
cattle, supporting the inference that the yellow coat color
observed in this population was inherited from yellow-coated
Indian indicine cattle.

DISCUSSION

Coat color is one of the most visible and historically valued
phenotypic traits in domestic animals, often used to distinguish
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Figure 4 Proposed origins of the yellow coat phenotype in Leigiong cattle

A: Haplotype heatmap of the CORIN region in Leigiong and Indian indicine cattle with varying coat colors. The yellow-associated haplotype (H2)

was present across indicine cattle regardless of pigmentation. B: Haplotype heatmap of the LEF1 region in different cattle breeds worldwide. LEF1-

w denotes the haplotype group found in white-coated cattle, LEF7-y1 and

LEF1-y2 denote the haplotype group associated with yellow-coated cattle.

Fst values in panels A and B represent comparisons between yellow and white indicine cattle. C: Schematic representation of inferred evolutionary

origins of yellow and black coat colors in Leigiong cattle.

breeds and guide selective breeding. In this study, GWAS,
selective sweep analysis, and haplotype-based approaches
were applied to map the genetic diversity associated with coat
color in Leigiong cattle. Furthermore, the evolutionary origins
of the black and yellow coat phenotypes were investigated,
revealing distinct introgression and domestication histories in
these cattle.

Chinese indicine cattle, also referred to as East Asian
indicine, underwent multiple waves of introgression from other
Bos species during their dispersal into China. These events
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likely involved gene flow from species such as gaur (Bos
gaurus), gayal (Bos frontalis), banteng (Bos javanicus), and
kouprey (Bos sauveli) (Chen etal.,, 2023; Dai etal., 2023;
Zhang et al., 2020). The most recent major introgression event
occurred approximately 3 000 years ago, likely originating
from a source similar to banteng (Dai et al., 2023). Many of
these introgression signals are believed to have facilitated the
rapid adaptation of indicine cattle to humid regions (Chen
etal., 2018a, 2023; Dai etal., 2023; Xia etal., 2023). For
example, alleles at pigmentation-related loci such as agouti
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signaling protein (ASIP) are hypothesized to have been
introgressed in East Asian indicine cattle from banteng-like or
kouprey-like ancestral populations, potentially contributing to
local adaptation through modifications in coat color (Chen
etal,, 2018a; Dai etal.,, 2023). However, such hypotheses
have remained largely speculative, lacking direct evidence
linking introgression to specific phenotypic outcomes in
modern East Asian indicine cattle.

In this context, the present study provides the first GWAS
evidence demonstrating a phenotypic consequence of
introgression in East Asian cattle. Notably, a haplotype
segment of the CORIN gene—originally derived from kouprey,
a now-extinct wild Bos species characterized by a black coat
(Sinding et al., 2021) —was shown to be introgressed into
Leigiong cattle. This segment was significantly associated with
the black coat phenotype. CORIN encodes a serine peptidase
expressed in hair follicles and functions as a downstream
suppressor of ASIP (Enshell-Seijffers etal., 2010). Loss-of-
function mutations in CORIN have been associated with
enlarged pheomelanin bands and lighter pelage in tigers (Xu
et al., 2017) and mice (Enshell-Seijffers et al., 2008).

Leigiong cattle represent a geographically and genetically
distinct breed of East Asian indicine. Yellow is the
predominant coat color in this breed, aligning with regional
cultural preferences across East Asia. Given that the black
pigmentation arises from introgression, it is likely that yellow
represents the ancestral coat color of East Asian indicine
cattle. While indicine cattle in South Asia commonly display
both yellow and white pigmentation (Igbal et al., 2019; Kim
et al., 2020), the timing and route of their dispersal into China
suggest that the founder populations were likely yellow-
coated. Our comparative haplotype analysis of Indian indicine
breeds supports this view. Importantly, the partial expression
of black pigmentation in Leigiong cattle appears to be sex-
linked, occurring exclusively in bulls. This pattern mirrors
sexual dimorphism in pigmentation observed in several wild
Bos species. To avoid sex-related confounding effects, only
male individuals were included in this study.

In conclusion, our findings suggest that coat color variation
in Leigiong cattle reflects a combination of ancient
domestication processes and more recent gene flow from wild
and domestic sources. Prior to the domestication of indicine
cattle, ancestral aurochs in the Indus Valley likely exhibited a
spectrum of coat colors. Cultural selection may have favored
white individuals, leading to their persistence in some modern
indicine populations. In contrast, yellow-coated
aurochs —sharing haplotypes with ancestral taurine
cattle—were domesticated and later introduced into East Asia,
where they contributed to the genetic foundation of Chinese
indicine cattle (Figure 4C). This study provides direct evidence
linking introgression to phenotypic evolution and offers novel
insights into the complex demographic and selective history of
coat color variation in cattle.
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