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Taurine cattle (Bos taurus taurus, abbreviated to 'taurine' hereaf-
ter) and zebu (Bos taurus indicus) are the most common large 
domesticated ungulates, and are both considered members of 

the same species (Bos taurus). Another three species from the Bos 
genus, gayal (Bos frontalis), banteng (Bos javanicus) and yak (Bos 
grunniens), have also been independently domesticated by humans. 
The gaur (Bos gaurus), American bison (Bison bison) and European 
bison, that is, wisent (Bison bonasus) are the only three extant Bos 
species that are not domesticated. Recent genome-sequencing data 
of taurine, zebu, gayal, wisent and yak have greatly improved our 
understanding of the evolution of these large ungulates and have 
helped elucidate the complex process of domestication and adapta-
tion in these species1–8.

However, many aspects of this complex genus remain the sub-
ject of considerable speculation. For example, the phylogenetic 
relationship among species within the Bos genus is controversial, 
and different studies have reported different topologies9–11. In par-
ticular, the phylogenetic position of gayal is still under debate. The 
gayal has been claimed to be either an independent species12,13 or 
a domestic form of gaur13, and it has been suggested to be a hybrid  
descending from crosses of wild gaur and domestic cattle14,15. 
Also, through human-mediated migration, taurine and zebu now 
occupy almost all areas of the world, and may, through intro-
gression, have helped facilitate domestication of regional species  

(for example, gayal, banteng and yak). Similarly, regional species 
(for example, gaur, gayal, banteng, yak, wisent and bison) may have 
contributed to the gene pool of domestic cattle and zebu thereby  
helping them to adapt to local environments. The degree to which 
introgression and admixture has been a driving force in the 
domestication and formation of this species complex is still an 
unanswered question.

Here, we use large-scale genomes to determine the phylogeny 
and evolutionary history of these species within the Bos genus and 
show that the threatened gayal is an independent species or subspe-
cies. We show that there has been pronounced introgression among 
different members of the Bos genus, and that it in many cases has 
involved genes of significant adaptive importance.

Results and discussion
Phylogenetic analysis. We generated five whole genomes for gayal, 
gaur, banteng, American bison and wisent at high depth (~20× ), 
and combined these data with three previously published high-
depth genomes from taurine, zebu and yak (Supplementary Table 1).  
We first used the high-depth whole genomes to estimate the long-
term trend in effective population size for these species using the 
pairwise sequentially Markovian coalescent (PSMC) model16 and 
found a dramatic decline in population sizes of all these extant 
species more than ~20,000–50,000 years ago, coinciding with the 
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time of last glacial period and the spread of modern humans across 
Eurasia and the Americas17 (Supplementary Fig. 1).

We next inferred a concatenated genome tree using neighbour-
joining and maximum-likelihood methods18 for the autosomes 
using the RAxML program18. The topology ((taurine, zebu), (((gaur, 
gayal), banteng), (bison, yak))), henceforth labelled Topology A, 
was both the neighbour-joining and maximum-likelihood topol-
ogy (Fig. 1 and Supplementary Fig. 2). We also performed ASTRAL 
analysis19 and MP-EST analysis20 using autosome sequences and 
found additional support for Topology A with high bootstrap sup-
port (Supplementary Fig. 3).

However, we also noticed that many segments of the genome 
supported alternative topologies (Supplementary Figs. 4–10). 
For example, the best-supported topology for the X chromo-
some was (((taurine, zebu), (gaur, gayal)), banteng), (bison, yak)) 
(Supplementary Figs. 2 and 3), henceforth labelled Topology B. 
We also used only protein-coding sequences to infer phylog-
eny by RAxML and MP-EST, and obtained different topologies 
depending on the choice of window size for the MP-EST analysis 
(Supplementary Figs. 2 and 11). Similar to previous studies3,21, the 
mitochondrial phylogeny was inconsistent with the nuclear DNA 
phylogeny (Supplementary Fig. 12), probably due to genetic intro-
gression or incomplete lineage sorting.

To further investigate these patterns, we split the genomes into 
100 kb non-overlapping windows, resulting in 25,127 and 1,489 win-
dows for the autosome and X chromosome, respectively, and esti-
mated maximum-likelihood trees for all windows separately18. The 
most common topology is Topology A; however, even this topol-
ogy is only found in 13.42% and 13.97% of the autosomal and X 
chromosomal segments, respectively (Supplementary Figs. 4 and 5).  
Similar results were found when using 1 Mb non-overlapping slid-
ing windows (Supplementary Figs. 6 and 7). The observation that 
the majority topology is so rare, despite the presence of plentiful 
phylogenetic signals, suggests that incomplete lineage sorting and/
or introgression is driving the phylogenetic pattern in these species.

We find that the tree-length on average is longer for Topology 
A than for Topology B (Supplementary Fig. 2e), an observation 
compatible with the hypothesis that Topology A reflects the major-
ity species tree (Fig. 1), but that other topologies, such as Topology 
B, occur, at least in part, due to introgression. To further elucidate 
whether introgression might help explain the observed topologi-
cal incongruence, we performed a series of ABBA-BABA tests, and 
indeed found evidence of pervasive introgression between different 
species (Supplementary Table 2).

We further inferred the divergence time by the coalescent hidden 
Markov model (CoalHMM)22 using autosome sequences, and found 
that gayal and gaur diverged ~994,000 years ago (Supplementary 
Figs. 13–15). Considering the relatively long divergence time, and 
that the karyotype of gayal is 2n =  58 (where n is the haploid num-
ber of chromosomes), while gaur is 2n =  56 (ref. 15), we argue that 
the gayal should be treated as a separate subspecies or even species, 
not a domestic form of gaur, and is probably domesticated from an 
extinct subspecies or species. These results will help facilitate future 
exploration of genetic diversity and evolution of gaur and gayal, 
which are distributed across southern East Asia and will, in particu-
lar, help focus the conservation efforts of gayal. One caveat is that 
the our estimates of divergence times tend to be lower than those 
previously reported in treetime (http://www.timetree.org/), which 
were from many studies inferred from molecular data or from the 
fossil record23. One possible explanation is a bias in our estimates 
due to our procedure of variant calling by mapping of sequencing 
reads of other species to the cattle reference genome. This proce-
dure could miss some variants in highly divergent regions. Another 
possible explanation is introgression, which also would attenuate 
the estimates of divergence times. De novo assembled genomes for 
each species could help distinguish between these explanations.

Analysis of genetic introgression. We next generated another 
98 genomes from 22 gayal from China, India and Bangladesh,  
59 taurine and zebu from India and China, 7 bali cattle domesti-
cated from banteng, 10 wisent, sequenced at an average of 5× , and 
combined with 39 previously published genomes from 6 yaks and 
33 European and Korean taurine (Supplementary Table 3) to inves-
tigate potential pattern and consequences of introgression. To esti-
mate the history and pattern of introgression in these species, we 
used TreeMix to estimate an admixture tree24. Introgression events 
were inferred from domestic cattle to bison and wisent (Fig. 1 and 
Supplementary Figs. 17 and 18), corroborating previous work25.  
In addition, genetic  introgression was also determined from zebu 
to gayal, and from zebu to bali cattle. These signals of genetic intro-
gression were supported by D-statistic analyses (ABBA-BABA 
tests)26,27 (Supplementary Table 4).

As admixture between wisent and European cattle has been 
investigated in previous studies2,25, we focus our analyses on intro-
gression between zebu and bali cattle and between zebu and gayal. 
We used the relative frequency of identical-by-descent (rIBD) sta-
tistic28 to infer regions of the introgression sliding window (win-
dow size, 20 kb; step size, 10 kb) of the genome. A positive rIBD 
value suggests potential introgression between zebu and gayal or 
bali cattle (Supplementary Figs. 19 and 20). We further estimated 
phylogenetic trees of all individuals for each genomic segment to 
corroborate the signal of genetic introgression, and found that the 
discordance rate is 0.38% and 18.8% using rIBD analysis to iden-
tify genetic introgression between zebu and gayal and between 
zebu and bali cattle, respectively (Supplementary Tables 5 and 6).  
The introgression segments validated by phylogenetic analysis 
contain in total ~32.42 Mb and ~25.61 Mb, with 451 and 328 pro-
tein-coding genes, between zebu and gayal and between zebu and 
bali cattle, respectively.

Categorization based on expression profiles also shows a 
similar enrichment in the nervous system and immune system 
(Supplementary Figs. 19 and 20). Gene-enrichment analysis iden-
tified some genes involved in immunity and the neural system, 
although different methods identified different enriched categories 
(Supplementary Tables 7 and 8).

We examined population differentiation between gayal and 
bali cattle for each introgressed region to evaluate whether there 
is any evidence of positive selection. We identified a few intro-
gression regions with elevated levels of population differentia-
tion (Supplementary Tables 5 and 6). Among the ten regions 
showing introgression from zebu to gayal and with a high level 
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Fig. 1 | Phylogenetic tree and genetic introgression of species in the Bos 
genus. Only introgressions reported in this study are highlighted.
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of  population differentiation (Supplementary Table 5), we note 
that one region (chromosome 5: 100300001–100770001) con-
tains a cluster of genes (CLEC1A, CLEC9A, CLEC1B, CLEC2A, 
KLRF2, CLEC12A and CLEC12B) encoding members of the 
C-type lectin/C-type lectin-like domain (CTL/CTLD) super-
family (Supplementary Fig. 21). The human orthologous region 
containing these genes is on the short arm of chromosome 12, 
includes CTL/CTLD genes expressed in natural killer, den-
dritic and endothelial cells, and plays an important role in the 
immune system29. It may suggest a possible role for immune- 

and defence-related adaptation, as also suggested by the enrich-
ment analyses.

The highest introgression peak between zebu and gayal contains 
only one gene, SYN3 (synapsin III) (Supplementary Fig. 19a), and a 
phylogenetic analysis supports genetic introgression of SYN3 from 
zebu to gayal (Supplementary Fig. 19c). The introgressed SYN3 shows 
a high level of population differentiation, compatible with positive 
selection in gayal (Supplementary Table 5). SYN3 is a member of the 
synapsin gene family, which are a family of neuron-specific synap-
tic vesicle-associated phosphoproteins that have been  implicated in 
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synaptogenesis and in the modulation of neurotransmitter release30. 
Syn3-knockout mice display perturbations in conditioned fear31. 
This makes it a particularly relevant domestication gene, as domes-
ticates manifest a reduced fear of humans32,33. Similarly, the region 
(chromosome 17: 74800001–74820001) showing introgression from 
zebu to bali cattle and potential positive selection in bali cattle with a 
high level of population differentiation contains SEPT5 and GP1BB 
(Supplementary Fig. 22). Sept5-knockout mice exhibit decreased 
anxiety-related behaviour34. Previous studies have reported that 
many genes involved in the nervous system have evolved under arti-
ficial selection, which has been tightly coupled to the behavioural 
shift of domestic animals compared with their wild progenitors35–38. 
The zebu has been domesticated for much longer than gayal and bali 
cattle and it is possible that introgression of neural genes from zebu to 
gayal and bali cattle, might have facilitated successful domestication 
of the latter. In support of this, a recent study5 reported that intro-
gression between domestic cattle and yak is significantly enriched in 
genes involved in brain development and function.

Genetic introgression between yak and Tibetan cattle. We next 
investigated the pattern of introgression between yak and Tibetan 
cattle using rIBD (Fig. 2a). The phylogenetic trees for each genomic 
segment were concordant with the inferences made using rIBD. In 
total, ~30.7 Mb, containing 541 protein-coding genes, exhibited sig-
nals of introgression between Tibetan cattle and yak (Supplementary 
Table 9). Noticeably, there are several large regions on chromo-
somes 18 and 28 with large rIBD values, exhibiting a very strong 
signal of introgression between yak and Tibetan cattle (Fig. 2a).  
Admixture signals in these regions were further supported by 

ABBA-BABA tests (Fig. 2b). We also used a third method, RFMix, 
for local-ancestry inference39, which provided additional support 
for introgression between Tibetan cattle and yak (Fig. 2b). Finally, 
we used a method from ref. 40 (see Methods) to exclude the pos-
sibility of incomplete lineage sorting of these long regions (P =  ~0). 
These regions displayed a high level of population differentiation 
between Tibetan cattle and zebu, but a lower level of population dif-
ferentiation between yak and Tibetan cattle (Fig. 2b,c), corroborat-
ing introgression from yak to Tibetan cattle.

We divided the two regions on chromosome 28 into different 
windows and calculated rIBD peaks and RFMix values for each of 
them (Fig. 2b). Phylogenetic analysis strongly supported the direc-
tion of introgression from yak to Tibetan cattle (Supplementary 
Figs. 23–26). In particular, the second window contains EGLN1, 
which is a gene in the hypoxia inducible factor (HIF) pathway and 
one of two key genes for hypoxia adaptation of Tibetan humans41,42. 
Network construction of EGLN1 haplotypes supported introgres-
sion from yak to Tibetan cattle (Fig. 3a). We further examined the 
phenotypic consequence of introgression of EGLN1, and found that 
the Tibetan cattle carrying yak-like EGLN1 haplotypes exhibited on 
average substantially lower haemoglobin concentrations and red 
blood cell counts than other Tibetan cattle (Fig. 3b). This pattern is 
consistent with that observed for EPAS1 in Tibetan humans, which 
favours attenuation of the induced maladaptive phenotypic changes 
in response to hypoxia, such as elevated haemoglobin concentration 
(polychythemia)42,43.

The other strong candidate region is ~10 Mb long and is located 
on chromosome 18 (46125199–56073102). It harbours a significantly  
elevated D value and signals of introgression using RFMix, and 
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exhibited a high level of population differentiation between Tibetan 
cattle and zebu, but a lower level of population differentiation 
between yak and Tibetan cattle (Fig. 2c). Phylogenetic analysis of 
the haplotypes also strongly supports that the direction of intro-
gression is from yak to Tibetan cattle (Supplementary Fig. 27). 
Remarkably, the introgressed haplotypes contain two genes in the 
HIF pathway: EGLN2 and HIF3a. Yak are thought to have inhabited 
the Tibetan Plateau for million of years and have numerous adap-
tations to high altitude, such as substantially enlarged lungs and 
hearts. In contrast, domestic taurine were introduced to the Tibetan 
Plateau by humans only a few thousand years ago44. Taurine may not 
have been well adapted to the extreme environment when initially 
brought to the Tibetan Plateau, and still usually suffers from severe 
pulmonary hypertension when reared there. Our results show 
that taurine received some of the central HIF pathway genes by  
introgression from the yak. This pattern mimics that observed in 
humans where the crucial EPAS1 haplotype was introgressed from 
Denisovans to Tibetans40, and the pattern in dogs where intro-
gression occurred from the Tibetan wolf to the Tibetan mastiff45. 
Remarkably, in all these three cases of humans or human-domes-
ticated animals, a crucial step in the adaptation to high altitude 
appears to be introgression from related species that already are 
adapted to the local environment.

We also investigated whether domestic yak received alleles 
from domesticated cattle as part of their domestication process. 
We identified 5.54 Mb containing 89 protein-coding genes intro-
gressed from domestic cattle to yak, which included the two 
regions reported by ref. 5 to be introgressed in the homozygous 
state in the yak reference genome (Supplementary Figs. 28 and 
29). Interestingly, we also identified introgression of alleles in 
the microphthalmia-associated transcription factor gene (MITF; 
Supplementary Fig. 30). MITF is the master regulator of mela-
nocytes, playing a key role in their development, differentiation, 
function and survival, and pigment synthesis46. MITF targets many 
pigment genes, such as tyrosinase (TYR), dopachrome tautomer-
ase (DCT, also known as tyrosinase-related protein 2, or TYRP2) 
and tyrosinase-related protein 1 (TYRP1)46. Previous studies have 
shown that the genes under strongest selection during domestica-
tion in cattle are genes associated with coat colouration, and that 
one of the genes most strongly targeted by domestication selection 
is MITF47–49. Presumably yak have been under similar domestica-
tion selection to cattle involving coat colour, facilitating the adap-
tive introgression of the MITF alleles.

conclusions
Using whole-genome sequencing, we have clarified the phyloge-
netic relationship among extant species in the Bos genus. However, 
we discovered that the Bos genus is a species complex with exten-
sive introgression among species. Also, this introgression is likely 
to have adaptive significance, as best illustrated by the introgres-
sion of EGLN1 alleles from yak to cattle that lowers the haemo-
globin and red blood cell concentration, an adaptive response 
to hypoxia-induced polychythemia seen in many other species 
including humans. Together with other recent studies showing evi-
dence of adaptive introgression in many species including canids 
and humans, our results suggest that these species do not evolve 
in genetic isolation, but that introgression from other species is a 
very important source of new genetic variation when adapting to 
a new environment. The Bos genus is a genetically connected spe-
cies complex where introgression has helped facilitate adaptation in 
connection with both domestication and environmental changes. 
This changing view of the basic properties of species has profound 
implications for animal breeders and conservation biologists alike. 
Introgression and admixture has previously been considered a det-
rimental process to avoid. We now know that it is an important 
natural process of significant importance for adaptation.

Methods
Samples for genome sequencing. Animal sampling was carried out in accordance 
with the animal experimentation guidelines and regulations of the Kunming 
Institute of Zoology, and was approved by the Institutional Animal Care and 
Use Committee of the Kunming Institute of Zoology. The cell line of one gayal 
individual kept in Kunming Cell Bank of Kunming Institute of Zoology was chosen 
for high-depth genome sequencing, as its karyotype was validated to contain 
58 chromosomes. Blood samples of another 22 gayal individuals were collected 
from the Gaoligong mountain region in Yunnan province in China, and India 
and Bengal. One gaur individual used for genome sequencing was collected from 
Xishuangbanna, Yunnan, and its species status were validated by morphology and 
mitochondrial DNA sequence. Blood samples of 8 bali cattle were from Indonesia. 
The above samples were from the Animal Branch of the Germplasm Bank of Wild 
Species (GBOWS), Chinese Academy of Sciences. One American bison individual 
was sampled from Beijing Zoo. Blood samples of Chinese yellow cattle were 
collected from different original birthplaces in China. The bloods of the Tibetan 
cattle used for whole-genome sequencing were collected from Gongbogyamda 
region in Tibet and haematologic parameters were measured using a BC-2800Vet 
Auto Hematology Analyzer (Mindray).

DNA was extracted from all samples using standard phenol–chloroform 
extraction protocol. The analysed 11 wisent individuals were culled in the Knyszyn 
Forest, northeastern Poland according to the Ministry of Environment permission. 
Genomic DNA was extracted from soft tissues using the DNeasy Blood and 
Tissue Kit (Qiagen) according to the manufacturer's protocols. Using the Illumina 
standard protocol, genomic libraries with insert size ~400 bp were constructed, and 
sequenced by Hiseq2000 or Hiseq2500.

Reads mapping and variants calling. Sequencing reads were examined and 
filtered by the Btrim program50. All passed quality-filtered reads were aligned to 
the Bos taurus reference genome assembly UMD3.1 using the MEM algorithm 
of Burrows-Wheeler Aligner (version 0.7.10)51. After sorting reads, marking 
duplicate reads and local realignment around indels, variants were called 
using the UnifiedGenotyper of the Genome Analysis Toolkit (GATK, version 
3.2.2)52. Finally, the hard filters were applied to the raw single nucleotide 
polymorphisms (SNPs) using the GATK program according to the criteria as 
follows: QUAL <  30; QualByDepth (QD) <  2.0; RMSMappingQuality (MQ) <  40.0; 
MappingQualityRankSumTest (MQRankSum) <  − 12.5; ReadPosRankSumTest 
(ReadPosRankSum) <  − 8.0; HaplotypeScore >  13.0.

Phylogenetic inference. Phylogenetic relationships of the nine species was 
inferred by the maximum-likelihood method implemented in the ExaML 
program (v8.1.17) with 100 bootstraps18. We first used variants within coding 
sequences (CDSs) at the autosome and X chromosome. The protein-coding 
gene annotation information was downloaded from the University of California, 
Santa Cruz Genome Browser (http://genome.ucsc.edu/, bosTau6, UMD_3.1). 
After removing CDSs not with lengths of multiples of 3, we obtained 19,111 
and 831 CDSs for the autosome and X chromosome, respectively. Initial trees 
for the optimization were initially constructed using both Parimonator (v1.0.2) 
and the GTRCAT model in RAxML18. Phylogenetic inference was then carried 
out using the GAMMA model implemented in RAxML, and partitioned by 
the first two codon positions and third codon position for each CDS region. 
In addition, we obtained 100 bootstrap trees randomly generated by RAxML 
for each CDS. MP-EST software20 was also used for phylogenetic analysis. To 
examine discordant coalescent histories among different genomic segments, we 
split the whole genomes into 100 kb non-overlapping windows and estimated 
maximum-likelihood trees in RAxML using the GTRGAMMA model. Windows 
containing > 50% missing bases in total or any individuals with > 40% missing 
data were removed from this analysis. After filtering, 25,127 and 1,489 windows 
remained for 100 kb segments on the autosomes and X chromosome, respectively, 
while 2,529 and 149 windows remained for 1 Mb segments. Numeration of trees 
and branch-length statistics were done using the ape (analyses of phylogenetics 
and evolution) package53. Finally, we summarized the window-based trees into 
a coalescent-based consensus species tree using ASTRAL (v4.11.2). The node 
support values were calculated from 1,000 resampling of window-based trees 
using the option ‘--gene-only –r 1000’ in ASTRAL19.

Inference of divergence time. IM-CoalHMM, a coalescent hidden Markov model, 
was performed to estimate the effective population sizes and divergence times 
with gene flow among the bovine species54,55. The IM-CoalHMM implemented 
two models: an isolation model and an isolation with migration model. The 
IM-CoalHMM utilizes the genome alignments of two species to calculate the 
speciation time, average recombination rate and the ancestral effective population 
size with or without considering gene flow. We made use of the multi-alignment 
from the above phylogenetic analysis, randomly chose alleles for each heterozygotic 
site to get haploid genomes and split them to ~1 Mb segments to perform the 
models independently. We discarded the windows with more than 10% missing 
rate or results where (1) the recombination rate was below 0.1 cM Mb−1 or above 
10 cM Mb−1, (2) the ancestral effective population size below 5,000 or above 
1,000,000 or (3) the split time was below 5,000 years or above 10 million years.
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Demographic history. We inferred the demographic history of nine species using 
the PSMC16 method (https://github.com/lh3/psmc) based on the high-coverage 
genomes. The parameter setting and running procedure followed the best practice 
from the PSMC website. The bovine generation time (g) =  5–7 years and neutral 
mutation rate per generation (µ) =  2.2 ×  10−9 per base pair per year were based on 
a previous report56. We performed 100 bootstrapping simulations to estimate the 
variance of population size fluctuation. X chromosome data were excluded from 
the PSMC analyses due to different effective population sizes of autosomes and the 
X chromosome.

Detection of genetic introgression. To infer migration events among the nine 
species, we used TREEMIX v1.12 (ref. 24) to construct a maximum-likelihood 
tree. In this analysis, some species only have one sample; therefore, the ‘-noss’ 
option was added to turn off sample size correction. We grouped together 1,000 
SNPs to account for linkage disequilibrium, and set yak as root. After building the 
maximum-likelihood tree, we respectively allowed 1–5 migration events in the tree 
to draw the maximum-likelihood graph and corresponding residuals. Blocks with 
5,000 SNPs were applied to estimate the standard errors.

A windows-based Patterson's D statistic (also called four-taxon ABBA-BABA 
test, D(P1,P2,P3,Outgroup)) with 50-kb-length non-overlapping windows  
was performed using the scripts from http://datadryad.org/resource/
doi:10.5061/dryad.j1rm6.

To further examine for the genomic regions of potential introgression of three 
panels, (1) yak and Tibetan cattle, (2) zebu and gayal, (3) zebu and Bali cattle, we 
calculated the frequency of shared identical-by-descent (IBD) using the method 
described in a previous study28. First, all individuals were used to infer the IBD 
chunks using Beagle's IBD detection algorithm57. Second, the IBD chunks between 
two individuals in presupposed donator and recipient population (that is, yak 
and Tibetan cattle, gayal and zebu, Bali cattle and zebu) or populations with more 
closed relationship in species tree (for example, Tibetan cattle and zebu, zebu and 
taurine) was extracted to count the frequency of shared IBD with a window size 
of 20 kb and a step size of 10 kb. Finally, the relative frequency of IBD (rIBD) was 
calculated by subtracting the two frequencies of the donator–recipient group and 
the closely related group. The windows with positive values of rIBD are potential 
introgressive regions. For more credibility, we only focused on the windows with 
top 0.01 rIBD values. We then applied a robust local-ancestry inference (RFMix58) 
to these three panels to screen for the potential sharing haplotype between  
donator and recipient. Furthermore, to validate the introgression, we calculated a 
window-based Patterson's D statistic on the three panels using buffalo as outgroup 
and Weir and Cockerham's pairwise FST (fixation index) between two populations 
using Vcftools59.

To detect the direction of introgression between zebu and gayal, between zebu 
and bali cattle and between yak and Tibetan cattle, windows with significant rIBD 
values were merged within 1 Mb. Finally, a total of 260, 345 and 83 segmentations 
were obtained, respectively, and the neighbour-joining tree from the phased 
haplotype data for each segmentation was constructed using MEGA 6.0 (ref. 60). 
By manually checking each tree, we could identify the direction of introgression 
of all segmentations (Supplementary Table 6). The introgression direction of each 
window with significant rIBD values is defined as the introgression direction of the 
segmentation the window locates.

Probability of incomplete lineage sorting. We calculated the probability of 
incomplete ancestral lineage sorting generating the introgressed haplotype 
according to the method in ref. 40. Details of the method can be found in the 
primary paper40. Briefly, let k be the introgressed haplotype length, r be the 
recombination rate per generation per bp and t be the length of the two species' 
branch since divergence. The expected length of a shared ancestral sequence is 
L =  1/(r ×  t). The probability of a length of at least k is 1-GammaCDF(k, shape =  2, 
r =  1/L), where GammaCDF is the Gamma distribution function.

Functional annotation of genes. Expression analysis of genes has been described 
in a previous study36. Briefly, human gene expression data (Human U133A Gene 
Atlas) in 84 tissues or cells were downloaded from BioGPS (http://biogps.org)  
with GEO code GSE1133. The expressions of genes in cattle were retrieved from 
human expression data according to their Human Genome Organisation (HUGO) 
Gene Nomenclature Committee (HGNC) gene symbol. Gene-enrichment  
analyses were performed using different methods including g:profiler61, DAVID62 
and GOrilla63.

Reporting summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. All the sequences have been deposited in the Sequence 
Read Archive (https://www.ncbi.nlm.nih.gov/sra) with the accession codes 
PRJNA396672, PRJNA427536 and PRJNA422979.
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