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Abstract

The Dzo, a hybrid between the domestic Yak and cattle found on the Qinghai-Tibetan plateau are commercially important owing to increased
meatand milk production, as well as their adaptation to extremely high-altitude environments. To better understand the genomic architecture
and adaptive capabilities of this unique domesticated hybrid, we performed whole genome resequencing and compared the genomic
architecture and variation of the Dzo to its progenitors: the cattle and Yak. In total, 33.17 M single nucleotide variations (SNVs) were detected
between the Dzo and cattle reference genomes. Even though the Dzo is known to be sterile, no genetic signatures associated with sterility
were found on the Dzo Y chromosome. On the contrary, our results suggest that the autosomal DMCT locus (Chromosome 5. 110729098.
C>CT) plays a role in the sterility of Dzo, which warrants further exploration of its functions. We integrated the whole genome resequencing
data of cattle and Yak to obtain candidate genes with a high degree of variation that might be associated with altitudinal adaptation. We
found that the EPAST gene, which encodes hypoxia-inducible factor 2a, exhibited significant variation (Chromosome 11.28664187 C>T)
between Yak and cattle, and may play a key role in the genetic basis of altitudinal adaptation. In addition, in analyzing differences between
the Dzo, Yak, and cattle genomes, we uncovered several additional genomic signatures relevant to high altitude adaptation and meat
and milk production. These findings underscore the need for further studies to improve ruminant stock for sustainable agriculture on the
Qinghai-Tibet plateau..

Keywords: Dzo: Genome sequencing, Dzo, Altitude adaptation, Sterility, Milk and meat production

Dzo Sigirlarinda Tum Genom Sekanslamasi: Yiiksek Rakima Adaptasyon,
Sterilite ile Siit ve Et Verimine Etkisi

Oz

Evcil Yak ile Qinghai-Tibet platosunda bulunan sigirin bir hibriti olan Dzo artmis et ve sit Gretimi ile birlikte ayni zamanda oldukga yliksek
rakimli bolgelere adaptasyonu nedeni ile ticari olarak dGnem arz etmektedir. Bu 6zgiin evcil hibritin genomik yapisini ve uyum kapasitelerini
daha iyi anlamak amaciyla tim genom sekanslamasi yapilarak genomik yapisi ve varyasyonlar Dzonun progenitorleri olan sigir ve Yak ile
karsilastirildi. Dzo ile sigir referans genomlari arasinda toplam 33.17 M tek nukleotid varyasyonu belirlendi. Dzo steril olarak bilinmesine
ragmen Dzo Y kromozomunda sterilite ile ilgili hi¢ bir genetik isarete rastlanmadi. Aksine, elde edilen bulgular otozomal DMCT lokusunun
(Kromozom 5. 110729098. C>CT) Dzonun sterilitesinde rol oynadigina isaret etmekte ve bu nedenle de daha ileri arastirilmalarin yapilmasi
gerekmektedir. Yiiksek rakima adaptasyon ile iliskili ytiksek oranda varyasyona sahip genlerin arastirilmasi amaciyla sigir ve Yakin tim genom
sekanslama verilerinin entegrasyonu gerceklestirildi. Hipoksi ile indtklenebilir faktor 2a’yi kodlayan EPAST geni Yak ve sigir arasinda ytiksek
varyasyon (Kromozom 11.28664187 C>T) gostermekteydi ve bu nedenle yiiksek rakima adaptasyonun genetik temelinde rol oynayabilecegi
dustnlldu. Ayrica, Dzo, Yak ve sigir genomlari arasindaki farkhliklar analiz edildiginde, ylksek rakima adaptasyon ile birlikte et ve siit
Uiretimine etki eden bazi ilave genomik isaretlere rastlandi. Bu bulgular Qinghai-Tibet platosunda daha ileri ve devam ettirilebilir ruminant
yetistiriciligi icin daha fazla ¢alismalara ihtiya¢ oldugunu gostermektedir.

Anahtar sézciikler: Dzo: Genom sekanslama, Dzo, Yiiksek rakim adaptasyonu, Sterilite, Siit ve et liretimi
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INTRODUCTION

The Yak (Bos grunniens) inhabits the Qinghai-Tibetan
plateau of China and the adjacent highland regions of
Central and East Asia, at altitudes of 2000-5500 m. These
animals possess numerous anatomical features and
physiological traits that facilitate life at high altitudes,
including enlarged lungs and hearts, and the lack of
hypoxic pulmonary vasoconstriction. In addition, these
animals are efficient foragers in the extreme environment
that characterizes livestock production in this challenging
landscape. Currently, more than 14 million domestic
Yak provide meat, milk, transportation, dung for fuel,
and hides for Tibetans and other nomadic pastoralists
living in Central Asia, while approximately 15.000 wild
Yak also inhabit this region. In addition, the Yak of the
Qinghai-Tibetan plateau exhibits high degree of genetic
and phenotypic diversity, where this diversification has
driven their development as a genetic resource, including
the formation of various locally-adapted phenotypes
and hybrid forms. In regions of mixed pastoralism and
agriculture at lower altitudes in Central Asia, the deliberate
hybridization of Yak and cattle is now widespread ", where
the Dzo (Bos taurus x Bos grunniens)-the first-generation
male hybrid of male cattle and female Yak-has become
an economically important resource. The Dzo adapts well
to local environmental conditions and retains important
production characteristics from both parental species:
the ability to adapt to a harsh environment from the Yak
and increased productivity from cattle. As a result, the Dzo
exhibits higher productivity than the Yak in terms of both
milk and meat yields 2%, yet possesses better physiological
adaptation to high altitude environments than cattle.

However, although these F, interspecies hybrids exhibit
clear production advantages, male hybrids are sterile, and
thus phenotypic quality and genetic variation in the Dzo
is currently a result of parental genotypic combinations
and their segregation patterns alone . In recent years,
although a number of studies have been carried out to
investigate the sterility of the Dzo-such as studies involving
breeding, cytogenetics, tissue morphology, endocrinology,
biochemistry, and molecular biology-the underlying
mechanisms of male sterility remain unclear, despite the
potential importance of solving this problem for future
agricultural development. Furthermore, understanding
the genetic architecture of cattle, Yak, and Dzo from a
genomic standpoint could provide important insights
into understanding the quantitative trait loci involved in
the survival and performance of hybrids, as well as the
interactions between genes and pathways that allow
hybrids to maintain high levels of productivity in the face
of multiple environmental challenges 4.

In the present study, we sequenced the genomes of both
the Dzo and wild Yak and compared these sequences to
previously published domestic Yak genome data and

bovine single nucleotide polymorphism (SNP) data from
the 1.000 bull genomes project 72, Thus, the objectives of
this investigation were to 1) improve our understanding of
the mechanisms of adaptation to the plateau environment
in the Yak, and 2) to analyze how loci associated with
adaptation to this extreme environment are configured
in the Dzo, with the goal of elucidating both the basis of
trait differences (milk and meat production) in cattle, Yak,
and Dzo, and mechanisms of male sterility in the Dzo. As
a result, by characterizing the genetic architecture of the
Dzo, we have highlighted genetic differences between
these regionally important livestock and have begun to
explore roles of these differences in local adaptation, and
their importance for genetic resource management.

MATERIAL and METHODS

Ethics Statement: Methods of animal care and use were
approved by the Institution of Animal Care and Use
Committee of Southwest Minzu University and Qinghai
University.

Samples, Sequencing, and Library Construction: All Dzo
and Yak used in the present study were selected at the
age of three from a slaughterhouse in Tongde County
(100°63'E; 35°24'N) and the Datong Yak breeding farm
(101°67'E; 36°92'N), both in Qinghai province, China. After
injecting Dzo with 2 x 10 mL xylazine hydrochloride per
kg body weight, Dzo were slaughtered and pooled Dzo
(PI) samples of testicular tissue from six F1 individuals
were obtained. Wild Yak (YA) blood was taken from the
jugular veins of six males, and DNA subsequently isolated
using the Aidlab Genomic DNA Extraction Kit (Aidlab
Biotechnologies Co., Ltd, Beijing, China). For the purposes
of the present study, Yak was considered to be wild based
on the following taxonomic characters: long hair and large
skeleton. Genomic DNA was extracted (TaKaRa, Dalian,
China) for library construction, and Illumina paired-end
sequencing libraries (insert sizes of 500 bp) were constructed
according to the manufacturer’s instructions (Illumina, San
Diego, California, USA). Sequencing was performed on an
Illumina HiSeq 2000 (carried out at BGI, Shenzhen, China).
In addition, sequence data from three wild Yak (W1, W2,
and W3 from Hoh Xil National Nature Reserve) and three
domestic Yaks (D1, D2, and D3, collected from Gansu,
Sichuan, and Tibet, respectively) were downloaded from
the Bos grunniens Genome sequencing BioProject (NCBI
Accession No.: PRINA217895) for comparative analyses.

ReadFiltering and Alignment: Raw sequencing reads from
a total of eight samples (six Yaks from NCBI and two pooled
samples from the present study) were filtered on the basis
of chastity score, and trimmed on the basis of quality
score, using Fast QC (v0.10.1) and Trimmomatic (v0.32) 19
in four steps: 1) removal of adapters; 2) removal of bases
from the start or end of a read, if the quality threshold fell
below 3; 3) scanning the read with a 4-base pair sliding
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window, and removal when the average Phred quality per
base fell below 15; and 4) removal of reads shorter than 50
bases oraverage Phred quality below 20 for the whole read.
Cleanreadswere mapped tothe B. taurus reference genome
(assembly UMD3.1) " using BWA (0.7.10-r789) ' using the
BWA-MEM algorithm. Detailed parameters were as follows:
java-jar trimmomatic-0.32.jar PE ILLUMINACLIP: TruSeq3-
PE. fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:
4:15 MINLEN:50./bwa mem -t 4 -k 32 -M.

Variant Identification and Annotation: After sequences
were aligned, files were converted to BAM format using
SAMtools (v1.0) 3. BAM files were sorted, and duplicate
reads were filtered using Picard. Single nucleotide variations
(SNVs) and the detection of insertions or deletions
(INDELs) were performed using the Genome Analysis
Toolkit (GATK, version 2.4-9) 46 SNVs data were down-
loaded from the 1000 bull genomes project 7 (http://
www.1000bullgenomes.com/doco/all_snps_annotated
_2013_04_25.tab.gz). Structural variants (SVs) with a
confidence score > 40 (Phred quality score) in the YA and
Pl genomes were detected using Breakdancer (v1.1) I'7,
The annotation of SNVs, INDELs, and SVs were conducted
using an in-house perl script. Sequence alignments were
constructed between proteins that were altered by missense
SNVs and proteins encoded by orthologous genes and were
scored using the SIFT algorithm to predict the functional
impact of protein substitutions '8, A’ Y chromosome from
cattle (B. taurus) was downloaded from NCBI (GenBank
No.: CM001061) as a reference sequence. Clean reads
were mapped to the Y chromosome reference sequence
using BWA (0.7.10-r789) with a BWA-MEM algorithm. The
identification of variation and steps for annotation were
performed as previously mentioned.

Population Structure: We constructed a phenetic tree
using all SNVs with genetic distance matrices between
individuals. A neighbor-joining algorithm was used in
TreeBeST (https://github.com/Ensembl/treebest) with un-
corrected p-distances and bootstrapping (1.000). MEGA5 ™
was used to visualize the tree, and FRAPPE (v1.1) 2% was
utilized to infer population structure and ancestry. This
analysis was based on 33 M SNVs, and no prior information
regarding ancestry was assumed. We ran 10.000 iterations
on a pre-defined number of clusters (K; 2-7).

RESULTS

We obtained a total of 230.43 Gb of data from the pooled
genome sequences of eight samples, including the Dzo
(PI) and wild Yak (YA) collected for this study. The Pl and
YA samples were sequenced to a depth of approximately
24X and 26X respectively, while the other six Yaks were
sequenced to a depth of 6X. In total, 33.17 M single
nucleotide variations (SNVs) were identified between the
genome sequences of the eight samples and the cattle
reference genome (UMD3.1), while 238,188 SNVs were
found in coding sequence (CDS) regions, where 99.409
non-synonymous SNVs were annotated. In addition,
13.04 M SNVs were observed in the seven Yak genome
sequences, and 30.95 M SNVs were found when comparing
the seven Yak genomes to the bovine reference genome.
When comparing the Yak data to the 1.000 bull SNP data
(26.72 M), we detected 7.58 M SNV sites, where 221.42 K
sites exhibited different allelic types (2.92%). As expected,
a very high percentage (91.23%) of the 27.50 M SNVs were
heterozygous in the Dzo when compared to the bovine
reference genome, while 27.63% of the 27.61M SNVs
were heterozygous between the YA and bovine reference
genome. Furthermore, 3.57 M insertions and deletions
(INDELs) were detected between the bovine reference
genome and the eight samples (Pl, YA, and the six Yak
sequences from NCBI [W1, W2, and W3; and D1, D2, and
D3]), 7.323 of which were in CDS regions. In total, 58.514
structural variants (SV) were detected in comparison Pland
the reference genome, while 73.221 SVs were identified
between the YA and the reference genome.

As shown in Fig. 1A, the neighbor-joining tree demonstrated
that the Dzo (PI) is positioned between the cattle and the
Yak. For Bayesian clustering, when K = 2, the cattle and
Yak were identified as separate clusters (Fig 1B); however,
when K = 3, the domestic and wild Yak cluster was divided
into two groups. Interestingly, the wild Yak (YA) sample in
this study featured approximately 24% of the domestic Yak
genomic proportions, although the observed phenotypes
of domestic Yak could not be distinguished from those of
typical wild Yak. For the three wild Yak sequenced from the
Hoh Xil National Nature Reserve, no genomic signals of
the domestic Yak could be detected. The finding that there

A

Fig 1. Neighbor-joining tree and
population structure for Yak and

Ref

for Yak and Dzo; (B)The population Pl

Dzo. (A) The neighbor-joining tree I—
structures for Yak and Dzo. Ref:
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Cattle; Pl: Dzo; YA: wild yak; W1 to
W3 and D1 to D3: The three wild Yaks
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Table 1. Alignment results of nine X-degradation genes of Y chromosomes between Pl and cattle

Gene ID Gene Start Gene End Gene Covered Base Gene Depth Exon Depth
EIFTAY 2678121 2664668 13450 46.56 11.35
OFD1Y 2760114 2824003 63890 313.92 N/A

USP9Y 2907549 3033182 125615 209.99 15.38
ZRSR2Y 3112384 3172379 59968 543.71 18.91
uty 3224590 3409324 184678 233.05 11.86
DDX3Y 3458510 3468728 10219 33.19 17.31
ZFY 3727723 3748502 20780 125.14 23.55

EIF253Y 3815112 3862568 47444 235.17 32.32

SRY 42225210 42225899 690 11.04 11.04

N/A represents no exon information for OFD1Y in NCBI

was a substantial degree of overlap between the genomic
sequences of the supposedly wild Yak (YA) sequenced
in the present study and the accessed domestic Yak
sequences indicates that the wild Yak used in the present
study were likely wild/domestic Yak hybrids.

Although the bovine genome project included the Y
chromosome, resequencing data for the Y chromosome
has largely been ignored owing to its abundance of
repetitive and palindromic sequences. In this study, we
mapped the sequence data from Pl and YA to the cattle
Y chromosome (GenBank No.: CM001061). Based on this
alignment, we inferred that domestic Yak D1 and D2 are
females, which was not elucidated in the original study ©
owing to the lack of alignments involving the key sex
determination (SRY) gene used in determining the sex of
most mammals. The alignment performed in the present
study also highlighted the abundance of repetitive
sequences on the Y chromosomes, especially at the
telomeres (Fig. 2), where at the ends of the Y chromosome,
genes mainly originate via X chromosomal degradation 2%,
The SPY gene is important in sex determination, while the

highly repetitive sequences around these single copy genes
may provide protection against degradation %", The
average sequencing depth of the nine single copy genes
analyzed in Pl and YA in the present study (Eukaryotic
translation initiation factor 1A Y-linked (EIFTAY) gene,
the Y-linked oral-facial-digital, type 1 (OFD1Y) gene, the
ubiquitin-specific protease 9,Y chromosome (USP9Y) gene,
the RNA-binding motif and serine/arginine rich 2 (ZRSR2Y)
gene, the ubiquitously transcribed tetratricopeptide repeat
gene onY chromosome (UTY) gene, the DEAD box helicase
3 Y-linked (DDX3Y) gene, zinc-finger protein gene on
Y-chromosome (ZFY) gene, the eukaryotic translation
initiation factor 2, submit 3 and structural gene Y-linked
(EIF253Y) gene and SRY), including introns and intergenic
regions, were 180X and 197X, respectively (Table 1 and
Table 2). However, it is important to note that except for
STY, some sequences are likely to have been erroneously
attributed to these genes owing to the abundant repetitive
elements in the introns, which could not be filtered. In
contrast, the sequencing depths for the exonic regionsin PI
and YA were 17X and 20X, respectively. Here, we detected
3.219 SNVs between the Dzo (Pl) and cattle Y chromosome,
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Table 2. Alignment results of nine X-degradation genes of Y chromosomes between YA and cattle

Gene ID Gene Start Gene End Gene Covered Base Gene Depth Exon Depth
EIFT1AY 2678121 2664668 13358 51.26 15.69
OFD1Y 2760114 2824003 63650 340.97 N/A
USP9Y 2907549 3033182 125601 225.72 19.74

ZRSR2Y 3112384 3172379 59995 608.52 19.41

uty 3224590 3409324 184735 251.36 16.19
DDX3Y 3458510 3468728 10219 36.78 17.09
ZFY 3727723 3748502 20780 134.22 22.56
EIF253Y 3815112 3862568 47438 262.80 43.73
SRY 42225210 42225899 690 8.36 8.36
N/A represents no exon information for OFD1Y in NCBI

Table 3. SNV annotation results of Chromosome Y of Pl

ChrID Loci SNV Amino Acids Syn/Non Gene_ID Protein_Id
ChrY 3171104 G<->A R<->H 1 100306950 XP_003584415.1
ChrY 3171086 G<->C S<->T 1 100306950 XP_003584415.1
ChrY 4394284 G<->A A<->T 1 100849661 XP_003584416.1
ChrY 4394211 A<->T E<->V 1 100849661 XP_003584416.1
ChrY 4394169 A<->G Y<->C 1 100849661 XP_003584416.1
ChrY 3728235 G<->T V<->L 1 280962 NP_803457.1
ChrY 3506348 A<->G M<->V 1 790278 XP_001256796.3
ChrY 2544329 G<->A A<->A 0 100849399 XP_003584412.1
ChrY 5114940 A<->G T<->T 0 100849792 XP_003584418.1
ChrY 3641828 A<->G P<->P 0 100849362 XP_003584411.1
ChrY 3641999 C<->T Y<->Y 0 100849362 XP_003584411.1
ChrY 3642115 C<->T T<->I 1 100849362 XP_003584411.1
ChrY 3860224 C<->T Y<->Y 0 100271755 XP_003584417.1
ChrY 3860206 T<->C S<->S 0 100271755 XP_003584417.1

where only eight SNVs were non-synonymous (Table 3).
For wild Yak (YA), 14.630 SNVs were detected, 58 of which
were NonN-synonymous.

We analyzed 52 autosomal genes known to be related
to meiotic processes in order to explore male sterility in
the Dzo (PI). For example, the positive regulatory domain
zinc finger protein 9, encoded by the PRDM9 gene, is a
major determinant of meiotic recombination in humans
and mice 23, where variation within this gene strongly
influences recombination hotspot activity and meiotic
instability in humans 2%, Previous studies have shown that
MRNA levels of PRDM9 are much lower in the testes of
sexually immature Yak calves and sterile male cattle-Yaks in
comparison to those of normal adult Yaks, suggesting that
PRDM9 might be associated with male fertility in the Dzo.
In total, 513 SNVs were detected in these 52 genes, 251 of
which were non-synonymous, and 44 of which were found
in the SNV set from the 1.000 bull genome project. Of the
non-synonymous SNVs, 97 SNVs were fixed, were observed
to be different between the Yak and cattle sequences and
were found to be heterozygous in the Dzo genome. For
the PRDM9 gene, we found 38 SNVs, where 26 of these

were non-synonymous. Interestingly, we also found an
INDEL (Chromosome 5.110729098. C>CT) located in the
CDS region of the meiotic recombinase (DMCT) gene, and
seven non-synonymous SNVs in the replication protein
A (RPA) gene family (Table 4, we only present the non-
synonymous also in the 1.000 bull project SNV set). The
annotated SNVs for these genes may be a starting point
for further detailed research into male sterility in the Dzo.

Four genes related to altitudinal adaptation (EPAST, EGLNT,
HYOU1, and HMBS) were examined to explore adaptive
differences between Yak, Dzo, and cattle. These genes
have previously been identified in Tibetan people, and
have been shown to help humans adapt to high altitude
conditions 271, hypoxia, and myocardial infarction 28,
Previous studies of these genes in local domestic livestock
were performed either solely within cattle % or Yak. In
total, 44 SNVs were found in the CDS region of these four
genes, including 16 non-synonymous SNVs. Interestingly,
only two of these non-synonymous SNVs were in the EPAST
gene from the 1.000 bull project SNV set. Moreover, while
14 of the non-synonymous SNVs in the aforementioned
genes could be distinguished between cattle (reference
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Table 4. SNP annotation of male-sterile

ChrID Location Pop_SNP Gene Name Codon CDS_ID Protein_ID 1000BullDB
Chr1 45021322 AGGGRGGGG PRDM9 AGA<->GGA; cds276 XP_002683648.2 A/G
Chr1 45028357 TYYYYYYYY PRDM9 TTT<->TCT; cds276 XP_002683648.2 T/C
Chr1 45028408 CSSSSSSSS PRDM9 TCC<->TGG cds276 XP_002683648.2 (@/c]
Chr1 45028440 GRRRRRRRR PRDM9 GGA<->AGA; cds276 XP_002683648.2 G/A
Chr1 45028459 GRRRRRRRR PRDM9 GGA<->GAA; cds276 XP_002683648.2 G/A
Chr1 45029328 TKKKKKKKK PRDM9 CTC<->CGC; cds276 XP_002683648.2 T/G
Chr1 45029346 AGGGGGGGG PRDM9 GAA<->GGA; cds276 XP_002683648.2 A/G
Chr1 45029661 GAAARAARA PRDM9 AGC<->AAG; cds276 XP_002683648.2 G/A
Chr1 45033708 GGSGSGSSS PRDM9 GCA<->CCA; cds276 XP_002683648.2 G/C
Chr1 45033759 CYYYYYYYY PRDM9 CGA<->TGA; cds276 XP_002683648.2 c/T

Chr19 23508655 AGGGRGGGG RPA1 ACC<->GCC; cds33180 NP_001068644.1 A/G

Table 5. SNP annotation of EPAS1, EGLN1, HYOU1 and HMBS

ChriD Location Ref Dv:,f "3\,?‘2(: Wi Gene Name Codon Non/Syn CDS_ID Protein_ID 1000BullDB
Chr11 28641695 AGGGGGGGG EPAS1 ACA<->ACG 0 cds20127 NP_777150.1 A/G
Chr11 28650973 CGGGGGGGG EPAS1 CAA<->GAA 1 cds20127 NP_777150.1 C/G
Chr11 28659125 TCCCYCCCC EPAS1 TTT<->TTC 0 cds20127 NP_777150.1 T/C
Chr11 28659176 GGGGRGGGG EPAS1 GCG<->GCA 0 cds20127 NP_777150.1 /
Chr11 28660443 AGGGRGGGG EPAS1 ACA<->ACG 0 cds20127 NP_777150.1 A/G
Chr11 28662841 TCCCY--CC EPAS1 CTC<->CCC 1 cds20127 NP_777150.1 T/C
Chr15 30201004 CTTTYTTTT HMBS CCC<->CCT 0 cds25736 NP_001039672.1 (@)
Chr15 30201004 CTTTYTTTT HMBS CCC<->CCT 0 cds25737 XP_005216001.1 /T

sequence) and Yak, there were no polymorphisms detected
within the Yak population. It is notable that the only variant
(Chromosome11.28664187C>T) between Yak and cattle is
predicted to be deleterious using SIFT and was found to be
located in the EPAST gene (Table 5, we only present the SNP
annotation also in the 1.000 bull project SNV set).

We examined 52 genes related to production traits,
including growth, milk, and meat characteristics. Of these
genes, 537 SNVs were found in CDS regions, 189 of which
were non-synonymous, and 57 of which were found in
the 1.000 bull data set. Hormone-sensitive lipase (LIPE),
which is considered to be an important candidate gene
associated with meat traits, is also involved in free fatty
acid mobilization B%. Here, we found six non-synonymous
SNVs in the LIPE gene that exhibited fixed differences
between Yak and the cattle reference sequence. Of
these, three were found in the 1.000 bull project data
set (Chromosome18. 51226081G>A; Chromosome18.
51226221A>G; Chromosome18. 51226425A>G), and three
were not found in the 1.000 bull SNV set (Chromosome18.
51221047C>T; Chromosome18. 51222967G>A; Chromo-
some18. 51226270C>A). For fatty acid binding protein
(FABP) genes (a family of transport proteins for fatty acids
and other lipophilic substances, such as eicosanoids and
retinoid B'3%, 24 non-synonymous SNVs were found in
the CDS region, 11 of which were fixed between Yak and
the bovine reference sequence (Table 6, we only present

the non-synonymous also in the 1.000 bull project SNV
set). These fixed SNV differences between Yak and cattle
populations could be associated with observed meat
quality differences, and thus warrant further investigation.
Interestingly, in four genes related to growth and milk
production (GH1,GHR, PRL,and PRLR), we did not detectany
non-synonymous SNVs in GHT and PRL but did find eight
non-synonymous SNVs in GHR and PRL between cattle
and Yak (Table 6). These results indicate that the receptor
genes for growth hormone and prolactin secretion may
play an important role in differences in growth and milk
production between the congeners.

DISCUSSION

Although the draft genome sequence of the Yak has been
available for four years, and resequencing studies have
since been undertaken ©334, genetic variation in the Yak-
most notably structural variation and genetic comparisons
with other bovid species-Remains poorly understood.
Moreover, the genome sequence of the Dzo has not been
reported until now. Although the Dzo is the F1 hybrid
between cattle and Yak, and the SNPs found in the Dzo
indeed derive from that simple cross, it unclear which
parental gene combinations produce viable Dzo, or how
this variation segregates across individuals. Thus, not only
did our study focus on the Dzo, but on the relationships
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Table 6. SNP annotation of milk-meat-growth

ChrID Location Pop_SNP Gene Name Codon CDS_ID Protein_ID 1000BullDB
Chr6 7105326 GCCcscccc FABP2 CAA<->GAA cds11066 XP_005207643.1 G/C
Chré 7105350 TYYYYCYYY FABP2 AAA<->GAA cds11066 XP_005207643.1 T/C
Chré 7105359 ACCCCcCcCcCcC FABP2 TAA<->GAA cds11066 XP_005207643.1 A/C
Chré 7105759 ARAAAAAAA FABP2 ATA<->ACA cds11066 XP_005207643.1 A/G
Chré 7107541 TYCSSGSSS FABP2 ATC<->CTGATC<->GTC cds11066 XP_005207643.1 T/G
Chr6 7108785 AWWWWAAWW FABP2 ATG<->AAG cds11066 XP_005207643.1 A/T
Chré 7108842 ARARRARRR FABP2 TTT<->TCT cds11066 XP_005207643.1 A/G
Chr14 46817895 GCcCcccccc FABP9 CTG<->GTG cds25027 NP_001179339.1 G/C
Chr14 46817903 CTTTYTTTT FABP9 TGT<->TAT cds25027 NP_001179339.1 c/T
Chr14 46819115 GGGGSGGGG FABP9 GAC<->GAG cds25027 NP_001179339.1 G/C
Chr14 46835065 TCCCCCCCC FABP4 ATC<->GTC cds25028 NP_776739.1 T/C
Chr18 51226081 GAAARAAAA LIPE CGG<->CAG cds31387 NP_001073689.1 G/A
Chr18 51226081 GAAARAAAA LIPE CGG<->CAG cds31386 XP_005219231.1 G/A
Chr18 51226221 AGGGRGGGG LIPE ATC<->GTC cds31387 NP_001073689.1 A/G
Chr18 51226221 AGGGRGGGG LIPE ATC<->GTC cds31386 XP_005219231.1 A/G
Chr18 51226425 AGGGRGGGG LIPE AAC<->GAC cds31387 NP_001073689.1 A/G
Chr18 51226425 AGGGRGGGG LIPE AAC<->GAC cds31386 XP_005219231.1 A/G
Chr20 31891025 GAAAAAAAA GHR ACC<->ATC cds35638 NP_788781.1 G/A
Chr20 31891050 TYTTYTTTT GHR AGC<->GGC cds35638 NP_788781.1 T/C
Chr20 31891130 TGTTKTTTT GHR AAC<->ACC cds35638 NP_788781.1 T/G
Chr20 39115345 TCCCYCCCC PRLR AGT<->AAC cds35722 NP_001034815.1 T/C
Chr20 39115345 TCCCycccc PRLR AGT<->AAC cds35723 XP_005221632.1 T/C
Chr20 39115345 TCCCYCCCC PRLR AGT<->AAC cds35724 XP_005221633.1 T/C
Chr20 39115345 TCCCYCCCC PRLR AGT<->AAC cds35725 XP_005221634.1 T/C
Chr20 39115345 TCCCYycccc PRLR AGT<->AAC cds35726 XP_005221635.1 T/C
Chr20 39115345 TCCCYCCCC PRLR AGT<->AAC cds35727 NP_776580.1 T/C

between the three species, by comparing SNPs in cattle,
Yak, and Dzo genomic sequences. In detecting genome-
wide variation in this study, very large numbers of SNVs
(>30 M) were uncovered between the Yak genomes and
the Bos taurus reference, as well as between the genomes
of eight individuals (Yak and Dzo) and the Bos taurus
reference, implying that a very large number of variants
are segregated within the Yak and between Yak, cattle,
and Dzo. When comparing the Dzo to the cattle reference
genome, >90% of SNVs were found to be heterozygous
in the genome of the F1 Dzo samples. Homo- or hetero-
zygosity in the Dzo genome likely exerts strong effects on
gene expression and functionality in this hybrid, which
could play an important role in the maintenance of
traits of physiological and economic relevance, including
adaptations to high altitude. However, this variation
may also come at a cost via the incompatibility between
alleles 3%, a phenomenon that can only be further
investigated using single individual sequences that can be
phased and subjected to linkage and haplotype analyses.

Previously, Qi et al.*® assessed the impact of cattle
admixture on domestic Yak and concluded that admixture
between Yak and cattle has impacted the contemporary

genetic makeup of the domestic Yak. Recently, Medugorac
et al." inferred bovine haplotypes in the genomes of
Mongolian Yaks using whole-genome sequencing and
showed that these introgressed regions are enriched
for genes involved in nervous system development
and function (gene ontogenies often associated with
domestication), which supports the idea that introgressive
hybridization could have facilitated Yak management and
breeding. However, until now, no studies have assessed
the genetic implications of domestication on wild Yak. In
our study, we detected the introgression of domestic Yak
in the wild Yak (YA) genome for the first time. Although the
phenotypes of the sampled individuals were superficially
indistinguishable from wild Yaks, approximately 24% of
their genome was inferred as having a domestic Yak origin,
leading us to infer second-generation introgression. This
may be related to the unique method of grazing in pastoral
areas of the Qinghai-Tibetan plateau, where herders often
manage domestic Yak adjacent to wild Yak populations.
We were able to detect this introgression by showing
that population differentiation can be easily and precisely
identified between wild and domestic Yak at the genome
level, potentially shedding light on the mechanism and
spread of Yak domestication and its contemporary impact
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on wild Yak populations-a process that clearly needs to
be monitored as it potentially threatens their genetic
integrity. Based on our results, it is clear that further
range-wide studies of domestic/wild Yak introgression are
necessary, and that hybridization between wild Yak and
domestic Yak should be tightly controlled to maintain the
genetic integrity of wild and domestic Yak populations,
in addition, the mechanism of male sterility in the Dzo
is one of the most pressing management questions in
Yak science, and yet it remains unresolved. In combining
genomic information from Y chromosomes and autosomal
sequence from cattle, Dzo, and Yak, we were able to
explore this problem by examining variations across the
Y chromosome and in 52 autosomal genes known to be
related to meiotic processes. Intriguingly, however, we only
detected eight non-synonymous SNVs in coding regions
of the Y chromosome between the Dzo and cattle, while
58 were found to distinguish Yak and cattle. As previously
described in species (including cattle) 5728, we found
that both ends of the Y chromosomes in Yak and Dzo
comprise a large number of repeat sequences, mainly
distributed in intergenic regions and introns. These
repetitive sequences have played a key role in the
formation of the Y chromosome [202137381 by preventing
recombination, thereby protecting important single copy
genes at both ends 223, However, we could not find
strong evidence for the determination of Dzo sterility in
genes along the Y chromosome based on our SNV results,
suggesting that autosomal genes maybe hold the key to
Dzo male sterility. Thus, discrepancies in the Y chromosome
between cattle, Yak, and Dzo need to be further explored to
elucidate the substantial difference between the expected
(approximately 30 non-synonymous substitutions between
Dzo and cattle) and observed (eight) non-synonymous
SNVs. While this observation suggests that reproductively
viable Dzo may require the presence of a strongly cattle-
like Y chromosome segregating in the parental population
to survive, variations in the Y-chromosomes of domestic
Yak populations need to be further characterized.

The meiotic recombination protein DMC1 plays a
central role in homologous recombination in meiosis by
assembling the sites of programmed DNA double strand
breaks and localizing allelic DNA sequences located on
homologous chromatids. In the present study, the INDEL
(Chromosome 5.110729098. C>CT) discovered in the CDS
region of the DMCT gene in the Dzo is predicted to have a
major impact on gene function. Replication protein A (RPA)
not only binds to single-stranded DNA during replication
and keeps DNA unwound during replication, it also
binds to ssDNA during the initial phase of homologous
recombination, including prophase | of meiosis ",
variation of PRDM9 also influence male recombination in
cattle with variation in REC8 and RNF212, which correlate
with genome-wide recombination rates, while variation in
PRDM?9 also influence genome-wide hotspot frequency #".
Here, we detected seven non-synonymous SNVs in the RPA

gene family, and 26 non-synonymous SNVs in the PRDM9
gene (Table 4), potentially leading to changes in gene
function.

Previous research has indicated that first and second
backcross Dzo generations are also sterile, where no
spermatogonia were detected in the seminiferous tubules
in first generation hybrids and other early backcross
generations. By the third generation of backcrossing (with
either Yak or cattle), some spermatocytes can be present
and the occasional male is found to be fertile, although
fertility is not assured until the fourth or fifth generation of
backcrossing ™. Possible causes for this phenomenon have
been attributed to X- and Y-chromosome incompatibility.
Although we only focused on the Y chromosome here, our
results provide informative data for the further study of
Dzo male sterility, which should focus on both sex-linked
genes and functional studies of the autosomal genes
highlighted here.

Linking genomic correlations to environmental parameters
is of special importance in Yak science, given the unusual
habitat that this species occupies. In humans, a SNV in
EPAST has been detected between Tibetan (high-altitude)
and Han (low-altitude) populations, and is associated with
erythrocyte abundance,and thus supports therole of EPAST
in the adaptation to hypoxia necessary for adaptation to
high altitudes 4, Newman et al.?’ found a high degree of
association in the oxygen degradation domain of EPAS1
between an EPAST (HIF-2a) double variant in Angus cattle
with high-altitude pulmonary hypertension (HAPH) and
demonstrated that the variant appears to be prevalent
only in lowland cattle. In Yak, three novel SNPs have also
been identified in EPAST, and have been genotyped in
three breeds. In the present study, we predicted that one
variant (Chromosome11.28664187C>T) in EPAST between
Yak and cattle is deleterious. However, we did not identify
the same SNPs that have been previously identified in the
EPAST gene. This is likely a result of the fact that previous
studies have been examining intraspecific variation (within
cattle and Yak populations) but have not compared across
species and did not specifically investigate interspecific
differences in altitudinal adaptation. Overall, in the four
genesthatare known to be related to altitudinal adaptation
and that have been closely examined here (EPAST, EGLN1,
HYOU1 and HMBS), we found 16 non-synonymous SNVs
in CDS regions, and 14 non-synonymous SNVs that
distinguished cattle and Yak, suggesting that differences
in high plateau adaptation between cattle and Yak could
be linked to some of the substitutions detected in these
genes. The further investigation of the potential roles of
these substitutions will require functional analyses.

For genes related to growth, milk, and meat traits, six
non-synonymous SNVs in the LIPE gene and 11 non-
synonymous SNVs in FABP genes possessed fixed
differences between Yak and the cattle reference genome.
Some of these genes are known to be linked to leanness in
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cattle, and therefore phenotypic differences between Yak
and cattle may be important in this context. Interestingly,
eight non-synonymous SNVs were found in genes for the
growth hormone and prolactin receptors GHR and PRLR,
respectively. Previous studies have shown that some
homozygous, or compound heterozygous, mutations in
GHR may induce a partial insensitivity to GH in humans #2.
Prolactin (PRL) is secreted from the anterior pituitary,
and plays an extensive role in corpus luteum formation,
mammogenesis, and lactogenesis; where the functional
activity of PRL is mediated by its receptor (PRLR) in the PRL
signal transduction cascade “3. Moreover, SNVs in PRLR
have also been detected in goat, and have been shown to
influence milk yield in different goat breeds 4. Our study
indicates that GHR and PRLR may play an important role
in differences in growth and milk traits between Yak, Dzo,
and cattle.

To better understand genomic differences between cattle
(assembly UMD3.1), Yak (GenBank No.: GCA_000298355.1),
and Zebu (B. indicus; GenBank No.: GCA_000247795.1), we
aligned the Zebu and Yak genomes to the cattle reference
sequence.The results of this alignment showed that the Yak
and Zebu genomic sequences covered 89.99% and 88.76%
of the cattle genome, respectively (not present). Thus, a
subspecies relationship between cattle and Zebu ancestors
thatisinferred and likely reflects the quality of the reference
sequences . The results of the genome coverage analysis
showed large differences in the genomic sequences for
Yak, Zebu, and cattle. One potential but important reason
for this finding may be the integrity of the genome
assembly. Resequencing-based assemblies are limited in
establishing differences between bovine genomes alone.
In the future, it will be important to complete the genomes
for Yak and Zebu. Moreover, it should be noted that our
results were based on a pooled sequencing strategy for six
wild Yaks and six Dzo individuals. Although the pooling of
samples has been successfully used in studies on dog and
chicken domestication, the strategy of pooling samples
has been shown to affect some statistical analyses, most
notably haplotype and linkage analyses “¢#”), Therefore,
the sequencing of multiple genomes separately for Yak
and Dzo is desirable in the future.

In brief, our results provide basic high-value data for
researchers studying Yak, cattle, and Dzo breeding.
Comparative analyses of the genomic sequences of Dzo,
Yak, and cattle using whole genome sequencing strategies,
provide a more in-depth understanding of the genetic
variations between Yak, cattle, and Dzo. Here, we have
provided evidence of variation in genes related to meiosis
and gametogenesis, substantial variation in genes related
to high-altitude adaptation, as well as genes associated
with meat and milk production between the Yak and cattle
genomes. In summary, these genetic variations may be
helpful in genotype-phenotype association analyses of
Qinghai-Tibet plateau ruminants, most notably for Yak

and Dzo, and could also help to shape the management
practices of wild and domesticated ruminant populations
to preserve the genetic integrity of both populations.
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