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Complete Genomic Landscape Reveals Hidden Evolutionary
History and Selection Signature in Asian Water Buffaloes
(Bubalus bubalis)
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Marnoch Yindee, Hossam E. Rushdi, Hussein Elregalaty, Ahmed Amin,
Mohamed A. Radwan, Lan Doan Pham, W. M. M. P. Hulugalla, G. L. L. Pradeepa Silva,
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Lingzhao Fang, Dong-Dong Wu,* Jianlin Han,* and Yi Zhang*

To identify the genetic determinants of domestication and productivity of
Asian water buffaloes (Bubalus bubalis), 470 genomes of domesticated river
and swamp buffaloes along with their putative ancestors, the wild water
buffaloes (Bubalus arnee) are sequenced and integrated. The swamp buffaloes
inherit the morphology of the wild buffaloes. In contrast, most river buffaloes
are unique in their morphology, but their genomes cluster with the wild
buffaloes. The levels of genomic diversity in Italian river and Indonesian
swamp buffaloes decrease at opposite extremes of their distribution range.
Purifying selection prevented the accumulation of harmful loss-of-function
variants in the Indonesian buffaloes. Genes that evolved rapidly (e.g., GKAP1)
following differential selections in the river and swamp buffaloes are involved
in their reproduction. Genes related to milk production (e.g., CSN2) and coat
color (e.g., MC1R) underwent strong selections in the dairy river buffaloes via
soft and hard selective sweeps, respectively. The selective sweeps and
single-cell RNA-seq data revealed the luminal cells as the key cell type in
response to artificial selection for milk production of the dairy buffaloes.
These findings show how artificial selection has been driving the evolutionary
divergence and genetic differentiation in morphology and productivity of
Asian water buffaloes.
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1. Introduction

The evolutionary emergence, genetic dif-
ferentiation, and breed development of do-
mesticated animals have primarily been
influenced by two biological processes,
the adaptation to different natural en-
vironments and human-controlled man-
agements and the artificial selection for
specialized utilities.[1,2] These processes
also promote phenotypic and genetic di-
versity due to variations among species
and breeding objectives. Genomic stud-
ies on chickens,[3] dogs,[4] pigs,[5] bovine
species,[6–9] goats,[10] and sheep[11] have
identified candidate genes and causative
mutations. Interesting examples of conver-
gent evolution have been reported, most no-
tably for domestication,[12] environmental
adaptation,[13–15] coat color,[16] and genetic
disorders.[17] The identification of causative
genes/mutations within species collectively
contributes to our expanding understand-
ing of the functional diversity of mam-
malian and avian gene repertoires.

In this context, the genomic landscape of
domestication and breed improvement of
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Asian water buffaloes have been explored less extensively com-
pared to other livestock species.[18–21] The domesticated buffaloes
represent an important farm animal genetic resource in the trop-
ical and subtropical zones, in contrast to most other livestock
species that are more productive in the temperate zones. There
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are two distinct types of domesticated buffaloes[22] with differ-
ent chromosome numbers of 2n = 50 for river buffalo and 2n
= 48 for swamp buffalo.[23–25] Genetic studies have revealed con-
siderable differences between the river and swamp buffaloes,
which are justified to be classified as two (sub)species of Bubalus
bubalis bubalis and Bubalus bubalis kerabau, respectively.[26] Af-
ter their independent domestications,[27–29] the swamp buffaloes
have been bred into excellent draught animals playing an es-
sential role in the development of rice culture. In contrast, the
river buffaloes have been developed into proficient dairy animals
producing milk with high fat but low cholesterol. In this study,
we sequenced and integrated 470 genomes from 51 Asian wa-
ter buffalo populations for an improved understanding of their
complete genomic landscape driven by natural and artificial se-
lections underlying their evolutionary divergence and domesti-
cation and for providing solid evidence of the genes controlling
the coat color and milk production of the river buffaloes and the
genes underwent a rapid evolution of reproductive traits in all
buffaloes.

2. Results

2.1. Genomic Variation in Asian Water Buffaloes

We analyzed whole genome sequencing data of 470 Asian wa-
ter buffaloes across their entire range from East Asia, South-
east Asia, South Asia, the Middle East, to the Mediterranean
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Figure 1. Geographic distribution and population genetic structure of buffaloes used in this study. a) The geographic locations of wild (square), river
(circles), and swamp (triangle) buffalo populations. Different colors show the classifications of different geographic groups. The dash-lined box is
enlarged to indicate all the populations except the Italian and Egyptian buffaloes. b) Maximum-likelihood phylogenetic tree and admixture patterns at K
= 2 and 6. c) The total lengths of homozygosity (ROH, > 100 kb) in different geographic groups. d) The ratios of high-impact SNPs (hSNP)/synonymous
(synSNP) in different geographic groups. e) The Rxy ratios of derived alleles for synonymous (Syn), missense, high-impact (High), and loss of function
(LoF) variants. Rxy < 1 indicates a relative frequency deficit of the corresponding category in the Indonesian (IND) compared to the mainland buffaloes.
Whiskers represent 95% confidence interval.

region, including 301 new genomes generated in this study
(Table S1, Supporting Information). The dataset comprised 200
domestic river, 257 domestic swamp, and 13 wild water buf-
faloes (Figure 1a). The depth coverages range from 5.22 to 47.80
× across the 470 genomes (Table S1, Supporting Information).
In addition, we incorporated one publicly available genome of
African buffalo (Syncerus caffer)[30] as an outgroup. By mapping
these data to the river buffalo reference genome,[31] we found that
the average mapping rates of river and swamp buffaloes reached
to as high as 99.068% and 99.512%, respectively, an clear indi-
cation of no mapping bias against the reference genome.[31] We
identified 58.2 million single-nucleotide polymorphisms (SNPs),
of which 11.7 million and 14.8 million are private (polymorphic
in one type but fixed in another type) to the river and swamp buf-
faloes, respectively (Table S2, Supporting Information). The ratio
of transitions to transversions (Ti/Tv) across all SNPs is 2.15, sug-
gesting their high quality.[32] After a strict quality control based
on missing genotype rate and minor allele frequency, 34977918
SNPs are retained for subsequent analyses.

2.2. Population Genetic Structure of the River and Swamp
Buffaloes

Population genomic analyses, including the maximum likeli-
hood (ML) phylogeny, principal components analysis (PCA),
and model-based clustering using the Admixture program
(Figure 1b; Figures S1 and S2, Supporting Information), con-
sistently unveil a deep divergence between the river and swamp
buffaloes.[20,21,28,29,33] The distribution patterns of genomic diver-
sity in individual river and swamp buffalo populations agree with
the geographic distances to their independent centers of domes-
tications (Figure 1c,d; Figure S3, Supporting Information).

A NeighborNet visualization of the Fixation index (FST) genetic
distances (Figure S4, Supporting Information) shows that the
differentiations between the river or swamp buffalo populations
were relatively low compared to the divergence between the river
and swamp buffaloes. It also shows the phylogenetic position of
wild water buffaloes sampled in Nepal (WILD) as a sister taxon
of the river buffaloes. Additionally, it highlights the intermediate
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positions of the river and swamp buffaloes from Bangladesh, a
spatial pattern of hybrid zone based on their historically over-
lapped distributions and supported by haplotype inference of
karyotype (Figures S5 and S6, Supporting Information).

The Indonesian buffaloes (IDN), distributed in the islands of
Sulawesi and Sumbawa located in the southeasternmost range
of the swamp buffaloes, comprise a distinct cluster in the PCA
(Figure S1, Supporting Information) and carry higher levels of
runs of homozygosity (ROH) than those of other swamp buffalo
populations (Figure 1c and Table S3, Supporting Information).
The MSMC2 analysis shows that the IDN is an isolated popula-
tion with a long history of strong inbreeding, driving its diver-
gence from other swamp buffalo populations 4779–16243 years
ago (Figure S7a, Supporting Information). However, the IDN has
relatively low mutational load that is measured by calculating the
ratio of high-impact SNPs (hSNPs) to synonymous SNPs (syn-
SNPs) (Figure 1d). The ratios of derived alleles (Rxy) of the loss of
function SNPs (LoFSNPs) and hSNPs are also lower in the IDN
than in other swamp buffalo populations (Figure 1e). This is not
expected if genetic isolation leads to the fixation of deleterious
alleles (the “cost of isolation”). Furthermore, the IDN has rela-
tively low ratios of LoFSNPs to synSNPs and hSNPs to synSNPs
in heterozygous states (Figure S8, Supporting Information), sug-
gesting that the LoFSNPs and hSNPs are primarily deleterious
in homozygous states. These results suggest that most delete-
rious mutations have been purged in the IND, which supports
previous observations that inbreeding may enhance purifying se-
lection, leading to the purging of deleterious mutations in small
populations.[34–36]

The WILD clusters with the river buffaloes and is positioned
at a basal node in the river buffalo branch (Figure 1b; Figure S4,
Supporting Information). The divergence time estimated by
the MSMC2 between the WILD and domesticated river buf-
faloes (4045–8306 years ago; Figure S7b, Supporting Informa-
tion) is in line with the time frame of domestication of the river
buffaloes.[18] These results support the proposal that the wild wa-
ter buffalo is the ancestor of domesticated river buffaloes. It is
worth noting that two domestic buffalo populations indigenous
to Nepal (Lime and Parkote) are close to the WILD in the phylo-
genetic tree and ancestral composition (Figure 1b). Considering
that both the WILD and these specific Nepalese domestic buf-
faloes (e.g., Lime and Parkote) are more similar to the swamp
buffaloes in their physiognomy, we believe that the ancestral mor-
phology of the WILD (e.g., the skin and hair colors as well as horn
shape) are inherited by the swamp buffaloes.[18,29,37]

2.3. Genomic Divergence Between the River and Swamp
Buffaloes

To investigategenomic divergence between the two types of do-
mesticated buffaloes, we selected 146 river and 205 swamp buf-
faloes that contain relatively pure genomic ancestry based on the
admixture inference (K = 2, ancestral compositions ≥ 99.999%;
Table S4, Supporting Information). The average FST value be-
tween the two types is 0.456 across 19506 protein-coding genes.
The Hudson-Kreitman-Aguadé (HKA) tests, based on the ratio
of polymorphic to differentiated sites identified at a significance
threshold based on the top 5% of P-values, identify 838 genes un-

der selection in the river buffaloes, 831 genes in the swamp buf-
faloes, and 496 genes across the two types (Table S5, Supporting
Information). Genes under the selection in the river or swamp
buffaloes exhibit reduced ratios of polymorphic to fixed differen-
tiated sites. Similarly, genes under the selection across the two
types show markedly low ratios of polymorphic to fixed differen-
tiated sites (Figure 2a).

Genes under the selection across the two types have an aver-
age FST value of 0.740, which is higher than the average FST val-
ues for genes under the selection in the river (0.685, one-tailed
t-test: P = 1.21×10−13) or swamp (0.655, one-tailed t-test: P =
2.20×10−16) buffaloes (Figure 2a) or for genes that are not under
the selection (0.441) (Figure 2a). For example, CNOT4 is under
the selection across the two types and shows a pronounced FST
peak but exceptionally low level of polymorphism in the river or
swamp buffaloes (Figure 2b). In contrast, TEX9 and TBX19 are
under the selection with elevated FST peaks but reduced levels
of polymorphisms in the river and swamp buffaloes, respectively
(Figure 2b).

From the 496 genes under selection in the two types, 124 are
significantly enriched in the gene set of testis-specific expression
(Figure S9, Supporting Information). Of these genes, G Kinase
Anchoring Protein 1 (GKAP1) has the highest level of divergence
(FST = 0.911) and is under the selection in the two types as shown
by a low level of polymorphism and nearly fixed distinct haplo-
types (Figure 2c,d). GKAP1 is specifically and highly expressed in
the testis of buffaloes (Figure S10, Supporting Information). A re-
cent study shows that GKAP1 regulates the apoptosis, number,
and motility of germ cells.[38] These findings indicate that selec-
tion pressures in the two types have resulted in a significant diver-
gence in GKAP1, supporting the rapid evolution of testis-related
genes based on their accelerated fixation rates (Figure S11, Sup-
porting Information).[39]

2.4. Directional Selection in the River Buffaloes

The river buffaloes have a greater phenotypic diversity among
populations than the swamp buffaloes. Specifically, long-term ar-
tificial selection has resulted in several well-defined dairy breeds,
including three most famous breeds of Murrah, Nili-Ravi, and
the Italian Mediterranean buffaloes with distinct morphological
features and outstanding milk productivity. This offers an oppor-
tunity for us to localize artificial selection signals underlying milk
traits by contrasting these three dairy breeds with non-dairy wild
and indigenous buffaloes in Nepal based on FST and 𝜃

𝜋
values

across their genomes. These analyses reveal 69 statistically sig-
nificant genomic regions (adjusted P < 0.05, FST > 0.157, and 𝜃

𝜋

> 0.731), which harbor 122 genes (Figure S12; Tables S6 and S7,
Supporting Information). These genes are functionally enriched
in mammary gland development, lipid transport, and multiple-
compound catabolic processes (Table S8, Supporting Informa-
tion).

2.5. Selection Signatures in the Casein Genes Associated with
Milk Production

The BBU7:32020001-32430000 region is diverged the most be-
tween the dairy and non-dairy buffaloes (Figure 3a; Figure S12,
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Figure 2. Genomic differentiation between the river and swamp buffaloes. a) Left panel: The FST estimates of four types of genes: genes under the
selection in both the river and swamp (red), the river (blue), and the swamp (orange) buffaloes, and genes free of selection in all buffaloes (gray). The
middle and right panels show the ratios of polymorphic and differentiated loci for the four types of genes by comparing the river to swamp and African
buffaloes (middle) or the swamp to river and African buffaloes (right). In the middle panel, the polymorphic loci are those exhibiting polymorphisms
in the river buffaloes, while the differentiated loci are those fixed in the swamp and African buffaloes. In the right panel, the polymorphic loci are those
exhibiting polymorphisms in the swamp buffaloes, while the differentiated loci are those fixed in the swamp and African buffaloes. b) Three candidate
genes under the selection in both the river and swamp (left panel, CNOT4), the river (middle panel, TEX9), and the swamp (right panel, TBX19) buffaloes.
The FST, 𝜋river, and 𝜋swamp approached are used to scan the differentiation between and the polymorphism in the genomic regions of the river and swamp
buffaloes. The top threshold represents the FST threshold for windows with an FDR-corrected P-value < 0.05. c) The differentiation and polymorphism
measured by the FST, 𝜋river, 𝜋swamp, RAiSDriver, and RAiSDswamp estimates in the GKAP1 gene region (BBU3:138.94–140.17 Mb), which us under the
selection and highly expressed in the testis of the river buffaloes. d) The haplotype patterns of GKAP1 in the swamp and river buffaloes. Brown and light
yellow indicate alternative and reference alleles, respectively.

Supporting Information), in which the dairy buffaloes have a
specific haploblock with few polymorphisms, while the non-
dairy buffaloes have extensive variations (Figure 3b). There are
seven genes in this region, including CSN1S1, CSN2, CSN1S2,
LOC102397372, SULT1B1, STATH, and SULT1E1 (Table S6, Sup-
porting Information). CSN2, CSN1S1, and CSN1S2 are mem-
bers of the casein protein gene family and are highly and specif-
ically expressed in the mammary gland (Figure 3c; Figure S13,
Supporting Information). Interestingly, there are nine SNPs in
CSN2 (g.32125,570G>C; g.32125,819G>T; g.32125,945C>T; and
g.32127,633G>T), CSN1S1 (g.32148,856A>G; g.32148,918A>G;
and g.32158,292T>C), and CSN1S2 (g.32020,897T>C and
g.32026,256T>C) with significant allele specific expressions
(ASE) in the mammary gland (Figure 3d; Figures S14 and S15
and Table S9, Supporting Information), indicating potential reg-
ulations by cis-acting genetic variants. Notably, the alleles with
the highest expression levels are dominant in the dairy rela-
tive to non-dairy buffaloes for all of the nine SNPs (Figure 3e;
Figure S14, Supporting Information), indicating these casein
genes to be highly expressed in the dairy buffaloes following pos-
itive selection.

The mammary gland is a complex tissue with diverse cell
types. To examine the key cell types underlying the divergence
between the dairy and non-dairy buffaloes, we constructed a

single-cell landscape of the mammary gland of the dairy and
non-dairy buffaloes over their early lactation period (Figure 3f,
Figure S16a, Supporting Information). Three genes of CSN2,
CSN1S1, and CSN1S2, being positively selected in dairy buf-
faloes, are predominantly expressed in the luminal cells of
the dairy and non-dairy buffaloes (Figure S16b and c, Sup-
porting Information), suggesting the importance of these cells
for milk secretion. Notably, CSN2 and CSN1S1 exhibit sig-
nificantly higher expressions in the luminal cells of the dairy
than non-dairy buffaloes (Figure 3g; Figure S16d, Supporting
Information). This observation further corroborates the findings
from the ASE analysis based on bulk RNA-seq and suggests
that the casein genes and luminal cells have undergone positive
selection during the development of dairy buffaloes. Further, we
found that the luminal cells of the dairy buffaloes have higher
CytoTRACE scores (Figure 3h) and are all located at the initial
position of the pseudo-time developmental tree (Figure 3i), indi-
cating that the luminal cells of the dairy buffaloes have a higher
developmental potential than those of the non-dairy buffaloes.
We then clustered the gene expression patterns and observed
specific changes in two sets of genes over the pseudo-time, where
the casein genes clustered with the genes that are switched at an
early stage and decrease their expressions across the pseudo-time
(Figure S17, Supporting Information). These genes are enriched
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Figure 3. Directional selective sweeps in the casein gene family of the river buffaloes. a) The selected sweeps, gene annotations, and haplotype structures
of genomic regions (BBU7:31 000 000–34 000 000) around the casein gene family (CSN1S2, CSN2, and CSN1S1). The selected sweeps are measured by
the FST and 𝜃𝜋 (𝜋Wild-Indigenous/𝜋Dairy) estimates per 50 kb window and the iSAFE per site. The windows and SNPs within genomic regions of the three
casein genes are highlighted in red. b) Haplotype structures of the SNPs with maximum FST values per 2 kb window and with 1 Mb flanking the casein
gene family. c) Gene expression atlas of CSN2. d) The ratios of allele counts (ratio = derived allele reads / ancestral allele reads) of four allele-specific
expression (ASE) loci identified in CSN2, where the reference allele is the derived allele. e) The frequencies of reference (derived) alleles of the four
ASE loci in the river buffaloes. f) UMAP projection plot of 12 cell types. g) Gene expression of CSN2 in the luminal cells between the dairy (blue) and
non-dairy (orange) buffaloes. h) Predicted ordering by the CytoTRACE in the luminal cells, which orders the luminal cells based on their developmental
potentials from the most mature (the lowest values) to the most immature (the highest values). i) Pseudo-time trajectory analysis corresponding to the
luminal cells in the dairy and non-dairy buffaloes. Pseudo-time corresponds to the reconstruction of dynamic gene expression programs of the underlying
biological process. Cells are colored by pseudo-time (left panel) and gene expression level of CSN2 (right panel). The distribution of cells by the dairy
and non-dairy buffalo is shown in the right panel.

in the pathways related to protein synthesis and localization,
ribosomes and translation, and RNA and protein degradation
(Figure S17 and Table S10, Supporting Information), indicating
their associations with milk secretion. Altogether, these results
suggest that the luminal cells in the dairy buffaloes acquired
a relatively high differentiation potential following long-term
artificial selection, which may enhance the expression of the
genes related to milk production of dairy buffaloes.

2.6. A Potential Causative Mutation of MC1R

There are 15 genes in the BBU18:14160001-14470000 region un-
der the selection (Figure 4a), including MC1R with the high-
est FST and iSAFE values (Table S11, Supporting Information).
This gene encodes the melanocortin receptor 1 to control mam-
malian coat color by regulating the formation of melanin.[40,41]

Haplotyping of this region shows that the dairy buffaloes are less
variable than the Egyptian buffaloes and Nepalese wild and do-
mestic buffaloes (Figure 4b), providing additional evidence for
strong selection acting on MC1R in the dairy buffaloes. There
are two missense mutations at g.14298,614G>A (p.Gly104Ser)
and g.14298,688G>T (p.Met128Ile) (Figure 4c). The ancestral al-
leles of these two mutations are highly conserved among mam-
mals (Figure 4c). Although the frequencies of derived alleles
of these two mutations are higher in the river buffaloes with

solid black coat color (ITA and SA), only g.14298,688T has a
low frequency in the non-black buffaloes (SA-NPL, EGY, WILD,
Surti, and Bhadawari) (Figure 4d). In an additional panel of 115
solid black and 31 non-black buffaloes, g.14298,688G>T is more
significantly associated with black color than g.14298,614G>A
(P = 2.27.10−15 for g.14298,688G>T and P = 1.17.10−9 for
g.14298,614G>A; Table S12, Supporting Information). These
combined results suggest g.14298,688G>T to be the most likely
causative mutation for the black coat color in the river buffaloes,
while g.14298,614G>A is a partially linked marker.

To elucidate the functional effects of these two mutations
on the MC1R protein, we performed in vitro assays in HEK
293T cells expressing the wild-type (WT) and derived alleles.
The cells expressing the g.14298,688T allele had a higher level
of constitutive cAMP accumulation than the cells expressing
the WT (g.14298,614G and g.14298,688G) and g.14298,614A
(P < 0.05) alleles before and after the stimulation by 𝛼-MSH
(Figure 4e). This result indicates that the gain-of-function mu-
tation of the g.14298,688T allele increases basal MC1R activity
via cAMP formation and elevated synthesis of eumelanin to con-
fer a solid black coat color in the river buffaloes (Figure 4f).[40,42]

The corresponding p.Gly104Ser replacement of g.14298,614G>A
is within the third transmembrane domain where melanism-
causing point mutations are also reported for other mammals,
including fox,[43] pig,[44] and sheep,[45] illustrating a convergent
evolution of melanism across a range of species.[46–49]
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Figure 4. The selection signal, protein structure, and causal mutation of the MC1R gene. a) The selected sweep, gene annotation, and haplotype structure
of genomic region around the MC1R gene. The selected sweeps are measured by the FST and 𝜃𝜋 estimates (𝜋Non-dairy/𝜋Dairy) per 50 kb window and the
iSAFE per site. The windows and SNPs within genomic region of the MC1R gene are highlighted in red. b) Haplotype structure based on the SNPs with
maximum FST values per 2 kb window and in 0.5 Mb flanking the MC1R gene. c) Amino acid sequence and transmembrane 𝛼-helices of MC1R. The two
missense variants identified in buffaloes and their homologies across mammalian species are highlighted in the top. The wild-type (WT) alleles are fixed
in the swamp buffaloes but segregated in both the wild and river buffaloes. d) Frequencies of the two missense variants in eight buffalo populations
and six Indian buffalo breeds. In the eight buffalo populations, the ITA, SA, and WA primarily consist of solid-black buffaloes, while the SA-LKA, SA-NPL,
WILD, EGY, and Swamp are predominantly non-black (wild-type) buffaloes. Among six Indian breeds, Banni, Jaffarabadi, Murrah, and Pandharpuri have
solid-black coat color, while Surti and Bhadawari have white marking at their knees. e) Signaling intensities measured by the luciferase activity of the WT
and mutants of the MC1R gene under base level and 𝛼-MSH stimulation (0.1 μM). Intracellular cAMP levels are measured with the luciferase reporter
gene assays. Luciferase activities (mean ± SEM) are expressed as the percentages of individual mutants against the WT. **: P < 0.01; ***: P < 0.001. f)
Photos of solid black (bottom) and wild-type (upper) buffaloes.

2.7. Differentiation of Linkage Disequilibrium (LD) in the Regions
around CSN2 and MC1R

In the region around CSN2, the LD levels are relatively low, but
many sites are fixed under the selection (Figure S18a, Support-
ing Information). This pattern is consistent with the high num-
ber of recombination events observed in the casein genes of other
dairy animals[50–52] and recently confirmed in the Mediterranean

buffaloes.[53] Conversely, high LD levels are observed in the re-
gion around MC1R (Figure S18b, Supporting Information). Fur-
thermore, the extended haplotypes around CSN2 are shorter and
more heterogeneous than those around MC1R (Figure S18, Sup-
porting Information). These contrasting patterns indicate that
these two genes may have experienced different selection modes.
The H2/H1 statistic, a haplotype-based method proposed to dif-
ferentiate hard and soft selective sweeps,[54] is higher around

Adv. Sci. 2025, 12, 2407615 2407615 (7 of 13) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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CSN2 than MC1R (Figure S19, Supporting Information), indi-
cating that the former exhibits greater haplotype diversity than
the latter. Therefore, we believe that the genomic pattern of the
region around CSN2 is shaped by a gradual, soft sweep, while the
pattern around MC1R is driven by a fast, hard sweep.

3. Discussion

In this study, we have intensively explored the genomic land-
scape of Asian water buffaloes of diverse origins and a near-
complete coverage of their global range. We present some novel
insights into the genetic differentiation and the rapid evolu-
tion of reproduction-related genes following divergent selections
between the river and swamp buffaloes. We find the selective
sweeps related to milk production and coat color genetics of the
highly selected dairy and uniquely color-coated river buffaloes.
These findings illustrate the impacts of artificial selection on the
diversification and specialization of morphology and productivity
of Asian water buffaloes.

Our newly sequenced 301 genomes contribute a substantial
number of novel genomic variants (e.g., 27% to 74% per genome)
to those reported by previous studies.[19–21] According to the pop-
ulation genetic structuring, we identify several populations with
distinct genetic backgrounds that are not captured in previous
whole-genome studies, including the wild water buffaloes in
Nepal and the domesticated buffaloes in Nepal, Egypt, and In-
donesia. Among the river buffaloes, we find some of the Nepalese
indigenous buffaloes (e.g., Lime and Parkote) to be closely re-
lated to the wild water buffaloes, suggesting these Nepalese buf-
faloes to be the most-ancient domesticated genetic entity. How-
ever, we cannot exclude the possibility of interspecific introgres-
sion from the wild water buffaloes distributed in Nepal and from
other unknown wild buffalo species. Furthermore, we discover
that the Egyptian buffaloes carry typical haplotypes of the casein
genes of the dairy buffaloes but their haplotypes of MC1R resem-
ble those of the wild water buffaloes, suggesting the artificial se-
lections for milk production and coat color traits to have been
undertaken at different times. Based on the migration history of
the river buffaloes, we speculate that the selection for milk pro-
duction traits was likely implemented first due to their economic
importance for buffalo stakeholders. The artificial selection and
breed improvement of the river buffaloes in general and of those
unique breeds/populations in particular require further inves-
tigation. Among the swamp buffaloes, populations from south-
western China and the Indochina Peninsula exhibit the highest
levels of polymorphisms, supporting the observation of an early
study[29] and thus suggesting this geographic region to be a cen-
ter for their domestication. However, the genetic introgression
from the river buffaloes into some of the swamp buffalo popu-
lations complicates the domestication process and migration of
the swamp buffaloes. Further in-depth analysis involving the wild
water buffaloes from this geographic region is needed. Addition-
ally, we find the strongest evidence of reciprocal gene flow be-
tween the two types of buffaloes with a historical sympatry in
Bangladesh, providing a valuable opportunity for us to investigate
the evolutionary divergence and subsequent genetic exchange be-
tween them.

By exploring the genomic differentiations between the dairy
and non-dairy buffaloes, we identify a unique selection signature

in the genomic region harboring the casein genes (e.g., CSN1S1,
CSN2, and CSN1S2). These genes are found to be significantly
associated with the lactation traits in mammals.[50,55–57] They are
located in one casein cluster in dairy cattle and show highly sig-
nificant associations with both protein and milk yields.[58] We de-
tect nine SNPs in the three genes, all of them with significant
ASE patterns in the mammary gland and two of them to be as-
sociated with the milk traits of the Mediterranean buffaloes.[59]

In particular, the mutation of g.32148,856A>G (p.Leu178Ser) in
CSN1S1 is associated with protein percentage,[59] whereas the
variant of g.32026,256T>C (p.Thr190Ala) in CSN1S2 is asso-
ciated with high palmitic acid content in buffalo milk.[60] Fur-
thermore, favorable genetic variants in the casein genes (e.g.,
CSN1S1 and CSN3) have been identified in buffaloes by inde-
pendent studies[19,53,57,61] and they are believed to have significant
economic impacts for dairy purposes.[53,62] As a result, the geno-
types at these loci are included in the sire selection of the Mediter-
ranean buffaloes (https://www.risbufala.it/?page_id = 58 841).
Given that the casein genes are tightly clustered[50] and likely reg-
ulated by cis-regulatory elements,[63] further investigation of their
regulatory variants will help to elucidate their biological functions
and then their application in future genetic improvement of do-
mestic buffaloes.

By constructing the single-cell transcriptomic maps of mam-
mary glands from dairy and non-dairy buffaloes, we discover that
the luminal cells are the key cell type, which is also reported in
humans.[64] The three casein genes are mainly expressed in the
luminal cells in both the dairy and non-dairy buffaloes; however,
the CSN2 and CSN1S1 genes show upregulated expressions in
the dairy buffaloes. Importantly, the luminal cells in the dairy
buffaloes show higher CytoTRACE scores than those in the non-
dairy buffaloes. A high CytoTRACE score represents the stem-
ness to be gradually decreased from the cells in the embryonic
glands to those in the adult glands.[65] This indicates that the dairy
buffaloes have a relatively high proportion of luminal progenitor
cells, which may enhance their milk production capacity through-
out the lactation period.[66,67]

Another notable selection signature in the dairy buffaloes is
found around the genomic region of MC1R. This gene plays
a central role in the regulation of eumelanin (black/brown)
and phaeomelanin (red/yellow) syntheses in mammalian
melanocytes responsible for the coat color switch.[41] We find
two missense variants (e.g., g.14298,614G>A (p.Gly104Ser) and
g.14298,688G>T (p.Met128Ile), of which the replacement of
p.Met128Ile is validated to be the potential causative mutation
because the gain-of-function variants are found to result in con-
stitutive activation of the MC1R receptor that upregulates the syn-
thesis of eumelanin and causes solid black color (melanism).[40,42]

Before our study, the true effect of this p.Met128Ile replacement
on pigmentation is unclear. A previous study claims that both
p.Gly104Ser and p.Met128Ile significantly impact the function
of MC1R based on an in silico functional analysis, while the river
buffalo allele of p.Gly104Ser is associated with the black coat
color.[68] In fact, the p.Gly104Ser is considered to be a natural mu-
tation without impact in humans,[69] whereas this p.Gly104Ser
replacement is species specific in affecting the basal activity of
MC1R in Sulawesi macaques alone.[70] Nevertheless, we have to
be aware that the amino acid replacements realized in all protein
compartments (intra- and extra-cellular loops and transmem-
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brane regions) are shown to affect the pigmentation.[69,71–73]

Based on our association analysis and functional validation,
we provide strong evidence for the p.Met128Ile replacement
to be the causative mutation responsible for the solid black
color in the river buffaloes. We propose that the switch from
the ancestral coat pattern to the solid black color in dairy buf-
faloes is due to the artificial selection force acting on the MC1R
gene.

In conclusion, domesticated Asian water buffaloes have
significant social-economic values for developing countries
in the tropical and subtropical zones. They are also unique
and promising animal genetic resources in the context of
global warming. Our findings based on the complete genomic
landscape of domestic river and swamp buffaloes illustrate
how the natural and artificial selections drive the evolution-
ary divergence and genetic differentiation in morphology
and productivity of the domesticated buffaloes. The genomic
resources generated in this study will definitely facilitate
their genetic improvement towards sustainability and high
efficiency.

4. Experimental Section
Sample Collection: It was sampled 446 buffaloes from 12 countries, in-

cluding 13 wild water buffaloes, 176 domesticated river buffaloes, and 257
domesticated swamp buffaloes. Of these, 79 river and 66 swamp buffaloes
were included in the previous studies.[74,75] In addition, it was downloaded
previously published genomes of 24 domesticated river buffaloes[76–79]

and one African buffalo (Syncerus caffer).[30] The final dataset included 470
Asian water buffaloes and one African buffalo (outgroup) (Table S1, Sup-
porting Information).

Both the river and swamp buffaloes were separated into sub-groups
according to their geographical distributions[29] (Figure 1). The river buf-
falo populations were divided into six groups: South Bangladesh (BGD-
S), South Asia (SA), Nepal (SA-NPL), West Asia (WA), Egypt (EGY),
and Italy (ITA). The swamp buffalo populations were separated into
eight groups: Northeast Bangladesh (BGD-NE), Southwestern most China
(CHN-SWM), Southwest China (CHN-SW), middle and upper reaches of
the Yangtze River in China (CHN-YR), Southeast China (CHN- SE), South
of Southeast Asia (SEA-S), North of Southeast Asia (SEA-N), and Indone-
sia (IDN).

Sequencing and Variant Calling: Genomic DNA was extracted from
blood hair follicles, or ear skin tissues. For each sample, paired-end li-
braries with insert size of 350 bp were constructed and sequenced us-
ing the Illumina HiSeq X Ten system (Illumina, San Diego, CA, USA).
All the sequencing reads were trimmed using the Quality-trim (https:
//bitbucket.org/arobinson/qualitytrim/src/master/) with parameters “-s -
a 20 -l 50 -N 3 -z 1” and then mapped to the river buffalo reference genome
(UOA_WB_1, GCF_0 031 21 395.1) using the BWA-MEM algorithm[80]

with the default parameters. For the mapped reads, after sorting using the
Samtools,[81] potential PCR duplicates were identified using the “MarkDu-
plicates” of the Picard v2.9.0 and local realignment around indels was per-
formed by the Genome Analysis Toolkit (GATK, version 3.7).[82] Then it
was called variants using the UnifiedGenotyper of the GATK. Finally, hard
filters were applied to the raw SNPs using the GATK program based on pre-
vious studies,[6,7,10,83] with the following parameters: QUAL < 30; Qual-
ByDepth (QD) < 2.0; RMSMappingQuality (MQ) < 40.0; MappingQual-
ityRankSumTest (MQRankSum) < −12.5; ReadPosRankSumTest (Read-
PosRankSum) < −8.0; and HaplotypeScore > 13.0.

After filtering, the remaining high-quality biallelic SNPs were annotated
by the SnpEff v5.0[84] with the database built based on the GTF files from
the river buffalo reference genome (UOA_WB_1, GCF_0 031 21 395.1).
The data used in the downstream analyses were filtered in order to remove

SNPs with missing genotype rates > 0.02 and minor allele frequencies <

0.01.
Population Differentiation and Genetic Structure: For PCA and Admix-

ture analysis, LD-based pruning using the PLINK v1.90[85] with “–indep
pairwise 50 10 0.2” option was performed. Next, the eigenvalues and
eigenvectors using the Genome-wide Complex Trait Analysis (GCTA) tool
v1.93.0 was estimated.[86] Admixture v1.3.0[87] was run by increasing the
assumed numbers of ancestral components of K from 2 to 8 (K= 6 was the
best model based on the cross-validation). For phylogenetic analysis, we
constructed a ML tree using the FastTree v2.1.[88] The BCFtools/RoH[89]

to estimate the number and length of the ROHs in each population after
excluding the ROHs < 100 kb was used.

For measuring the mutational load, the SnpEff to identify putative dele-
terious variants in three different categories was performed: loss of func-
tion variants (LoFSNPs), high-impact variants (hSNPs, including start
codon lost, stop codon lost, and stop codon gained, splice acceptor vari-
ant, and splice donor variant) and missense variants (misSNPs). It was
then calculated the ratio of the number of variants in these four categories
to the number of synSNPs per genomes to assess the genetic load of in-
dividual populations. We also calculated the relative number of derived
alleles Rxy, introduced by Xue et al.[90] and Do et al.,[91] to estimate the dif-
ference in frequency of the variants in all the four categories between the
Indonesian and mainland (including SEA-S, SEA-N, CHN-SWM, CHN-SW,
CHN-YR, CHN-SE) buffaloes. A random set of 615713 intergenic SNPs for
standardization was used, which made the Rxy robust against sampling ef-
fects and population sub-structuring, and estimated the variance in the Rxy
by running a Jackknife approach in blocks of 1000 from the set of sites in
each category of the variants.

Genomic Divergence Between the River and Swamp Buffaloes: The sam-
ples with inferred ancestral compositions ≥ 99.999% based on the Admix-
ture analysis at K = 2 were considered as pure ancestry (146 river and 205
swamp buffaloes) and used for genomic differentiation analysis.

For gene-based analysis, the FST to assess the level of differentiation for
each gene was initially employed. It was then utilized the HKA (Hudson-
Kreitman-Aguadé) test[92,93] to independently evaluate the level of selec-
tion acting upon each gene in the river and swamp buffaloes. To perform
the HKA test, it was calculated four values for the protein-coding genes an-
notated in the river buffalo genome: A) Number of polymorphic sites in the
river buffaloes; B) Number of polymorphic sites in the swamp buffaloes;
C) Number of fixed differences between the river buffalo and each of the
swamp and African buffaloes (e.g., 0/0 in the river buffaloes and 1/1 in the
swamp and African buffaloes); D) Number of fixed differences between the
swamp buffaloes and each of the river and African buffaloes (e.g., 0/0 in
the swamp buffaloes and 1/1 in the river and African buffaloes).

Then, for instance, the HKA test in the river buffaloes by comparing
the ratio of A to C for each gene to the ratio of A to C summed across
all genes analyzed (A/C[gene] = A/C[genome]) using the Fisher exact test
was performed. For the final set of putative positively selected genes, it
was retained those with a significant HKA test score (P< 0.05) in both the
river and swamp buffaloes.

For estimating the genomic differentiation between the river and
swamp buffaloes, FST values were measured using the VCFtools
v0.1.17.[94] The analysis was performed using a sliding window of 50 kb
with an increment of 20 kb. Windows with extremely high or low num-
bers of SNPs (MeanSNP ± 3× SDSNP) were excluded. All statistics were
Z-transformed and a window with FDR adjusted p-value of < 0.05 was re-
garded as a significantly different region. To further detect the direction of
selections, 𝜋river and 𝜋swamp were measured using the VCFtools with the
same sliding windows.

Detection of Positive Selection Signature in the River Buffaloes: To iden-
tify positive selection signatures in the river buffaloes selected for milk
production, the FST (target versus reference) and 𝜃𝜋 (𝜋reference/𝜋target) val-
ues using the VCFtools v0.1.17[94] in a sliding window of 50 kb length
with an increment of 20 kb was calculated, where the target and refer-
ence populations referred to intensively selected dairy buffaloes (n = 40,
from South Asia and Italy) and un-selected (n = 29, wild water buffaloes
and indigenous buffaloes in Nepal) buffaloes, respectively. Windows with
extremely high or low numbers of SNPs (MeanSNP ± 3× SDSNP) were
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excluded. The mean FST and 𝜃𝜋 values were Z-transformed to calculate
the P-value in each window. A window with FDR adjusted P-values of
< 0.05 in both statistics was regarded as a significant selection signal.
Genes within these significant genomic regions were annotated using the
ANNOVAR.[95] Gene Ontology (GO) enrichment was retrieved using the
clusterProfiler.[96]

The iSAFE (integrated Selection of Allele Favored by Evolution)[97] to
pinpoint the top signals and identify the key SNPs within the top re-
gion was used. The Haploview[98] to perform LD block analysis and the
REHH[99] to calculate the extended haplotype homozygosity was used.
It was applied two haplotype-based statistics, the H12 statistic and hap-
lotype homozygosity statistic (H2/H1)[54] to differentiate hard from soft
selective sweeps within the top region. These methods hypothesize that
the hard sweeps result in the fixation of a single haplotype close to the
target of selection, whereas the soft sweeps lead to multiple common
haplotypes.[100]

Construction of Gene Expression Atlas and Quantification of Allele Spe-
cific Expression: Gene expression in multiple tissues and lists of tissue-
specific expression genes were obtained from a multi-tissue gene expres-
sion atlas of water buffalo.[101] The same RNA-seq data generated above
were further genotyped using the GATK v4.1.5.0[82] following the pipeline
described in Liu et al. (2020).[102] Low quality SNPs were filtered using the
command “–filter-expression FS > 30.0, and QD < 2.0”. The ASE anal-
ysis was conducted using the ASEReadCounter with the commands “–
U ALLOW_N_CIGAR_READS -minDepth 10 -minMappingQuality 255 –
minBaseQuality 10”. SNPs were further filtered by the following criteria: at
least 30 reads cover a SNP, at least 5 reads per allele, and at least 1% of
all reads supporting a minor allele. A binominal P-value was calculated by
comparing to the expected ratio under the null hypothesis and multiple-
test correction was done with the Benjamini–Hochberg (BH) approach.
SNPs with FDR < 0.05 were considered as significant ASE.[103]

Single-Cell Transcriptome Sequencing and Data Analysis: The mammary
gland samples were collected from four adult female buffaloes (two river
and two swamp buffaloes) at early lactation. The DNBelab C Series Single-
Cell Library Prep Set (MGI) was used for single-cell RNA-seq library prepa-
ration. The sequencing libraries were quantified by the Qubit ssDNA As-
say Kit (Thermo Fisher Scientific) and sequenced by the DNBSEQ T7. The
DNBC4tools and Cell Ranger (10× Genomics) were used to analyze the
raw snRNA-seq dataset with default parameters and to generate the gene-
cell matrices. The Seurat package[104] was applied for further analyses.
Genes expressed in fewer than three cells and cells with featured RNA
number lower than 200 were discarded. Then, the “NormalizeData” (Log-
Normalize method, scale factor 10 000) function was performed to nor-
malize the data. The “FindVariableFeatures” (vst method, 2000 features)
function was performed to detect variable genes. The “RunPCA” (30 prin-
cipal components) function was applied for reducing dimensions. The
“FindNeighbors” (dims set 1:25) and “FindClusters” (resolution 0.6) func-
tions were used to construct the SNN graph and to cluster the cells. The
“RunTSNE” and “RunUMAP” functions were performed to visualize the
result with nonlinear dimensional reduction algorithms. The clusters were
classified and annotated according to the known functions and expres-
sion patterns of the genes enriched in each cluster.[105–107] To construct
a trajectory of the luminal cells, pseudo-time analysis was performed us-
ing the Monocle2.[108] The marker genes with adjusted P-value lower than
0.05 were selected as the developmental progress specific genes. The “re-
duceDimension” (DDR Tree method, max_components = 2) function was
used to reduce the dimensionality of the data into two components. The
“orderCells” function was used to order the cells in pseudo-time according
to the transcriptome correlation. The CytoTRACE package[109] was used to
determine developmental potential, which was further employed to deter-
mine the starting point of a differentiation trajectory.

Identification and Functional Validation of Causative Mutations in MC1R:
A genetic association test with the PLINK v1.90[85] using 115 solid black
and 31 non-black buffaloes was conducted. It was further integrated 62
genomes of six river buffalo breeds (Banni, Bhadawari, Jaffarabadi, Mur-
rah, Pandharpuri. and Surti) from a previous study[19] to analyze the
frequency spectrum of two missense mutations (g.14298,614G>A and
g.14298,688G>T) in these buffalo populations.

Finally, it was performed functional validation of the two mutations at
the cellular level. Levels of intracellular cAMP were quantified using the
Dual-luciferase Reporter assay system (Promega). Wild type (WT) and the
two mutants in the buffalo MC1R (bMC1R) cDNA were ligated into the
pcDNA3.1(+) vector. The forward amplification primer included a Kozak
(GCCACC) sequence 5′ to the start codon. The HEK293T cells were co-
transfected with 0.1 μg bMC1R plasmid, pGL4.29[luc2P/CRE/Hygro], and
pRL-TK vector at a ratio of 2:10:1 using the Lipofectamine 2000 (Invitro-
gen). After 4 h, the transfection mixture was replaced with growth medium.
After incubation over 24 h, the basal luciferase activity of bMC1R was
measured according to manufacturer’s instructions without stimulation
of the alpha-melanocyte stimulating hormone (𝛼MSH). Afterwards, the
cells were stimulated with 1 nM 𝛼MSH for 6 h at 37 °C and the luciferase
was measured again. The experiment was repeated in triplicate and the
mean and the standard error of mean (SEM) were calculated.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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