
 

Article Open Access

Whole-genome sequencing reveals genetic architecture and
selection signatures of Kazakh cattle
Zhannur Niyazbekova1,2,6,#,  Yuan Xu1,#,  Min Qiu1,  Hao-Ping Wang1,  Ibragimov Primkul2,  Hojjat  Asadollahpour Nanaei1,3,
Yessengali Ussenbekov2,  Kuanysh Kassen4,  Yi Liu5,  Cai-Yue Gao1,  Shynar Akhmetsadykova6,  Nuriddin Ruzikulov7,
Yu Jiang1,*, Yu-Dong Cai1,*

1 College of Animal Science and Technology, Northwest A & F University, Yangling, Shaanxi 712100, China
2 Faculty of Veterinary Medicine, Kazakh National Agrarian Research University, Almaty 050000, Kazakhstan
3 College of Life Sciences, Northwest A & F University, Yangling, Shaanxi 712100, China
4 College of Plant Protection, Northwest A & F University, Yangling, Shaanxi 712100, China
5 Institute of Animal Husbandry and Veterinary Science, Tianjin Academy of Agricultural Sciences, Tianjin 300381, China
6 Research and Production Enterprise "ANTIGEN" Co. Ltd., Abai Village, Almaty 050409, Kazakhstan
7 Samarkand State University of Veterinary Medicine, Animal Husbandry and Biotechnology, Samarkand 140103, Uzbekistan

 
ABSTRACT

Local cattle breeds play a critical role in breeding programs
due  to  their  genetic  adaptations  to  diverse  environmental
conditions.  However,  the  genomic  architecture  of  local
cattle  breeds  in  Kazakhstan  remains  largely  unexplored.
This  study  utilized  whole-genome  sequencing  data  from
Kazakh  cattle  to  elucidate  their  genetic  composition,
uncovering  three  primary  ancestral  components:
European,  Eurasian,  and  East  Asian  taurine.  The  East
Asian taurine lineage likely represents the earliest genetic
contribution  to  Kazakh  cattle  but  was  largely  replaced  by
subsequent  waves  of  cattle  migrations  across  Eurasia,
leaving only a minor genetic signature in the current cattle
population.  In  contrast,  Eurasian  taurine  ancestry
predominated in the Alatau and Kazakh local breeds, while
the  European  taurine  component  was  most  prevalent  in
Kazakh  white-headed  cattle,  consistent  with  their
documented  breeding  history.  Kazakh  cattle  exhibited
higher  genetic  diversity  and  lower  inbreeding  coefficients
compared  to  European  commercial  breeds,  reflecting
reduced  exposure  to  intense  artificial  selection.  A  strong
selection signal was identified on chromosome 6 at a locus
encompassing  PDGFRA,  KIT,  and  KDR,  which  may  be
associated  with  the  white-headed  pigmentation
characteristic  of  Kazakh  white-headed  cattle.  Additional
genes  under  selection  were  linked  to  lipid  metabolism
(IRS1,  PRKG1,  and  ADCY8),  meat  production  traits
(KCNMA1,  PDGFRA,  HIF1A,  and  ANTXR1),  and  dairy

production  (ATP2B1,  DHX15,  FUK,  NEGR1,  CCDC91,
COG4,  and  PTK2B).  This  study  represents  the  first
comprehensive analysis of nuclear genome data from local
Kazakh  cattle.  It  highlights  the  impact  of  historical  cattle
migrations across Eurasia on their  genetic  landscape and
identifies  key  genomic  regions  under  selection.  These
findings  advance  our  understanding  of  the  evolutionary
history  of  cattle  and  offer  valuable  genetic  resources  for
future breeding strategies.
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INTRODUCTION

The domestication of cattle (Bos taurus) began approximately
10  000  years  ago,  with  two primary  centers  identified  (Loftus
et al., 1994; Vigne et al., 2005), notably the Near East for Bos
taurus  and  the  Indus  Valley  for  Bos  indicus  (Loftus  et al.,
1994).  Over  time,  cattle  domestication  has  led  to  the
development  of  a  thousand  breeds  worldwide,  each  adapted
to  diverse  environmental  conditions.  Many  of  these  breeds
have  been  commercially  developed  through  extensive
crossbreeding  efforts  (Leroy  et al.,  2016).  Global  genome-
wide  studies  categorize  domestic  cattle  into  five  major
continental  groups:  European  taurine,  Eurasian  taurine,  East
Asian  taurine,  Chinese  indicine,  and  Indian  indicine  (Chen
et al., 2018a). Local cattle breeds are increasingly important in
developing  countries,  where  their  adaptability  to  local
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environments  makes  them  valuable  sources  of  high-quality
agricultural  products.  These  breeds  often  exhibit  strong
resistance to systemic infectious diseases (Pal & Chakravarty,
2020;  Yuan  et al.,  2024),  enhancing  their  survival  and
productivity  under  diverse  ecological  conditions  (Ma  et al.,
2014).  Whole-genome  sequencing  (WGS)  studies  have
extensively  explored  the  genetic  architecture  and  positive
selection  driving  economically  significant  traits  in  local  cattle.
These investigations have identified potential candidate genes
enabling native cattle to adapt to a range of climates, from arid
deserts  to  frigid  Arctic  regions  (Tian  et al.,  2023;  Yan  et al.,
2022a). Examples of these adaptations include heat tolerance,
disease resistance, and efficient feed utilization (Ayalew et al.,
2023;  Chen  et al.,  2020; Weldenegodguad  et al.,  2019).  For
example,  Mongolian  cattle  are  well  adapted  to  endure  harsh
winters  (Hu  et al.,  2021),  while  Abigar  cattle  exhibit  selection
signatures in immune response genes such as IRAK3, MZB1,
and STING1,  reflecting adaptation to local  disease pressures
(Ayalew  et al.,  2023).  Similarly,  both  Yanbian  and  Mongolian
cattle show evidence of positive selection in PRDM16, a gene
associated  with  cold  stress  adaptation  (Yan  et al.,  2022).
Swedish  dairy  cattle  have  developed  genetic  traits  suited  to
the Nordic climate (Ghoreishifar et al.,  2020; Upadhyay et al.,
2019),  whereas  native  African  cattle  exhibit  selection  for
HSPA4  and  SOD1,  genes  associated  with  heat  tolerance
essential for survival in hot climates (Kim et al., 2017). Studies
on  Chinese  cattle  have  confirmed  selection  around
established  functional  genes  such  as MC1R, PAG1,  and  the
MYH  gene  cluster,  alongside  the  identification  of  novel  gene
candidates  (Mei  et al.,  2018).  Additionally,  SORCS3  and
SESTD1  have  been  linked  to  temperament  traits  in  cattle
(Shen et al., 2022). Such findings provide crucial insights into
the  development  of  genetic  breeding  strategies  aimed  at
improving  cattle  productivity  and  adaptability.  Despite  the
extensive  body  of  research  on  cattle  genetics  worldwide,  the
genomic  characteristics  of  local  cattle  breeds  in  Kazakhstan
remain  largely  unexplored.  Addressing  this  gap  is  necessary
for  uncovering  the  genetic  potential  of  local  cattle  and
leveraging this information to enhance breeding programs.
The history and culture of Kazakhstan are intrinsically linked

to livestock rearing, including horses, cattle, sheep, goats, and
camels, with traditional nomadic herding deeply embedded in
the vast steppe regions. According to the latest data from the
Agency for Strategic Planning and Reforms of the Republic of
Kazakhstan,  the  country  maintains  a  cattle  population  of
approximately 9.7 million. Among these, Kazakh white-headed
and  Alatau  cattle  are  the  predominant  breeds  used  for  meat
and dairy production. Kazakh white-headed cattle, established
in  the  latter  half  of  the  20th  century,  are  the  result  of
crossbreeding  local  Kazakh  and  Kalmyk  cattle  with  Hereford
bulls  (Kineev  &  Erdenov,  2005).  This  breed  combines  the
exceptional  meat  quality  of  Hereford  cattle  with  the  disease
resistance  and  adaptability  of  Kalmyk  cattle  (Kinispai  et al.,
2023). Notably, Kazakh white-headed cattle thrive in the harsh
continental climate of the dry steppes and semi-deserts due to
their  resilience,  low  feed  requirements,  and  ability  to  recover
quickly  after  severe  winters  (Kinispai  et al.,  2023;  Makaev
et al.,  2015).  Their  physiological  adaptations,  including  well-
developed skin, dense hair, and substantial subcutaneous and
visceral fat layers, enable them to remain outdoors year-round
without  shelter  (Grosheva  &  Levykin,  2023).  Alatau  cattle,  a
dual-purpose  breed  developed  through  crossbreeding  native
Kyrgyz  and  Kazakh  cattle  with  Swiss  and  Kostroma  breeds,

excel  in  both  milk  and  meat  production  (Baimukanov  et al.,
2021).  Predominantly  raised  in  the  Almaty  and  East
Kazakhstan  regions,  Alatau  cattle  exhibit  impressive  milk
yields,  averaging  6  300  kg  annually  with  3.8%–4.0%  fat
content, and provide high-quality meat with a slaughter rate of
up  to  65%.  Bulls  typically  weigh  800–1  000  kg  and  gain  an
average  of  850  grams  daily  under  intensive  fattening
conditions  (Baimukanov  et al.,  2024;  Кожахметова  et al.,
2023).  Given  these  characteristics,  Alatau  cattle  are
considered  a  valuable  breed  for  agricultural  production,  with
ongoing  improvements  expected  to  further  enhance  their
productivity and efficiency.
Over  the  last  decade,  genomic  studies  utilizing  limited

microsatellite  markers  have  identified  genetic  variability  and
candidate  genes  associated  with  economic  traits  and
adaptability  in  Kazakh  cattle  breeds  (Abdelmanova  et al.,
2021;  Plakhtyukova  &  Selionova,  2021).  Furthermore,  single
nucleotide  polymorphism  (SNP)  analyses  have  revealed
distinct  genetic  structures  in  Kazakh  white-headed  cattle
compared  to  European  and  Russian  breeds  (Beishova  et al.,
2022). While these findings suggest that native Kazakh cattle
breeds  have  undergone  genetic  adaptations  to  survive  in
harsh  climate  conditions,  no  studies  have  employed  WGS to
comprehensively investigate genetic variation in these breeds
in this region. This study conducted the first WGS analysis of
Kazakh  cattle,  including  Kazakh  white-headed  cattle,  Alatau
cattle,  and the Kazakh local  breed. In addition,  genomic data
were  combined with  272  previously  published  whole-genome
sequences  from  50  cattle  populations  across  diverse
geographic  regions  to  assess  population  genetic  diversity,
genetic structure, and selection signatures. The findings of this
study  provide  a  foundation  for  future  genomic  research,
offering  new  insights  into  the  genetic  architecture  of  Kazakh
cattle.  These  results  hold  significant  potential  to  inform
breeding  strategies  aimed  at  enhancing  productivity,
adaptability, and resilience in the Kazakh cattle industry. 

MATERIALS AND METHODS
 

Sample collection, DNA extraction, and sequencing
Whole-blood samples were collected from 47 cattle, including
Kazakh  white-headed  cattle  (n=12),  Alatau  cattle  (n=12),
Kazakh local breed (n=8), and Holstein cattle (n=15), with the
latter  sourced  from  a  private  farm  in  North  Kazakhstan
(Supplementary  Table  S1  and  Figure  S1).  No  mortality  or
adverse health effects were observed among the cattle during
or  after  sample  collection,  and  all  animals  remained  in  good
health throughout the study.
Genomic  DNA  was  isolated  from  whole-blood  samples

using  the  standard  phenol-chloroform  protocol  (Köchl  et al.,
2005). Paired-end sequencing libraries with an average insert
size of 318 bp were prepared for each individual, featuring an
average  read  length  of  150  bp.  Sequencing  was  conducted
using  the  DNBSEQ-T7  sequencing  platform  (MGI-Tech,
China).  This  study  was  approved  by  the  Institutional  Animal
Care  and  Use  Committee  of  Northwest  A&F  University
(Yangling, Shaanxi, China) and conducted in accordance with
the ARRIVE guidelines.
For  a  global  context,  genomic  data  generated in  this  study

were  combined  with  whole-genome  resequencing  data
(n=272)  from  the  1000  Bull  Genomes  Project,  including  both
taurine and indicine cattle breeds (Hayes & Daetwyler,  2019)
(Supplementary Table S2). This expanded dataset included a
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total of 321 individuals, categorized into five groups based on
breed and geographical  origin  (Chen et al.,  2018a),  including
European taurine, Eurasian taurine, East Asian taurine, Indian
indicine,  and  Chinese  indicine  (Supplementary  Table  S2).  In
addition,  HiFi  sequencing  data  from  17  cattle  were
downloaded  from  public  databases  to  construct  a  structural
variation  (SV)  reference  set  (Supplementary  Table  S3).
Finally, two African buffalo (Bubalus) individuals were used as
the outgroup (Supplementary Table S2). 

Read mapping and SNP calling
Raw  short-read  data  were  processed  using  fastp  (v.0.20.0)
(Chen  et al.,  2018b)  with  default  parameters  to  remove  low-
quality reads and trim adapter sequences. The resulting high-
quality  reads  were  aligned  to  the  cattle  reference  genome
(ARS-UCD1.2)  using  the  slat  module  in  BaseNumber
(v.1.0.3),  a  GPU-accelerated  tool  for  variant  calling  (Zhang
et al.,  2021),  generating  binary  alignment  MAP  (BAM)  files.
The  average  sequencing  depth  for  each  individual  was
computed  from  BAM  files  using  Qualimap  (v.2.2.1)
(Okonechnikov  et al.,  2016).  Genomic  variant  call  format
(gVCF)  files  were  generated  for  each  sample  using  the  slct
module  in  BaseNumber  (v.1.0.3)  (Zhang  et al.,  2021).  SNP
calling  was  executed  using  the  GenotypeGVCFs  module  in
GATK  (v.4.3.0.0).  SNPs  were  subsequently  filtered  using
BCFtools  (v.1.17)  (Danecek  et al.,  2021)  based  on  the
following  criteria:  sequencing  depth  across  all  individuals
greater  than  1/3×  but  less  than  3×  mean  depth;  variant
confidence quality by depth (QD) greater than 2; SNPs with a
root  mean  square  (RMS)  mapping  quality  (MQ)  above  40.0;
Phred-scaled  probability  of  strand  bias  (FS)  less  than  60;  Z-
score  from  the  Wilcoxon  rank  sum  test  comparing  alternate
and  reference  read  mapping  qualities  (MQRankSum)  greater
than −12.5;  and Z-score from the Wilcoxon rank sum test  for
alternate  versus  reference  read  position  bias
(ReadPosRankSum)  greater  than  −8.  Finally,  SNPs  with  a
minor  allele  count  (MAC)  greater  than  1  were  excluded  to
ensure  the  exclusion  of  singleton  variants,  thereby  improving
robustness of downstream analyses. 

Population structure analysis
To  assess  population  structure,  SNPs  were  pruned  using
ancestry-adjusted  linkage  disequilibrium  (LD)  statistics
(Bercovich et al., 2024) implemented in PCAone (v.0.4.4) with
the  parameters  (--ld-stats  0  --ld-r2  0.8  --ld-bp  1  000  000).
ADMIXTURE  (v.1.3.0)  (Alexander  &  Lange,  2011)  was
employed  to  estimate  ancestral  proportions,  with  the  number
of  ancestral  populations  (K)  ranging  from  2–9.  A  maximum-
likelihood (ML) tree was constructed using IQ-TREE (v.1.6.12)
(Minh et al., 2020), with GTR+ASC as the substitution model,
designating  buffalo  as  the  outgroup.  The  resulting
phylogenetic tree was visualized using iTOL (v.6.9.1) (Letunic
&  Bork,  2021).  Principal  component  analysis  (PCA)  was
carried  out  using  the  smartPCA program in  the  EIGENSOFT
package  (v.3.0)  (Patterson  et al.,  2006).  To  evaluate
admixture  events  involving  Kazakh  cattle,  f3  statistics  were
computed  using  ADMIXTOOLS  (v.7.0.2)  with  the  “qp3Pop”
program  (Patterson  et al.,  2012).  In  this  analysis,  Kazakh
cattle  were designated as the target  population,  while  source
populations included European taurine cattle (Norwegian Red
and Kholmogory),  Eurasian taurine cattle (Brown Swiss),  and
East  Asian  taurine  cattle  (Buriat  and  Hanwoo).  Runs  of
homozygosity  (ROHs)  were  identified  using  PLINK  (v.1.9)
(Purcell  et al.,  2007)  with  the  “—homozyg”  parameter,

employing  a  sliding  window of  50  SNPs  (--homozyg-window-
snp  50).  Additional  parameters  were  set  based  on  previous
studies (Xia et al.,  2021b): --homozyg-density 50, --homozyg-
snp  50,  --homozyg-window-missing  5,  --homozyg-window-
threshold  0.05,  and  --homozyg-window-het  3.  ROH  lengths
and counts were categorized into four groups: >4 Mb, 2–4 Mb,
1–2  Mb,  and  0.5–1  Mb.  LD  decay  patterns  were  analyzed
using  PopLDdecay  (v.3.42),  with  physical  distances  between
SNPs  calculated  under  default  parameters  (Zhang  et al.,
2019). Nucleotide diversity (θπ) for each breed was assessed
in  sliding  windows  of  50  kb  with  25  kb  increments  using
VCFtools (v.0.1.13) (Danecek et al., 2011). 

Paternal and maternal analysis
To  investigate  paternal  lineage,  a  dataset  comprising  745
SNPs  located  within  the  X-degenerate  region  of  the  Y
chromosome  was  analyzed.  The  dataset  included  samples
with  known  paternal  haplotype  classifications  (Chen  et al.,
2018a)  and  153  bulls  from  the  1000  Bull  Genomes  Project
(Hayes  &  Daetwyler,  2019).  Phylogenetic  relationships  were
inferred  using  the  ML  method  implemented  in  IQ-TREE2
(v.1.6.12) (Minh et al., 2020) (Supplementary Table S4).
For  maternal  lineage  analysis,  mitochondrial  DNA

sequences  were  assembled  using  Mapping  Iterative
Assembler  (v.1.0)  (https://github.com/mpieva/mapping-
iterative-assembler).  These  assembled  sequences  were
combined with mitochondrial  sequences with known maternal
lineages  (Xia  et al.,  2021a).  Sequence  alignment  was
performed using MUSCLE (v.5.2) (Edgar, 2022). Phylogenetic
tree  construction  was  performed  using  IQ-TREE2  (v.1.6.12)
(Minh et al., 2020) (Supplementary Table S5). 

Detection of selective sweep regions
Selective sweep regions in Kazakh cattle were identified using
a  multi-step  approach  designed  to  detect  genomic  regions
under positive selection.  Initially,  the nucleotide diversity  (θπ)
method was applied to identify selection signals within Kazakh
cattle  populations  (Nielsen  et al.,  2005).  θπ  was  calculated
using VCFtools (v.0.1.13), applying a sliding window of 50 kb
and  steps  of  10  kb  (Danecek  et al.,  2011).  The  top  1%  of
windows  were  considered  as  potential  selection  signatures.
The  fixation  index  (FST)  and  cross-population  extended
haplotype  homozygosity  (XP-EHH)  were  used  to  compare
Kazakh  local  cattle  with  commercial  cattle  breeds,  including
dairy breeds (Jersey and Holstein) and beef breeds (Limousin,
Hereford,  Angus,  and  Charolais).  VCFtools  (v.0.1.13)  was
employed to conduct FST analysis,  using 50 kb windows with
10  kb  steps  (Danecek  et al.,  2011).  Selscan  (v.1.3.0)  was
utilized  to  compute  XP-EHH  statistics,  predicting  extended
haplotype  homozygosity  for  each  population  pair  (Szpiech  &
Hernandez,  2014).  Mean  normalized  XP-EHH  scores  were
computed  for  each  50  kb  region.  Candidate  regions  were
determined based on the top 1% of windows identified by both
FST  and  XP-EHH.  Genomic  regions  showing  evidence  of
positive  selection  were  detected  through  a  minimum  of  two
approaches.  Candidate  genes  within  these  regions  were
subjected  to  functional  Gene  Ontology  (GO)  and  Kyoto
Encyclopedia  of  Genes  and  Genomes  (KEGG)  pathway
enrichment  analyses  using  KOBAS  (v.3.0)  (Xie  et al.,  2011).
Enrichment  was  determined  based  on  Benjamini-Hochberg
corrected P<0.05. 

Detection of structural variants
To  reduce  false  positives  in  SV  detection  caused  by  short
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reads,  an  SV  reference  set  was  first  constructed  using  17
publicly available HiFi sequencing datasets. This reference set
was  generated  by  integrating  results  from  three  tools,
including pbsv (v.2.6.2) (https://github.com/PacificBiosciences/
pbsv),  cuteSV  (v.1.0.13)  (Jiang  et al.,  2020),  and  Sniffles
(v.1.0.12a)  (Sedlazeck  et al.,  2018).  HiFi  reads  were  aligned
to the reference genome using pbmm2 (v.1.12.0) (https://github.
com/PacificBiosciences/pbmm2).  The  pbsv  discover  module
was then employed to identify SV signatures in each BAM file,
with  the  call  module  then  used  for  SV  calling.  The  following
settings  were  used  for  HiFi  data  in  cuteSV  (v.1.0.13):  “‐ ‐
max_cluster_bias_INS 1000 ‐‐diff_ratio_merging_INS 0.9  -‐ -
max_cluster_bias_DEL  1000  -‐ diff_ratio_merging_DEL  0.5”
(Jiang et al., 2020). The parameters “‐min_support 4 ‐‐report-
seq  ‐ ‐ report_str  ‐ ‐ ccs_reads  ‐ ‐ genotype”  were  used  in
Sniffles  (v.1.0.12a)  (Sedlazeck  et al.,  2018).  This  multi-tool
approach  ensured  robust  and  high-confidence  SV  detection
across  datasets.  The  SVs  identified  across  individuals  were
merged  using  SURVIVOR  (v.1.0.6)  (Jeffares  et al.,  2017),
consolidating  data  from  multiple  sources  to  create  a
comprehensive  SV  reference  set.  This  SV  reference  set,
derived  from  HiFi  sequencing  data,  was  then  utilized  for
genotyping  short-read  data  with  Paragraph  (v.2.4a)  (Chen
et al.,  2019).  To compile  the final  SV dataset,  individual  VCF
files  were  merged  using  BCFtools  (v.1.17).  Stringent  filtering
criteria were applied to ensure high-quality SV calls, including:
removal of SVs with a missing rate>0.1; removal of SVs with a
minimum  allele  frequency  (MAF)<0.01;  and  removal  of  SVs
showing deviation from the Hardy-Weinberg equilibrium within
the population (calculated using BCFtools  (v.1.17)  with  the  --
hardy parameter). 

RESULTS
 

Genome resequencing
WGS  data  were  generated  for  four  cattle  populations  in
Kazakhstan:  Kazakh  white-headed  (n=12),  Alatau  (n=12),
Kazakh  local  breed  (n=8),  and  Holstein  cattle  (n=15).  To
provide  a  global  comparative  framework,  these  data  were
integrated  with  available  whole-genome  resequencing  data
from  the  1000  Bull  Genomes  Project,  encompassing  272
individuals  representing  both  humped  indicine  cattle  (Bos
indicus)  and  humpless  taurine  cattle  (Bos  taurus).  The
combined  dataset  included  individuals  assigned  to  12
geographical  regions  based  on  their  origins:  North  Europe,
East  Europe,  Kazakhstan,  Central  Asia,  West  Europe,
Central-South Europe,  North-East  Asia,  Xizang China,  North-
Central  China,  Africa,  India-Pakistan,  and  South-China.
Moreover, two African buffalo individuals were included as an
outgroup (Supplementary Tables S1, S2).
After  stringent  quality  control,  a  total  of  53  518  584  high-

confidence  SNPs  were  identified  across  the  321  samples.
Among  the  Kazakh  populations,  Alatau  cattle  contained
14 920 214 SNPs, Kazakh local breed cattle contained 12 789
952  SNPs,  and  Kazakh  white-headed  cattle  contained
15  086  508  SNPs  (Supplementary  Table  S6).  SV  detection
revealed  a  total  of  192  585  bi-allelic  SVs,  including  87  935
deletions and 104 650 insertions (Supplementary Table S7). 

Genetic structure and interactions within populations
To  examine  interbreed  relationships  among  Kazakh  local
cattle,  Alatau  cattle,  and  Kazakh  white-headed  cattle,
representative  breeds  were  selected  for  genetic  structure

analysis. PCA revealed distinct genetic patterns, with samples
from each geographic  region clustered together.  The Kazakh
breeds clustered within the same genetic branch as common
European cattle. As expected, Holstein cattle from Kazakhstan
grouped  closely  with  Holstein  samples  from  the  1000  Bull
Genomes  Project,  forming  a  single  branch.  Kazakh  white-
headed  cattle  demonstrated  a  closer  genetic  relationship  to
Hereford  cattle,  clustering  within  the  same  clade  (Figure  1A;
Supplementary  Figure  S2).  Phylogenetic  trees  constructed
using  the  neighbor-joining  (NJ)  method  corroborated  these
findings, showing similar population affinities (Figure 1B). Both
Kazakh  local  and  Alatau  cattle  clustered  with  Brown  Swiss
cattle.  These  relationships  were  further  validated  by
ADMIXTURE  analysis  (Supplementary  Figures  S3,  S4).  At
K=2,  all  cattle  breeds  were  divided  into  two  distinct  groups,
corresponding to Bos taurus and Bos indicus  (Figure 1C).  At
K=5,  the  genetic  heterogeneity  within  Alatau,  Kazakh  local,
and  Kazakh  white-headed  cattle  became  evident,  sharing
genomic  ancestry  with  European  taurine  (Hereford,  Angus),
Eurasian  taurine  (Brown  Swiss,  Limousin,  Simmental),  and
East  Asian  taurine  (Northeast  Asia  and  Xizang  China)
(Figure  1C),  findings  that  were  consistent  with  paternal  and
maternal haplotype analyses (Supplementary Figures S5, S6).
Notably, the genetic influence of Eurasian cattle was higher in
the  Alatau  (65.7%)  and  Kazakh  local  breeds  (64.2%)
compared  to  European  cattle  (North,  East,  and  West),
whereas  European  taurine  cattle  contributed  a  larger
proportion  to  the  genetic  makeup  of  Kazakh  white-headed
cattle (88.3%). These results indicate that the cattle population
of Kazakhstan is primarily derived from three distinct ancestral
lineages,  further  supported  by  f3  statistics  (Supplementary
Table S8). 

Genome variation patterns
To  evaluate  genomic  inbreeding  levels  in  Kazakh  cattle,  the
ROHs  were  calculated  for  each  taurine  cattle  population.
ROHs  were  classified  based  on  their  lengths:  0.5–1  Mb,  1–
2  Mb,  2–4  Mb,  and  >4  Mb.  Across  all  cattle  breeds,  most
observed  ROHs  fell  within  the  0.5−1  Mb  range.  European
commercial  breeds  exhibited  a  higher  frequency  of  medium-
sized  (2–4  Mb)  and  long  ROHs  (>4  Mb)  compared  to  other
populations. In contrast, the total length of ROHs in the Alatau,
Kazakh  local,  and  Kazakh  white-headed  breeds  was  shorter
than  in  European  breeds  but  slightly  higher  than  in  African
indicine  cattle.  Among  the  Kazakh  populations,  Alatau  cattle
displayed  the  lowest  number  of  ROHs  >4  Mb  (Figure  2A;
Supplementary  Tables  S9,  S10).  The  average  ROH-based
inbreeding coefficient (FROH) for Kazakh cattle breeds ranged
from 0.05 to 0.15, reflecting low levels of inbreeding and high
genetic  diversity  (Figure  2B).  In  comparison,  LD  analysis
revealed  the  lowest  LD levels  in  African  indicine  cattle,  while
the  highest  LD  was  observed  in  Jersey  cattle,  followed  by
Charolais  and  Limousin  breeds  (Figure  2C).  Kazakh  local,
Kazakh  white-headed,  and  Alatau  cattle  exhibited  faster  LD
decay  rates  than  most  European  breeds  (Figure  2C).
Nucleotide  diversity  (θπ)  analysis  further  highlighted  the
genetic  variation  among  cattle  populations.  African  indicine
cattle  exhibited  the  highest  θπ,  while  Jersey  cattle  had  the
lowest. Among Kazakh cattle, Kazakh local (1.62×10-3), Alatau
(1.64×10-3),  and  Kazakh  white-headed  (1.55×10-3)  cattle
showed slightly higher θπ values than other European breeds
(Figure 2D; Supplementary Table S11). 
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Genome-wide  selective  sweep  analysis  in  Kazak  white-
headed cattle
Genomic  regions  under  selection  in  Kazakh  white-headed
cattle were identified using three different statistical tests, FST,
θπ,  and  XP-EHH.  These  analyses  compared  Kazakh  white-
headed  cattle  and  six  commercial  taurine  cattle  breeds
(Jersey, Holstein, Limousin, Hereford, Angus, and Charolais).
Candidate  genes located  within  the  top  1% of  windows were
annotated using ANNOVAR with the cattle reference genome
(ARS-UCD1.2).  In  total,  786,  864,  and  621  genes  were
identified through FST, θπ, and XP-EHH analyses, respectively
(Figure  3A;  Supplementary  Tables  S12–S15).  Of  these,  77
candidate  genes  were  shared  across  all  three  methods
(Figure 3B).  The most significant selective sweep region was
distributed  on  chromosome  6  (BTA6,  FST=0.6,  θπ=3.33,  and
XP-EHH=4.19).  This  region  included  a  cluster  of  tyrosine
kinase  receptor  genes,  such  as  v-kit  Hardy-Zuckerman  4
feline  sarcoma  viral  oncogene  homolog  (KIT),  kinase  insert
domain  receptor  (KDR),  and  platelet-derived  growth  factor
receptor  alpha  polypeptide  (PDGFRA),  which  collectively
formed a haplotype associated with strong selective pressure.
These genes were clustered within a genomic region spanning
69.723  Mb  to  70.613  Mb,  highlighting  their  tight  spatial
association  on  BTA6.  Haplotype  analysis  revealed  a  high
degree  of  similarity  between  Hereford  and  Kazakh  white-
headed  cattle  (Figure  3C).  The  KIT  gene,  in  particular,  is
known  to  play  a  crucial  role  in  melanogenesis,  guiding
melanocyte  migration  from  the  neural  crest  to  the  skin

(Besmer  et al.,  1993).  This  evidence  strongly  suggests  that
KIT  is  a  key  candidate  gene  associated  with  the  spotting
locus,  which  is  linked  to  distinctive  coat  color  patterns  in
Kazakh white-headed cattle.
SVs  in  the  region  of  interest  were  analyzed  to  identify

potential  associations  with  coat  color  traits.  Using  HiFi
sequencing  data,  a  comprehensive  set  of  SVs  was
constructed  (Supplementary  Table  S3).  This  reference  set
was  then  utilized  for  genotyping  using  short  reads
(Supplementary Table S16), resulting in the identification of a
6  kb  insertion  at  chromosome  position  70  052  679,  located
upstream of  the KIT  gene.  The  population-level  frequency  of
this  insertion  was  examined  across  various  cattle  breeds
(Supplementary  Table  S17),  revealing  a  strong  correlation
with  coat  color  distribution.  Breeds  characterized  by  white
spotting on the head, such as Hereford, Kazakh white-headed,
and Holstein,  consistently  exhibited an SV frequency of  0  for
this  specific  insertion.  Similarly,  Simmental  and Jersey cattle,
both  featuring  white  spots,  demonstrated  low  frequencies  of
the insertion.  In  contrast,  cattle  breeds without  white  spotting
showed  significantly  higher  insertion  frequencies,  often
exceeding  0.8  (Figure  3E;  Supplementary  Figure  S7  and
Table S17).
KEGG  pathway  and  GO  functional  enrichment  analyses

were  conducted  to  investigate  the  biological  roles  of
overlapping  genes  identified  in  Kazakh  white-headed  cattle.
Results  revealed  significant  enrichment  in  37  functional
categories  (corrected  P≤0.05).  Notably,  the  enriched  GO

 

Figure 1  Phylogenetic relationship among cattle populations

A: Principal component analysis (PCA) of taurine cattle from different geographical regions. B: Neighbor-joining phylogenetic tree constructed using
whole-genome  SNP  data.  Bar  represents  pairwise  distances  between  different  individuals.  Colors  represent  geographic  sampling  regions.  C:
Model-based clustering of cattle breeds using ADMIXTURE with K=2 and K=5. Colors reflect different cattle ancestries.
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categories  included  processes  linked  to  transmembrane
receptor protein tyrosine kinase activity,  positive regulation of
kinase  activity,  transmembrane  receptor  protein  tyrosine
kinase  signaling  pathway,  peptidyl-tyrosine  phosphorylation,
receptor  complex,  and  integral  component  of  plasma
membrane,  melanocyte  differentiation,  and  hematopoietic
progenitor  cell  differentiation,  suggesting  a  potential
connection to coat  color  phenotypes in Kazakh white-headed
cattle.  Further  enrichment  analyses  highlighted  pathways
associated  with  transforming  growth  factor  beta  receptor
signaling,  multicellular  organism  development,  growth  factor
binding,  and  ATP  binding,  which  may  contribute  to  growth-
related  traits  specific  to  Kazakh  white-headed  cattle
(Figure 3F; Supplementary Table S18). 

Scanning  for  highly  differentiated  genomic  regions  in
Kazakh local breed and Alatau cattle
A  comparative  genomic  analysis  between  the  Kazakh  local
breed  and  six  commercial  cattle  breeds  (Jersey,  Holstein,
Limousin,  Hereford,  Angus,  and  Charolais)  identified  859

genes  through FST  analysis  and  785  genes  through  XP-EHH
analysis  (Supplementary  Tables  S19–S21).  The  overlap  of
these  two  approaches  yielded  90  candidate  genes
(Figure 4A),  associated with immune traits or  diseases in the
Kazakh  local  breed  based  on  KEGG  pathway  and  GO
enrichment  analyses.  Notably,  analysis  revealed  significant
enrichment  in  the  “Cell  adhesion”  category  (GO:0007155)
related to the immune system. Cell adhesion molecules play a
crucial role in regulating and coordinating immune responses,
maintaining  the  body’s  immune  balance  through  tissue  and
cellular  immunity  (Harjunpää  et al.,  2019).  Cell  adhesion
molecules also facilitate the communication and positioning of
immune cells in lymphoid tissues, promoting the activation and
proliferation  of  lymphocytes.  KEGG  pathway  analysis  further
highlighted  enrichment  in  metabolic  pathways,  including
“Regulation  of  lipolysis  in  adipocytes”  and  “cGMP-PKG
signaling  pathway”  (Supplementary  Table  S22),  in  three  key
genes,  IRS1,  PRKG1,  and  ADCY8,  which  are  associated
with  lipid  metabolism  and  contribute  to  productivity  traits

 

Figure 2  Summary of genomic variation statistics

A: Number of run of homozygosity (ROH) events across 12 cattle breeds. B: Inbreeding coefficients (Fᵢ) calculated for various cattle populations. C:
Linkage  disequilibrium  (LD)  decay  variation  with  genomic  distance,  quantified  by  correlation  coefficient  (r²),  in  domestic  cattle  populations.  D:
Nucleotide diversity (θπ) measured across different cattle populations.
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(Figure 4B; Supplementary Table S22).
Alatau cattle are a dual-purpose breed suitable for both milk

and  meat  production.  Comparative  genomic  analysis  with
other  dairy  cattle  breeds  was  conducted  to  identify  positive
selection  signatures  associated  with  traits  relevant  to  meat
production.  Using  FST  and  XP-EHH  methods,  903  and  803
selected  genomic  regions  were  identified,  respectively
(Supplementary  Tables  S23–S25).  Among  these,  108
candidate  genes  were  detected  by  both  methods  in  Alatau
cattle  (Figure  4C).  To  pinpoint  genes  linked  to  meat
tenderness,  candidate  genes  were  subjected  to  GO
enrichment analysis. This analysis identified KCNMA1, HIF1A,
and  ANTXR1  as  key  genes  positively  influencing  growth
factors.  Enriched  GO  categories  included  “Inner  ear  auditory
receptor  cell  differentiation”  (GO:0042491),  “Cerebral  cortex
development”  (GO:0021987),  “Actin  cytoskeleton
reorganization” (GO:0031532), and “Hematopoietic progenitor
cell  differentiation”  (GO:0002244),  which  are  associated  with
beef production traits (Figure 4D; Supplementary Table S26).
In  addition  to  meat  production,  potential  genes  linked  to  milk

production  traits  were  identified,  including  ATP2B1,  DHX15,
FUK, NEGR1, CCDC91, COG4,  and PTK2B.  GO enrichment
analysis  revealed  that  these  genes  were  enriched  in  several
pathways,  including  “Multicellular  organism  development”
(GO:0007275),  “Protein  transport”  (GO:0015031),  “ATP
binding”  (GO:0005524),  “Digestive  tract  development”
(GO:0048565),  and  “Feeding  behavior”  (GO:0007631)
(Supplementary Table S27).
Comparison  of  the  genomic  regions  under  selection  in

Kazakh  cattle  with  the  expression  quantitative  trait  locus
(eQTL)  database  from  the  cattle  GTEx  project  (Liu  et al.,
2022)  identified  193  eGenes —genes  with  significant  cis-
eQTLs—within  the  selected  regions  (Supplementary  Tables
S28–S30). Among the identified genes, FRYL,  which showed
significant  enrichment  in  the  cAMP  and  Rap1  signaling
pathways,  is  known  to  play  key  roles  in  animal  growth  and
body size regulation (Liu et al., 2024). The down-regulation of
MYBPH is associated with meat quality in Kazakh cattle (Yan
et al.,  2021).  Furthermore, S100A8,  regulated  by  estrogen  in
oviduct  mucosal  epithelial  cells  and  known  to  influence

 

Figure 3  Analysis of positive selection signatures in Kazakh white-headed cattle genome

A:  Manhattan  plots  depicting  selective  sweeps  in  Kazakh  white-headed  cattle.  B:  Haplotype  patterns  constructed  from  SNPs  with  minor  allele
frequencies  >0.05  in  the  Chr  6:  69.72–70.62  Mb  region.  C:  Venn  diagram  illustrating  overlap  of  genes.  D:  Frequency  distribution  of  structural
variants (SVs) derived from HiFi sequencing. E: Identification of 6 kb insertion upstream of the KIT gene within the Chr 6: 69.72–70.62 Mb interval,
based on SV data from HiFi sequencing. F: KEGG and GO pathway enrichment analyses of overlapping genes in Kazakh white-headed cattle, with
pathways considered significant at corrected P≤0.05.
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mucosal  immune  homeostasis  (Li  et al.,  2021),  is  associated
with  a  higher  incidence  of  mastitis  in  cattle  (Kumar  et al.,
2020).  PPP3R1,  which  encodes  a  phosphatase  protein
associated  with  muscle  deposition  in  Nelore  cattle  (Santos
Silva  et al.,  2020),  regulates  muscle  fiber  apoptosis  and
protein  degradation,  leading to  an increase in  the myofibrillar
fragmentation  index  (MFI)  and  enhanced  muscle  tenderness
(Luo et al., 2022). 

DISCUSSION

This  study  conducted  a  comprehensive  WGS  analysis  of
Kazakh cattle,  shedding light  on their  genetic  origins  and the
complex history of  domestication in Kazakhstan.  Strategically
located at the heart of the Eurasian continent, Kazakhstan has
historically  served as a  nexus between Eastern and Western
civilizations.  The  genetic  structure  of  Kazakh  cattle  reflects
this  geographic  and  cultural  position,  exhibiting  a  mix  of
Eastern  and  Western  taurine  ancestries.  This  pattern,  also
observed in human populations of the region (Pan et al., 2023;
Seidualy et al.,  2020), is likely the result of human migrations
and interactions across Eurasia. Further analysis revealed that
Kazakh cattle were primarily composed of three major genetic
components:  European,  Eurasian,  and  East  Asian  taurine
lineages. While East Asian taurine cattle initially spread across
East  Asia,  this  lineage  was  largely  replaced  by  Eurasian
taurine  cattle  (Chen  et al.,  2018a).  Nevertheless,  our  results
showed that  modern Kazakh cattle retained a portion of  East
Asian  taurine  ancestry,  likely  representing  one of  the  earliest
taurine  cattle  lineages  to  reach  Kazakhstan  (Figure  1A).

Despite  its  reduced  presence  due  to  subsequent  genetic
replacement,  this  lineage  provides  evidence  of  early  cattle
introductions to the region. Notably, Eurasian taurine ancestry
predominated  in  both  the  Kazakh  local  breeds  and  Alatau
breeds,  while  the  European  taurine  lineage  was  more
prevalent in Kazakh white-headed cattle, consistent with their
breeding  history,  which  originated  through  the  crossbreeding
of local Kazakh and Kalmyk cows with Hereford bulls (Kineev
& Erdenov, 2005).
Nucleotide diversity analysis revealed that the Kazakh local,

Alatau, and Kazakh white-headed cattle exhibited significantly
higher  diversity  compared  to  other  European  breeds
(Figure  2C).  This  increased  diversity  likely  reflects  the  mixed
genetic  composition  of  Kazakh  cattle  and  the  less  intensive
artificial selection pressures they have experienced compared
to  their  European  counterparts.  ROH  analysis  further
supported  this  observation,  with  all  three  Kazakh  breeds
exhibiting relatively  lower  ROH levels  compared to  European
breeds  (Figure  2B).  The  higher  prevalence  of  ROHs  in
European  commercial  breeds  aligns  with  their  history  of
prolonged  artificial  selection  (Ceballos  et al.,  2018).
Interestingly,  Kazakh  white-headed  cattle  demonstrated  a
higher  inbreeding  coefficient  and  lower  genetic  diversity
compared  to  other  Kazakh  cattle,  suggesting  this  breed  may
have been subjected to more intense artificial selection.
A total of 77 selected genes were identified in Kazakh white-

headed cattle by combining results from FST, θπ, and XP-EHH
analyses.  Among  these,  the  strongest  genomic  signal  was
located  on  BTA6,  including KIT, KDR,  and PDGFRA,  genes
implicated  in  pigmentation  and  coat  color  phenotypes.

 

Figure 4  Analysis of selection signatures of Kazakh local breed and Alatau cattle

A, C: Manhattan plots of positive selection signatures in Kazakh local breed (A) and Alatau cattle (C) using FST and XP-EHH values. B, D: KEGG
and GO pathways enriched in candidate genes in Kazakh local breed (B) and Alatau cattle (D) (corrected P≤0.05).
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Haplotype  analysis  of  these  regions  revealed  similarities
between  Hereford  and  Kazakh  white-headed  cattle
(Supplementary Figure S8).
The  KIT  gene  is  widely  recognized  for  its  role  in

pigmentation  in  mammals  including  cattle,  horses,  cats,  and
pigs (Cooper et al., 2006; Haase et al., 2007; Liu et al., 2009;
Pielberg  et al.,  2002;  Reinsch  et al.,  1999)  In  cattle,  the
vitiligo-like white spotting phenotype arises from the abnormal
migration of  melanocyte precursor  cells  from the neural  crest
to  different  skin  regions  (Jivanji  et al.,  2019).  Consistent  with
these findings, our findings support KIT as a strong candidate
gene  responsible  for  the  white-headed  phenotype  in  Kazakh
white-headed  cattle.  Additionally,  PDGFRA  was  identified
as  another  gene  influencing  pigmentation  and  melanocyte
migration,  affecting  melanin  production  via  the  MAPK
signaling  pathway  and  PKC  gene  expression  (Bennett  &
Lamoreux, 2003).
Structural  variation  is  an  important  component  of  genetic

diversity among cattle populations (Gong et al.,  2022).  In this
study,  a  6  kb  insertion  upstream  of  KIT  was  identified,
potentially  associated  with  the  white  spotting  trait  in  Kazakh
white-headed cattle (Figure 3D). Given the breeding history of
Kazakh white-headed cattle, developed through crossbreeding
local Kazakh and Kalmyk cows with Hereford bulls (Kineev &
Erdenov,  2005),  we  speculate  that  the  KIT  haplotype
originates  from  Hereford  cattle,  consistent  with  the
phylogenetic  relationships observed in  our  local  tree analysis
(Supplementary Table S8). While KIT appears to influence the
white-headed  phenotype  in  Kazakh  white-headed  cattle,
additional theoretical and experimental validation is required to
confirm its role.
Local  cattle  breeds  are  often  characterized  by  robust

disease  resistance,  a  crucial  adaptation  for  survival  in
challenging  environments  (Ma  et al.,  2014).  Comparative
analysis  between  the  Kazakh  local  breed  and  commercial
cattle  breeds  identified  candidate  genes  associated  with
immune  system  functions  (Figure  4B;  Supplementary  Table
S22). In addition, several genomic regions in the Kazakh local
breed  were  enriched  in  pathways  such  as  “Regulation  of
lipolysis  in  adipocytes”  and  “cGMP-PKG  signaling  pathway”,
involving IRS1, PRKG1, and ADCY8, key genes related to fat
metabolism.  Previous  studies  have  demonstrated  that  IRS1
plays an important role in the regulation of milk fat metabolism
(Jiao  et al.,  2020),  while  genome-wide  association  studies
(GWAS)  have  linked  PRKG1  to  variations  in  milk  fatty  acid
composition  (Shi  et al.,  2019).  Similarly,  ADCY8  has  been
implicated  in  lactation  traits  in  Xinjiang  Kazakh  dairy  horses
(Liu  et al.,  2018).  Given  their  established  roles,  we  deduced
that  the  detected  genes  may  have  an  important  regulatory
function in fatty acid metabolism in the Kazakh local breed.
Alatau  cattle  are  recognized  as  a  dual-purpose  breed  for

both  dairy  and  beef  production.  Comparative  genomic
analyses  between  Alatau  cattle  and  dairy  breeds  identified
KCNMA1, HIF1A,  and ANTXR1  as  putative  candidate  genes
under selection, revealed through FST and XP-EHH methods.
KCNMA1  is  associated  with  muscle  growth  and  reproductive
performance  in  buffaloes  (De  Araujo  Neto  et al.,  2020;  Li
et al.,  2018).  HIF1A  contributes  to  cellular  adaptation  under
hypoxic  conditions  by  mediating  responses  to  growth  factors
(Lum  et al.,  2007;  Taylor  &  Scholz,  2022),  while  ANTXR1
regulates  actin  cytoskeleton  reorganization  pathways  (Cheng
et al.,  2019),  which  can  impact  skeletal  muscle  development
and  growth,  essential  for  high-quality  meat  production  (Taye
et al., 2017). In contrast, when comparing Alatau cattle to beef
breeds,  several  genes  linked  to  dairy  production  traits  were

identified,  including  ATP2B1,  DHX15,  NEGR1,  CCDC91,
PTK2B, COG4,  and FUK. ATP2B1 has been linked to fertility
(Rahman  et al.,  2023),  while DHX15  has  been  implicated  in
milk  protein  variability  (Sanchez  et al.,  2017).  NEGR1  is
known  to  impact  somatic  scores,  a  widely  used  indicator  of
mastitis  and  udder  inflammation  (Mohammadi  et al.,  2022),
while CCDC91 is associated with fat percentage in milk (Fang
et al.,  2014)  and  PTK2B  is  associated  with  traits  related  to
mastitis in dairy cows (Yang et al., 2018). The functional roles
of COG4 and FUK further emphasize their importance in dairy
traits,  particularly  in  protein  metabolism,  transport,  and  post-
Golgi modification processes (Zhou et al., 2019). Their strong
selection  signals  in  Alatau  cattle  suggest  they  may  play  a
pivotal  role  in  enhancing  milk  protein  transport  and  overall
dairy performance.
This study offers novel insights into the genetic diversity and

selection signals of Kazakh cattle, marking the first application
of WGS to investigate their genetic architecture and ancestral
composition.  Our  results  provide  a  strong  foundation  for
further investigation into the genetic landscape of the Kazakh
cattle population, with a particular focus on traits of economic
importance.  This  research  enhances  our  understanding  of
genetic  diversity,  aiding  in  the  development  of  breeding
programs to improve productivity and resilience. 
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