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  HIGHLIGHTS
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● Structural variations related to egg production

were identified in Leghorn.
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adaption were identified in Tibetan chicken.
● A methodology for structural variations calling

is proposed.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
Chickens  are  one of  the  most  important  domesticated animals,  serving  as  an
important  protein  source.  Studying  genetic  variations  in  chickens  to  enhance
their  production  performance  is  of  great  potential  value.  The  emergence  of
next-generation  sequencing  has  enabled  precise  analysis  of  single  nucleotide
polymorphisms  and  insertions/deletions  in  chicken,  while  third-generation
sequencing  achieves  the  accurate  structural  variant  identification.  However,
the high cost of third-generation sequencing technology limits its application in
population studies.  The graph-based pan-genome strategy can overcome this
challenge by enabling the detection of structural variations using cost-effective
next-generation  sequencing  data.  This  study  constructed  a  graph-based  pan-
genome  for  chickens  using  12  high-quality  genomes.  This  pan-genome  used
linear  genome  GRCg6a  as  the  reference  genome,  containing  variant
information from two commercial  and nine native chicken breeds.  Compared
to  the  linear  genome,  the  pan-genome  provided  significant  improvements  in
the efficiency of  structural  variation identification.  On the basis  of  the graph-
based  pan-genome,  high-frequency  structural  variations  related  to  high  egg
production in Leghorn chicken were predicted. Additionally, it was discovered
that potential structural variations was associated with highland adaptation in
Tibetan chickens according to next-generation sequencing and transcriptomics
data.  Using  the  pan-genome  graph,  a  new  strategy  to  identify  structural
variations related to traits of interest in chickens is presented.
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1    Introduction
 
Chicken  (Gallus  gallus)  is  one  of  the  most  important
domesticate  animals  in  the  world.  It  originated  from  the
southern  Yunnan  subspecies  of  the  red  jungle  fowl,  primarily
in regions such as south-western China, northern Thailand and
Myanmar[1].  As  the  most  widely  domesticated  farm  animal,
chicken is extensively raised for both commercial and backyard
farming purposes, surpassing the number of large animals such
as pigs, sheep and cattle[2].

Chicken production is widely recognized as an excellent source
of  protein,  with  low  fat  and  high  nutritional  value[3].  While
most  market  chicken  production  is  derived  from  commercial
strains,  native  chicken  is  an  alternative  source  for  chicken
production, which is highly regarded as a delicacy, particularly
in Asian food culture[4–6]. In addition to being a specialty food
source, the study of native chickens possess significant value in
enhancing  comprehension  of  avian  environmental  adaptation
and  chicken  breeding  practices.  Silkies  are  a  native  chicken
breed  with  the  rare  fibromelanosis  trait  and  high  melanin
content  in  their  organs[7,8].  Tibetan  chickens  inhabit  high-
altitude  areas  and  has  strong  adaptability  to  low-oxygen
environments.  It  has  become  an  important  avian  model  in
high-altitude  adaption[9,10].  Naked  Neck  game  fowls,  with  no
feathers on their neck,  were once widely used in cock fighting
in  North  America.  The  naked  neck  trait  is  considered  a
valuable trait to resist heat stress for commercial chickens[11,12].

A  high-quality  reference  genome  is  of  great  importance  to
accurately  identify  genetic  variations  in  different  chicken
breeds.  Previous  studies  on  chicken  primarily  relied  on  linear
reference  genomes,  such  as  GRCg6a,  GRCg7b,  and  GRCg7w.
However,  as  the  availability  of  NGS  (next-generation
sequencing)  data  and  genome  assemblies  increases,  it  is  hard
for a single linear reference genome to fully represent the whole
chicken  species[13].  Also,  traditional  methods  based  on  linear
reference  genomes  and  NGS  data  have  difficulty  accurately
identifying  SVs  (structural  variations  with  lengths  of
>  50  bp)[14,15].  The  limitation  and  demand  of  SV  detection
prompted  the  development  of  pan-genomics,  which
incorporates  genetic  information  from multiple  individuals  to
create  a  reference  genome  with  a  more  comprehensive
representation of the species[16]. In the past, pan-genomes were
initially  constructed  using  the  iterative  assembly  method.
However,  this  approach  cannot  accurately  represent  the
original  genomic  sequences  of  individuals  despite  containing
genetic information from multiple genomes[17]. On the basis of
a  graph  methodology  strategy,  the  emergence  of  graph-based
pan-genomes  has  addressed  this  issue  and  made  a  crucial

contribution to recent genomics studies[18,19]. In a graph-based
pan-genome,  genetic  variants  are  stored  as  nodes  with  edges
encoding  the  strandedness,  and  the  regions  where  variations
appear  are  defined  as  snarls  in  the  graph[20].  In  this  strategy,
the  genome  becomes  nonlinear  and  different  haplotypes  are
represented  as  multiple  paths.  Unlike  to  the  iterative  method,
the  structure  of  graph-based  pan-genome  will  avoid
overwriting of variants from different individuals.

We  constructed  a  graph-based  pan-genome  for  worldwide
chicken  using  12  high-quality  assemblies  from  12  chicken
breeds.  Compared  to  the  linear  genome-based  method,  our
pan-genome  graph  outperformed  in  genome  NGS  data
alignment  and  SV  detection.  The  graph-based  pan-genome
enabled  us  to  identify  breed-specific  SVs  in  the  chicken
population  using  NGS  data.  This  effort  revealed  the  potential
SVs  related  to  high  egg  production  and  identified  breed-
specific SVs related to environmental adaption in Leghorn and
Tibetan  chicken.  In  summary,  our  study  presents  a  reliable
methodology  for  graph-based  SV  calling  for  agricultural
animals.
 

2    Materials and methods
  

2.1    Data resource
Two commercial  and  nine  native  chicken  genomes  assembled
in  previous  studies  were  downloaded  from  NCBI  chicken
genome databases[21,22]. The Illumina short reads of NGS used
in  this  study  were  collected  from  the  NCBI  Sequence  Read
Archive[23].  Transcriptomics  data  used  in  this  study  were
collected from the CNCB genome sequence archives and NCBI
sequence read archive[24,25].
 

2.2    Graph genome construction
The  graph-based  pan-genome  was  constructed  by  the
Minigraph-Cactus  pipeline[26,27].  GRCg6a assembled from red
jungle  fowl  data  was  used  as  a  reference  genome  for  graph-
based  pan-genome  construction.  In  addition  to  GRCg6a,  the
other 11 assemblies were used in the following steps. First, the
cactus-minigraph function  was  used  to  construct  a  GFA
minigraph  based  on  a  series  of  chicken  genome  FASTA  files.
Second,  the cactus-graphmap function  was  used  to  map  each
input assembly back to the graph. Third, the cactus-graphmap-
split function  was  used  to  split  the  input  assemblies  and  PAF
into chromosomes to  reduce the  computing cost  according to
rGFA (reference graphical fragment assembly) tags in the GFA
(graphical  fragment  assembly),  whose  format  is  suitable  for
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both Bruijn graph- and string graph-based assemblers. Fourth,
the cactus-align function was used to complete the assembly to
graph  minigraph  alignment  of  Cactus  multiple  genomes.
Finally, the cactus-graphmap-join function was used to join the
chromosome graph and produced the final graph genome.
 

2.3    Structural variation calling by graph-based pan-
genome and linear genome
VG  is  a  complementary  tool  for  SV  calling  based  on  graph-
based  pan-genomes,  which  was  used  for  NGS  data  mapping
and  SV  calling  in  this  study[28].  The  VG  Giraffe  was  used  to
align high-depth NGS data to the graph-based pan-genome[29].
NGS  data  from  commercial  and  native  chicken  breeds  were
used  to  validate  the  reliability  of  the  Minigraph-Cactus
pipeline.  VG Pack and VG Call  toolkits  were used to generate
the VCF file after the alignment with VG Giraffe[28].  BCFtools
joined  the  VCF  file  from  the  same  species,  and  SVs  with  an
allele frequency ratio of ≥ 0.4 were retained as high-frequency
SVs[30]. Lumpy (version 0.3.1) was used for SV calling based on
GRCg6a with default parameters[31].
 

2.4    Identification of structural variations
overlapping specific genomic promoter regions
The  upstream  3000  bp  areas  of  genes  was  regarded  promoter
regions  in  chicken  according  to  a  previous  study[32].  The
locations  of  exon  and  intron  were  obtained  from  annotation
file  of  GRCg6a.  The coverage  of  exons/introns/promoters  and
filtered SV was obtained through the BEDTools intersect with
parameter “-wa -wb,” which accepts two bed files and outputs
the  overlapping  areas  of  them[33].  DAVID  and  KOBAS  were
used for  the  Gene Ontology  (GO) and Kyoto  Encyclopedia  of
Genes  and  Genomes  (KEGG)  analysis,  respectively[34–36].  The
species parameter was set to “chicken” in both website tools to
ensure  the  right  background  genes.  P-values  were  calculated
for  the  results  of  GO  and  KEGG  enrichment  analysis  and
adjusted p-value calculation was also performed.
 

2.5    RNA-seq data analysis
RNA-seq  data  was  from  an  earlier  study,  including  midbrain
and  cerebral  cortex  tissues  from  both  Leghorn  (from  lowland
contexts)  and  Tibetan  chicken  (from  the  Tibetan  highland),
with  six  biological  replicates  for  each  group.  RNA-seq  reads
were  mapped  to  reference  genome  GRCg6a  by  HISAT2
(version  2.2.1)  with  default  parameters[37].  RNA-seq  read
counting  and  expression  level  calculation  were  performed  by
StringTie  (version  1.3.3)  with  parameters ‘-e -B’[38].

Differentially expressed genes were identified by the R package
“DEseq2”[39].  The  output  in  ballgown  format  from  StringTie
was  transformed  into  read  count  format,  which  the  DEseq2
package  can  directly  identify.  DEseq2  uses  generalized  linear
models  to  estimate  the  significance  of  differentially  expressed
genes  and  multiple  comparisons  are  made  with  adjusted  p-
values.
 

3    Results
  

3.1    Construction of the chicken graph-based pan-
genome
We  constructed  a  chicken  graph-based  pan-genome  based  on
the  Minigraph-Cactus  pipeline.  This  pan-genome  used  linear
reference genomes GRCg6a (red jungle  fowl)  as  the reference,
consisting of 11 genomes from two commercial breeds (White
Leghorn and Rhode Island Red) and nine native breeds (Silkie,
Tibetan,  Asil,  Cornish,  Houdan,  Fayoumi,  Huxu,  Naked Neck
and  Thailand  game  fowl)  (Fig. 1(a)).  We  categorized  the
variants  in  the  graph  into  four  classes:  SNP,  indels  with  a
length of < 50 bp, short SVs with a length of 50–1000 bp, and
long  SVs  with  a  length  of  >  1000  bp.  The  pan-genome
encompassed  43,710,347  SNPs,  9,139,049  indels  with  average
length 4.16 bp (median length of 3 bp), 317,533 short SVs with
an  average  length  of  241  bp  and  55,211  long  SVs  with  an
average  length  of  4292  bp  (Fig. 1(b)).  The  majority  of  these
variants  were  overlapped  with  intergenic  and  intron  regions,
accounting  for  80.5%,  80.7%,  and  74.5%  of  the  indels,  short
SVs,  and  long  SVs,  respectively  (Fig. 1(c)).  The  graph
comprised a total of 4691 paths (haplotypes), 532,22,140 nodes
(variants),  and 73,118,282 edges  (encode strandedness)  within
the  graph-based  pan-genome  (Fig. 1(d)).  On  average,  there
were 476 nodes and 654 edges per 10 kb window.
 

3.2    Evaluation of the chicken graph-based pan-
genome using genome next-generation sequencing
data
To  evaluate  our  graph-based  pan-genome,  we  mapped  the
high-depth  genome  NGS  data  (>  40  times  depth)  to  graph-
based  pan-genome  and  linear  genome  GRCg6a,  respectively.
The  high-depth  genome  NGS  data  came  from  the  same
individual  used  for  genome  assembly.  We  compared  the
mapping ratio of the graph-based method to the GRCg6a linear
genome-based  method.  The  graph-based  method  had  higher
alignment ratios (median of > 98%) than that of GRCg6a using
the  BWA  aligner  (Fig. 2(a)).  We  also  compared  the  variants
called  from  NGS  data  to  the  variants  contained  in  the
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pan-genome (Fig. 2(b)). The high calling ratio between the two
sets  of  variants  validated  the  sensitivity  of  graph-based  SV
calling.  Also,  we  evaluated  the  graph-based  mapping  ratio
using  low-depth  NGS  data  from  four  chicken  breeds  (Silkie,
White  Leghorn,  Rhode  Island  Red  and  Tibetan  chickens  with
7–15 times depth). The results demonstrated that the mapping
ratio of the VG pipeline for low-depth NGS data was also high,
with  a  median  value  of  >  98.8%  in  all  four  population
(Fig. 2(c)).  To further compare the graph-based and the linear
method,  we  called  SVs  using  genome  NGS  data  with  linear
genome SV caller Lumpy. Lumpy called 3246, 3690, 3024, and
4916  SVs  for  Leghorn,  Rhode  Island  Red,  Silkie  and  Tibetan
chickens, respectively. In comparison, the graph-based method
reported  9944,  8725,  8010,  and  11,970  SVs  indicating

significantly  increasing  numbers  of  identified  SVs.  This
highlights  the  enhanced  efficiency  of  SV  calling  using  the
graph-based pan-genome. The graph-based mapping exhibited
a  slightly  lower  alignment  ratio  than  the  HISAT2  tool
(Fig. 2(d)). More complex processes in RNA-seq alignment may
restrict  the  performance  of  graph-based  mapping  and  further
improvements in the tools are needed to address this issue.
 

3.3    Graph-based method identified the structural
variations potentially related to egg production in
Leghorn chicken
We  then  investigated  SVs  in  four  chicken  populations,
including  two  commercial  breeds  (White  Leghorn  for  egg

 

 
Fig. 1    Graph  pan-genome  construction  and  statistics:  (a)  chicken  breeds  used  in  the  construction  of  the  graph-based  pan-genome;
(b) statistics of length for indels and SVs; (c) statistics of overlapping regions for indels and SVs; and (d) number of edges and nodes in the graph.
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production and Rhode Island Red for dual  purposes)  and two
native  breeds  (Silkie  and  Tibetan).  Using  genome  NGS  data
from White Leghorn (n = 46), Rhode Island Red (n = 21), Silkie
(n = 27), and Tibetan (n = 24) chicken, we mapped the data to
our  graph-based  pan-genome  and  identified  high-frequency
SVs (allele  frequency of ≥ 0.4).  This  effort  found 1197,  1059,
918,  and  1504  high-frequency  SVs  in  these  four  populations,
respectively.  On  the  basis  of  high-frequency  SV  information,
we  identified  666  SVs  unique  to  Leghorn  chicken  (Fig. 3(a))
with  52.4%  being  insertions  and  47.6%  deletions  (Fig. 3(b)).
Also,  20.7%,  69.1%,  and  10.2%  of  these  Leghorn  specific  SVs
were  located  in  the  exon,  intron  and  promoter  regions,
respectively (Fig. 3(c)).

Although  most  unique  SVs  are  located  in  intron  regions,  it  is

still  necessary  to  focus  on  these  SVs  considering  probable
intron  retention.  We  first  calculated  the  expression  levels  of
343  genes  with  SV  overlapping  introns  using  RNA-seq  data
from  ovary  granulosa  and  theca  cells  (small  yellow  follicles
6  mm,  F1  or  F5  stages)  (Fig. 4(a)).  218  of  these  genes  were
expressed (FPKM > 1) in at least one stage, and 17 of them had
expression signals on their SV overlapping introns (coverage of
> 3 reads). This finding indicates that SVs in intron regions can
also  potentially  alter  the  mature  transcript  sequence.  Notably,
we identified a  661 bp insertion (chromosome 4:  65,  106,  and
861)  on CLOCK (clock  circadian  regulator)  intron  region,
which  forms  a  heterodimer  with BMAL1 (basic
helix–loop–helix  ARNT-like  1).  An  earlier  study  showed  this
heterodimer  activated  the  transcription  STAR  gene  in  the
goose  ovary  and  has  a  probable  influence  on  progesterone
synthesis[40].  We also  found a  61  bp deletion (chromosome 6:

 

 
Fig. 2    Evaluation of the chicken graph pan-genome: (a) comparison of the alignment ratio of high-depth sequencing data based on the linear
genome  and  graph-based  pan-genome;  (b)  calling  ratio  (the  number  of  called  SVs/the  number  of  total  SVs  in  graph  for  each  breed)  for
variants in the graph by VG; (c) alignment ratio of low-depth genome NGS data from four populations of chicken; and (d) comparison of the
alignment ratio of RNA-seq data based on the linear genome and graph-based pan-genome.
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34,  332,  924–985)  on  the  exon  region  of MKI67 (marker  of
proliferation  Ki-67)  (Fig. 4(b)). MKI67 serves  as  a  marker  for
follicular  proliferation[41].  In  summary,  we  identified

intronic/exonic  region  SVs  in  reproduction-related  genes  in
Leghorn  chickens,  which  require  further  validation  to
determine their contribution in reproduction.
 

 

 
Fig. 3    Analysis of genes overlapped by unique SVs in Leghorn chicken: (a) Venn diagram for high-frequency SVs in four chicken populations;
(b) ratio for insertions and deletions of Leghorn specific SVs; and (c) ratio of Leghorn specific SVs overlapping genomic regions.

 

 

 
Fig. 4    Identification of SVs in reproduction-related genes in Leghorn chicken: (a) heatmap of expression levels of genes with introns covered
by Leghorn specific SVs; and (b) loci of 61 bp insertion on MKI67 exon and expression signal of MKI67.
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3.4    Graph-based method screened unique SVs
related to environmental adaptation in Leghorn and
Tibetan chickens
To  further  investigate  the  potential  influence  of  SVs  on  the
function  of  nervous  tissues,  we  combined  the  analysis  of  SVs
and  transcriptomics  data  in  White  Leghorn  and  Tibetan
chickens.  White  Leghorn  and  Tibetan  chickens  represent
chickens  produced  in  quite  distinct  environments,  with  the

former  being  primarily  produced  on  modern  farms  and  the
latter  being  raised  in  household  farming  in  highlands.  We
conducted  the  transcriptomic  analysis  using  RNA-seq  data
from  the  midbrain  and  cerebral  cortex  tissues  in  these  two
chickens. This effort separately found 619 and 453 significantly
differentially  expressed  genes  (DEGs)  in  the  midbrain  and
cerebral cortex (p-value < 0.01, |log2FC| > 1). Among the DEGs
in  the  midbrain,  248  were  upregulated,  and  371  were
downregulated  in  Tibetan  chicken  (Fig. 5(a)).  The  top  five

 

 
Fig. 5    GO and KEGG analysis  for  DEGs in  midbrain  and cerebral  cortex  tissues:  (a)  KEGG volcano plot  for  differentially  expressed genes  in
midbrain between highland-living Tibetan chicken and lowland-living Leghorn chicken; (b) KEGG volcano plot for differentially expressed genes
in cerebral cortex highland-living Tibetan chicken and lowland-living Leghorn chicken; (c) GO enrichment for DEGs in the midbrain; and (d) GO
enrichment for DEGs in the cerebral cortex.
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enriched pathways included ABC transporter,  cytosolic  DNA-
sensing  pathway,  NOD-like  receptor  signaling  pathway,
sphingolipid metabolism, and steroid hormone biosynthesis. In
the cerebral  cortex,  123 DEGs were upregulated and 330 were
downregulated  in  Tibetan  chicken  (Fig. 5(b)).  Among  these
DEGs,  previous  studies  have  shown  that SULT2B1L1
(sulfotransferase  family  cytosolic  2B  member  1-like)  and
HSD11B1b (hydroxysteroid  11-beta  dehydrogenase  1B)  are
involved  in  steroid  hormone  biosynthesis.  These  genes  have
homologous  members  that  function  in  the  hormonal
regulation  of  the  human  endometrium  and  conceptus
elongation  in  sheep[42,43]. ACE (angiotensin  I  converting
enzyme) was also identified, which is associated with improved
performance  at  high  altitudes  in  humans[44].  The  presence  of
these  known genes  in  the  DEGs validates  the  reliability  of  the
transcriptomic  data  and  the  pipeline  used  for  identifying  the
DEGs. GO enrichment analysis also revealed that DEGs in the
midbrain  are  predominantly  associated  with  functions  related
to  ion  transport,  which  plays  a  vital  role  in  cellular
homeostasis, nerve impulse transmission, and muscle function.
DEGs in the cerebral cortex were enriched in functions related
to  the  function  of  major  histocompatibility  complex,  the  key
member  of  adaptive  immunity.  These  analyses  at  the
transcriptome  level  revealed  the  differences  in  biological
processes  between  Tibetan  chickens  from  high  altitudes  and
Leghorn chickens from the plains.

We  further  identified  DEGs  with  promoters  overlapped  by
breed-specific high-frequency SVs in and Leghorn and Tibetan
chickens. We found eight DEGs with promoters overlapped by
high-frequency  unique  SVs,  including LOC107051754,
LOC101747932, MRPS24 (mitochondrial  ribosomal  protein
S24), RAPGEF3 (Rap  guanine  nucleotide  exchange  factor  3),
LOC107051637, WDR78 (WD  repeat  domain  78),  and SYTL1
(synaptotagmin-like  1).  One  notable  midbrain  DEG  is
MRPS24,  which  is  involved  in  protein  synthesis  within  the
mitochondrion.  The  presence  of  the  94  bp  insertion  in  the
promoter  region  may  potentially  affect  the  expression  level  of
MRPS24 and  the  activity  of  mitochondria,  which  could  be  an
adaptation  to  the  hypoxic  environment  in  Tibetan  chicken
(Fig. 6(a)). Another important gene is SYTL1,  which has a 260
bp  insertion  in  the  promoter  region  of  Leghorn  chicken
(Fig. 6(b)). SYTL1,  also  known  as JFC1 in  humans  and
exophilin7 in  mice,  is  involved  in  the  mediation  of  undocked
granule  fusion  and  plays  a  role  in  the  exocytosis  of  insulin
granules[45].  This  insertion  in  Leghorn  chicken  may  represent
an adaptive response to long-term human domestication.
 

4    Discussion
 
Our study has shown the capacity of graph-based pan-genome
to overcome the limitations of SV detection using genome NGS
data.  It  has  provided  a  comprehensive  representation  for

 

 
Fig. 6    Predicted functional SVs and expression signal of exon regions; (a) insertion in the promoter of MRPS24 and the expression signal of
MRPS24 exon regions; and (b) insertion in the promoter of SYTL1 and expression signal of SYTL1 exon regions.
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chicken  and  allows  for  accurate  SV  detection  using  genome
NGS data. Previous studies performed SV calling using genome
NGS data with linear genome callers, such as Delly and Lumpy
software[31,46].  However,  low  representativeness  of  the
reference  genome  and  difficulties  in  long  SV  calling  are  two
main  challenges  for  this  strategy[13,14,16].  In  our  study,  graph-
based  pan-genome  showed  robust  representativeness  and
performed  better  in  the  alignment  of  genome  NGS  reads  and
the identification of SVs compared to the linear reference.

However,  there  are  still  challenges  for  graph-based  pan-
genome that  need to be addressed.  One challenge is  the lower
mapping ratio of RNA-seq data. A slightly lower mapping ratio
was observed using the graph-based pan-genome compared to
the  linear  genome  with  the  aligner  HISAT2[47].  The  lower
mapping  ratio  is  due  to  the  complexity  of  the  RNA-seq
alignment  process,  which  requires  considering  both  the  linear
reference genome and the variants stored in the graph. Another
challenge  is  the  lack  of  analysis  tools  specifically  designed  for
graph-based  pan-genomes.  While  several  tools  have  been
developed,  they  may  not  be  fully  adapted  to  the  evolving
versions  of  the  pan-genome  graph[48,49].  The  construction
method  of  the  pan-genome  graph  itself  is  constantly  being
updated,  which can pose challenges for existing analysis  tools.
Additionally,  the  quality  and  completeness  of  the  genomes
used  for  constructing  the  pan-genome  graph  can  impact  its
effectiveness.  In  the  case  of  chicken  genomes,  the  lack  of
complete assemblies for small chromosomes (chromosomes 29
and 34–39 in chicken) can limit the accuracy and completeness
of  the  graph-based  pan-genome.  Efforts  should  be  made  to
improve  the  assembly  quality  and  coverage  of  these  smaller
chromosomes  to  enhance  the  overall  quality  of  the  pan-
genome graph.

Indeed,  the  use  of  graph-based  pan-genomes  in  population

studies  can  provide  a  more  efficient  and  cost-effective
approach  for  identifying  and  analyzing  SVs  in  agricultural
animal  populations.  Graph-based  pan-genomes  offer  a
promising  alternative  to  statistical  methods,  which  are
important  for  studies  on  avian  functional  SVs[32,50,51].  Our
study  presents  a  series  of  analyses  of  SVs  from  different
chicken  breeds  using  a  graph-based  pan-genome.  These
examples  provide  a  new  pipeline  for  chicken  population
research. This pipeline requires only long-read sequencing data
from  a  small  number  of  individuals.  Then,  we  assemble  the
genome with long reads at the contig level, join and correct the
assembly  by  ragtag  and  construct  a  graph-based  pan-
genome[52].  Finally,  VG  accurately  screened  out  high-
confidence SVs with low-cost genome NGS data.

Overall,  despite  these  challenges,  the  use  of  graph-based  pan-
genomes holds great promise for studying genetic variations in
chicken  populations.  With  further  advancements  in  analysis
tools  and  enhanced  genome  assemblies,  the  graph-based
approach can provide a more comprehensive understanding of
genetic variations in chickens.
 

5    Conclusions
 
Our study constructed a graph-based pan-genome for chicken
and  demonstrated  its  effectiveness  in  identifying  SVs  in
different  chicken  breeds  using  genome  NGS  data.  Through
comprehensive  analyses,  we  gained  insights  into  the  genetic
variations underlying high egg production in Leghorn chicken
and highland adaptation in Tibetan chicken. The integration of
transcriptomic  data  further  highlighted  genes  that  may
contribute  to  substantively  to  specific  traits.  The  future
challenge will be validating the functions of SVs associated with
traits  of  interest  and  improving  the  graph-based  pan-genome
quality and completeness.
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