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Abstract  

The  mandarin  rat  snake  (Euprepiophis  mandarinus),  a  widely  distributed  and  ecologically  important  species  endemic  to

 A  sia,  ser  ves  as  an  ideal  candidate  for  establishing  a  reference  genome  for  the  genus  Euprepiophis.  This  is  due  to  its  wide

 distribution,  and  its  overlapping  distribution  with  and  morphological  similarities  to  the  endangered  Euprepiophis  perlaceus.

 Here  we  present  the  first  high-quality,  chromosome  -level  reference  genome  of  E.  mandarinus,  assembled  using  PacBio  HiFi

 long-read  and  Hi-C  sequencing.  The  final  assembly  has  a  length  of  1.65  Gb  contained  in  56  scaffolds,  a  scaffold  N50  of  210  Mb,

 a  benchmarking  universal  single  -copy  orthologs  completeness  of  98.2%,  and  99.12%  bases  anchored  onto  19  chromosomes.

 We  identified  22,332 protein-coding  genes,  3,440  noncoding  RNA  s,  and  approximately  7  million  repeat  elements  accounting

 for  58.38%  of  the  assembled  genome.  This  reference  genome  provides  a  valuable  resource  for  taxonomic,  phylogenetic,

 comparative,  and  conser  vation  studies  of  the  genus  Euprepiophis.
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Introduction 
Euprepiophis  is  a  genus  of  nonvenomous  colubrid  snakes

 comprising  three  species:  Euprepiophis  conspicillata,  Euprepiophis
 mandarinus,  and  Euprepiophis  perlaceus  ( Schoch  et  al.  2020;

 Uetz  et  al.  2021).  Among  these,  E.  mandarinus  and  E.  perlaceus
 are  distributed  in  the  continent  of  A  sia  and  share  numerous

 morphological  similarities,  whereas  E.  conspicillata  is  endemic

 to  Japan  and  shows  distinct  morphological  divergence  from

 the  other  two  species  ( Chen  et  al.  2014;  Tang  et  al.  2021).  E.
 perlaceus  is  an  endangered  species  endemic  to  western  China,

 once  considered  extinct  ( Tang  et  al.  2021;  Song  et  al.  2023).  E.
 mandarinus,  commonly  known  as  the  mandarin  trinket  snake  or

 mandarin  rat  snake,  is  a  widely  distributed  species  endemic  to  A  sia

 ( Ji  et  al.  2012;  A  shaharraza  et  al.  2019).  Although  classified  as  Least

 Concern  on  the  IUCN  Red  List  ,  it  has  been  listed  as  Vulnerable  on

 the  Red  List  of  China’s  Vertebrates  because  of  population  declines

 ( Ji  et  al.  2012;  Jiang  et  al.  2016).  Historically,  these  snakes  were

 classified  under  several  genera  based  on  morphological  traits

 until  molecular  phylogenetic  evidence  definitively  placed  them  in

 the  resurrected  genus  Euprepiophis  ( Utiger  et  al.  2002).
 

The  mandarin  rat  snake  is  a  shy  and  secretive  species,  primarily

 active  at  dawn  or  dusk  in  dense  forested  environments  with  high

 humidity.  It  predominantly  feeds  on  small  vertebrates,  containing
 

rodents,  lizards,  and  frogs,  playing  a  pivotal  role  in  maintaining

 ecological  balance  by  regulating  populations  of  rodents  and  rep  -

 tiles.  Due  to  its  mild  temperament  and  bright  colors,  the  mandarin

 rat  snake  has  become  highly  sought-after  pet  .  Despite  its  eco  -

 logical  and  commercial  significance,  the  species  remains  poorly

 studied,  with  a  notable  lack  of  molecular  data,  particularly  in

 phylogenetic  research.  To  date,  the  only  genome  available  for  the

 genus  Euprepiophis  is  the  complete  mitochondrial  genome  of  E.
 perlaceus  ( Wan  et  al.  2016).  Recently,  whole  -genome  sequencing

 has  emerged  as  a  revolutionar  y  tool  for  producing  comprehensive

 genetic  data  and  has  been  widely  used  in  studies  of  snake  evolu-

 tion,  development  ,  adaptation,  and  phylogeny  ( Peng  et  al.  2023;

 Yan  et  al.  2023;  Lv  et  al.  2025).
 

The  broad  distribution  of  E.  mandarinus  not  only  makes  it  the

 most  accessible  species  within  the  genus  for  sample  collection  but

 also  provides  a  valuable  opportunity  to  investigate  population-

 level  genetic  variation.  Therefore,  it  ser  ves  as  an  ideal  candidate

 for  establishing  a  reference  genome  for  the  genus  Euprepiophis.  In

 this  study,  we  present  a  high-quality,  chromosome  -level  genome

 assembly  of  E.  mandarinus  generated  using  PacBio,  Hi-C,  and  Illu-

 mina  sequencing  data.  This  assembled  genome  not  only  ser  ves

 as  a  crucial  resource  for  investigating  genetic  diversity  and  pop  -

 ulation  genetics  in  E.  mandarinus,  but  also  provides  a  reference
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Fig.  1  Sequenced  specimen  and  genome  profile  of  Euprepiophis  mandarinus.  a)  Photograph  of  the  mandarin  rat  snake.  c)  The  quality  and  length

 distribution  of  PacBio  long-reads.  b)  The  k  -mer  (K  =  51)  distribution  for  genome  size  estimation.  d)  Hi-C  interaction  heatmap  for  assembled  genome.  

framework  for  evolution,  phylogenetics,  taxonomic  classification,

 and  comparative  genomics  of  the  genus  Euprepiophis.
 

Methods 

Biological  materials  

An  adult  female  of  E.  mandarinus  was  collected  from  Guang  yuan

 City,  Sichuan  Province,  China  in  July  2025  ( Fig.  1a).  For  whole  -

 genome  sequencing,  the  genomic  DNA  was  extracted  from  mus  -

 cle  tissue  using  the  cetyltrimethylammonium  bromide  method

 ( Doyle  and  Doyle  1987).  The  integrity  of  the  genomic  DNA  was

 assessed  using  agarose  gel  electrophoresis.  We  determined  the

 purity  and  quantity  of  the  total  DNA  using  NanoDrop  2000  Spec-

 trophotometer  (Thermo  Fischer  Scientific)  and  Qubit  Fluorome  -

 ter  (Invitrogen).  In  addition,  we  obtained  seven  samples  (muscle,

 blood,  heart  ,  kidney,  liver,  lung,  and  spleen)  from  the  same  spec-

 imen  for  RNA  sequencing.  Total  RNA  was  isolated  using  RNAprep
 

Pure  Tissue  Kit  (TIANGEN)  following  the  manufacturer’s  protocol.

 The  voucher  specimen  was  deposited  in  the  Snake  Collection  of

 Yibin  University  under  voucher  number  YBU250609. 

Nucleic  acid  librar  y  preparation

 and  sequencing 

For  short-read  sequencing,  the  CWseq  Universal  DirectFast

 DNA  Librar  y  Prep  Kit  (Illumina  &  MGI)  was  used  for  sample

 preparation  to  generate  sequencing  librar  y  according  to  the

 manufacturer’s  instructions.  The  librar  y  was  analyzed  using  the

 Agilent  2100  Bioanalyzer  (Agilent  Technologies,  USA),  and  its

 effective  concentration  was  accurately  quantified  using  the  qPCR

 method.  The  long-read  sequencing  librar  y  was  constructed  using

 the  SMRTbell  Express  Template  Prep  Kit  3.0.  For  Hi-C  sequencing,

 muscle  sample  was  first  fixed  with  1%  formaldehyde  to  cross  -

 link  DNA  and  proteins.  The  cross  -linked  DNA  was  digested  with

 Hind  III  restriction  enzyme,  labeled  with  biotin  in  end,  circularized,
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Table  1  Software  tools  and  versions  for  genome  assembly  and  analysis.  

Procedures  Software  Version  

A  ssembly  

 k  -mer  counting  Jellyfish  2.3.1  

 Estimation  of  genome  size  and  heterozygosity GenomeScope  2.0  

 De  novo  contig  assembly  Hifiasm  0.19.9  

Scaffolding  

 Hi-C  data  mapping  HiCUP 0.9.2  

 Cluster,  orientate,  and  order  the  contigs ALLHiC  0.9.14  

 Fine  -tune  the  assembly  Juicebox 2.22  

Genome  quality  assessment  

 A  ssembly  completeness  BUSCO 5.6.0  

CEGMA  2.5  

Merqur  y 1.3  

Genome  annotation  

 Homology-based  gene  prediction genBlastA  1.0.4  

GeneWise  2.4.1  

 Transcriptome  -based  gene  prediction HISAT 2.2.1  

StringTie  2.2.3  

 De  novo  gene  prediction Augustus 3.5.0  

 Integration  of  gene  prediction EVidenceModeler 2.1.0  

 Update  of  gene  annotation PASA  2.5.3  

 Gene  function  annotation DIAMOND  2.1.11  

InterProScan 5.59  

BlastKOALA  3.1  

Repeat  annotation  

 Transposon  identification RepeatMasker 4.1.7  

RepeatModeler  2.0.6  

 Tandem  repeat  identification Krait 2.0.6  

Nonding-RNA  annotation  

Infernal  1.1.5  

tRNA  scan-SE 2.0.12  

Barrnap 0.9  

and  purified.  The  purified  DNA  is  fragmented  to  a  size  of  300

 to  500  bp,  and  the  biotin-labeled  DNA  fragment  was  finally

 separated  on  Dynabeads  M-280  Streptavidin  (Life  Technologies)

 to  construct  librar  y.  For  transcriptome  sequencing,  the  cDNA

 libraries  for  each  tissue  sample  were  prepared  using  Hieff  NGS

 Ultima  Dual-mode  RNA  Librar  y  Prep  Kit  .  The  constructed  long-

 read  sequencing  librar  y  was  evenly  loaded  onto  SMRT  Cell  chips

 and  sequenced  on  the  PacBio  Revio  platform  (Pacific  Biosciences,

 CA,  USA).  The  short-read,  Hi-C,  and  transcriptome  sequenc-

 ing  libraries  were  sequenced  on  DNBSEQ-T7  platform  with

 PE150  mode.
 

Genome  assembly  

A  list  of  all  tools  and  versions  used  for  genome  assembly  and

 analysis  is  available  in  Table  1.  First  ,  we  used  short  reads  to

 perform  genome  sur  vey  analysis.  The  raw  reads  were  filtered

 to  remove  low-quality  reads  and  adaptors  using  fastp  ( Chen  2023)

 with  default  parameters.  We  used  Jellyfish  ( Marçais  and  Kingsford

2011)  to  analyze  the  k  -mer  frequenc  y  distribution  of  the  remaining

 high-quality  reads  with  a  K  value  of  51  according  to  a  previous
 

study  ( Peng  et  al.  2023).  The  k  -mer  distribution  result  was  then

 imported  to  Genomescope  ( Ranallo  -Benavidez  et  al.  2020)  to

 predict  genome  size  and  heterozygosity.
 

The  PacBio  SMRT-Analysis  software  package  was  applied  to

 remove  low-quality  polymerase  reads  from  PacBio  sequencing

 data.  We  used  SMRTLink  with  parameters  –min-passes=3  and

 –min-rq  =  0.99  to  process  the  remaining  subreads  to  generate

 HiFi  reads.  The  HiFi  reads  were  assembled  into  contigs  using  Hifi-

 asm  ( Cheng  et  al.  2021)  with  default  parameters.  The  raw  Hi-C

 sequencing  data  were  filtered  using  fastp  with  default  parameter

 to  generate  high-quality  reads  which  were  subsequently  mapped

 against  the  preliminar  y  contigs  using  HiCUP  ( Wingett  et  al.  2015).

 We  employed  ALLHiC  ( Zhang  et  al.  2019)  to  cluster,  orientate,  and

 order  the  contigs  for  scaffold-level  assembly.  Finally,  Juicebox

 ( Durand  et  al.  2016)  was  adopted  to  manually  fine  -tune  the  assem-

 bly,  resulting  in  a  chromosome  -level  assembly.
 

Genome  quality  assessment 

First  ,  the  completeness  of  the  genome  assembly  was  assessed

 using  benchmarking  universal  single  -copy  orthologs  (BUSCO)
 

D
ow

nloaded from
 https://academ

ic.oup.com
/jhered/article/117/4/834/8541702 by H

unan N
orm

al U
niversity user on 08 July 2026



Journal  of  Heredity,  2026,  Vol.  117,  Issue  4  837

Table  2  Sequencing  and  assembly  statistics,  and  accession  numbers.  

Accessions  NCBI  BioProject PRJNA1391878  

NCBI  GenBank  JBTBFG000000000  

NGDC  BioProject PRJCA054138  

NGDC  GSA  CRA035691 

NGDC  GWH  GWHHOUK00000000.1  

Genome  sequence Short  reads 1  DNBSEQ  (DNBSEQ-T7)  runs:  345.32  million  reads,  103.60  Gbases 

PacBio  HiFi  reads 1  PacBio  SMRT  (Revio)  cell:  6.97  million  reads,  116.49  Gbases 

Hi-C  reads 1  DNBSEQ  (DNBSEQ-T7)  runs:  664.33  million  reads,  199.30  Gbases 

RNA-seq  reads 7  DNBSEQ  (DNBSEQ-T7)  runs:  156.47  million  reads,  46.94  Gbases 

Genome  assembly  Number  of  contigs 90  

Contig  N50  (Mb) 147.54  

Longest  contig  (Mb) 313.26  

Number  of  scaffolds  56  

Scaffold  N50  (Mb) 210.15  

Longest  scaffold  (Mb) 348.92  

Size  of  final  assembly  (Mb) 1,650.60  

A  ssembly  quality BUSCO  completeness C:  98.2%  [S:  97.5%,  D:  0.7%],  F:  0.7%,  M:  1.1%,  n:  3,354  

k  -mer  completeness 89.53% 

QV  score  51.99  

CEGMA  completeness 91.13% 

( Manni  et  al.  2021)  based  on  vertebrata  odb10  lineage  dataset

 and  core  eukar  yotic  genes  mapping  approach  (CEGMA)  ( Parra

et  al.  2007).  Then,  we  mapped  short  clean  reads  to  the  assembled

 genome  using  BWA  ( Li  and  Durbin  2009)  for  accurate  assess  -

 ment  .  We  further  assessed  the  quality  value  (QV)  and  k  -mer

 completeness  using  Merqur  y  ( Rhie  et  al.  2020)  with  21-mers

 generated  from  short  reads.  We  also  performed  chromosomal

 synteny  analysis  between  E.  mandarinus  and  other  four  snakes

 (Elaphe  taeniura,  Pantherophis  guttatus,  Ahaetulla  prasina,  and

 Thamnophis  elegans)  with  well  assembled  genomes  using  JCVI

 ( Tang  et  al.  2024). 

Genome  annotation 

We  have  used  homolog  y-based,  transcriptome  -based,  and

 ab  initio  methods  to  predict  protein-coding  gene  structures.

 The  protein  sequences  of  five  species  (including  P.  guttatus,

 Thamnophis  sirtalis,  T.  elegans,  A.  prasina,  and  Mus  musculus)

 were  downloaded  from  NCBI  database  for  performing  homolog  y

 alignment  using  genBlastA  ( She  et  al.  2009).  Gene  structures  were

 refined  using  GeneWise  ( Birney  et  al.  2004)  based  on  the  candidate

 homologous  regions.  After  quality  control,  the  RNA  sequencing

 data  were  aligned  to  assembled  genome  with  HISAT2  ( Kim  et  al.

2019).  The  alignment  results  were  analyzed  using  StringTie  ( Pertea

et  al.  2015)  to  perform  genome  -guided  transcript  assembly.  We

 used  Augustus  ( Keller  et  al.  2011),  geneid  ( Alioto  et  al.  2018),

 and  GENSCAN  ( Burge  and  Karlin  1997)  to  carr  y  out  ab  initio  gene

 prediction.  The  gene  models  from  different  annotation  strategies

 were  integrated  using  EVidenceModeler  ( Haas  et  al.  2008)  into  a

 nonredundant  and  complete  gene  set  which  was  further  corrected

 using  PASA  ( Haas  et  al.  2003).
 

For  functional  annotation,  we  aligned  predicted  protein

 sequences  against  the  NCBI  non-redundant  (nr)  database  and

 Swiss  -Prot  database  using  DIAMOND  ( Buchfink  et  al.  2021).
 

The  sequences  were  aligned  with  the  InterPro  database  using

 InterProScan  ( Jones  et  al.  2014)  to  identify  conser  ved  domains,

 structural  motifs,  and  functional  signatures.  InterProScan  analysis

 also  performed  Gene  Ontolog  y  assignment  .  We  submitted  the

 protein  sequences  to  BlastKOALA  ( Kanehisa  et  al.  2016)  ser  ver

 for  Kyoto  Enc  yclopedia  of  Genes  and  Genomes  (KEGG)  pathway

 identification.
 

We  aligned  the  assembled  genome  against  Rfam  database  for

 detecting  non-coding  RNA  s  (rRNA  s,  tRNA  s,  snRNA  s,  and  miRNA  s)

 using  Infernal  ( Nawrocki  and  Eddy  2013).  tRNA  scan-SE  ( Chan  et  al.

2021)  was  used  to  explore  tRNA  s  with  default  parameters.  Barrnap

 was  used  to  predict  ribosomal  RNA  s  with  the  –kingdom  parameter

 set  to  euk  .
 

We  applied  RepeatMasker  and  RepeatProteinMask  to  perform

 homolog  y-based  prediction  of  repeat  elements.  For  de  novo
 repeat  prediction,  LTR  Finder  ( Xu  and  Wang  2007),  Piler  ( Edgar

and  Myers  2005),  RepeatScout  ( Price  et  al.  2005),  and  RepeatMod-

 eler  ( Flynn  et  al.  2020)  were  used  to  build  a  librar  y  of  repetitive

 sequences.  Then,  RepeatMasker  was  used  to  predict  transposable

 elements  based  on  the  built  librar  y.  Additionally,  we  identified

 tandem  repeats  using  Krait  ( Du  et  al.  2025a)  with  pytrf  ( Du  et  al.

2025b)  as  search  engine,  the  maximum  motif  size  of  100  bp  and

 minimum  length  of  10  bp. 

Results 

Sequencing  data 

The  short-read  sequencing  librar  y  generated  about  345.32  million

 paired-end  reads,  producing  around  100.55  Gb  clean  bases

 ( Fig.  1b,  Supplementar  y  Table  S1).  The  PacBio  HiFi  librar  y  yielded

 6,967,322  reads  with  a  mean  length  of  16,719  bp  and  N50  length

 of  16,604  bp,  corresponding  to  approximately  116.49  Gb  bases

 ( Supplementar  y  Table  S2).  The  Hi-C  librar  y  produced  199.30
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Fig.  2  Snail  plot  for  visualization  of  genome  assembly  and  assessment  metrics.  The  plot  shows  N50,  N90,  longest  contig  and  total  genome  length,  GC

 content  distribution,  as  well  as  BUSCO  scores.  

Gb  raw  data,  consisting  of  a  total  of  664,327,673  read  pairs

 ( Supplementar  y  Table  S3).  In  total,  46.94  Gb  of  raw  transcriptomic

 data  were  generated  across  seven  tissues  with  read  count

 ranging  from  20.68  million  to  25.21  million  for  each  sample

 ( Supplementar  y  Table  S4).
 

Genome  assembly  and  evaluation 

The  genome  size  of  E.  mandarinus  was  estimated  to  be  about

 1440.35  Mb,  with  nucleotide  heterozygosity  rate  of  0.634%  and

 sequencing  error  rate  of  0.0964%  ( Fig.  1c).  The  assembled  contig-

 level  genome  comprises  90  contigs  spanning  1,650,595,325  base

 pairs,  with  an  N50  value  of  147.54  Mb  ( Supplementar  y  Table  S5).
 

After  scaffolding,  we  gained  a  chromosome  -level  genome  with

 size  of  1,650,598,725  bp  and  99.12%  bases  anchored  onto  19

 chromosomes  ( Fig.  1d,  Table  2,  Supplementar  y  Table  S6).  The  N50

 length  and  maximum  sequence  length  of  the  final  assembly  were

 210,147,468  bp  and  348,916,335  bp,  respectively  ( Fig.  2,  Table  2).

 The  BUSCO  result  revealed  98.2%  completeness,  and  231  (93.15%)

 out  of  248  core  eukar  yotic  genes  from  CEGMA  were  identified  in

 the  assembled  genome  ( Supplementar  y  Tables  S7  and  S8).  The

 mapping  result  indicated  that  99.85%  paired-end  reads  could

 be  aligned  to  the  assembled  genome  ( Supplementar  y  Table  S9).

 The  QV  score  and  k  -mer  completeness  were  estimated  as  51.99

 and  89.53%,  separately.  A  high  degree  of  synteny  was  obser  ved

 between  our  assembled  genome  and  four  other  snake  genomes,
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Fig.  3  Gene  synteny  analysis  of  genome  chromosomes  between  Euprepiophis  mandarinus  and  four  other  snakes.  

Fig.  4  Venn  diagrams  for  protein-coding  gene  annotation.  a)  Genes  annotated  by  different  methods.  b)  Gene  functions  annotated  by  different  databases.  

further  confirming  the  high  accurac  y  of  the  E.  mandarinus
 chromosomal  assembly  ( Fig.  3).
 

Gene  and  repeat  annotation 

In  total,  we  predicted  22,332  protein-coding  genes,  with  an

 average  gene  length  of  28,578.99  bp,  an  average  CDS  length  of

 1,406.71  bp,  and  an  average  exon  number  per  gene  of  8.21  ( Fig.  4a,

 Supplementar  y  Table  S10).  Overall,  17,531  (80.87%)  predicted

 protein-coding  genes  were  functionally  annotated  by  at  least  one

 functional  database  ( Fig.  4b,  Supplementar  y  Table  S11).  We  also

 detected  3,440  non-coding  RNA  s  including  273  miRNA  s,  1,083

 rRNA  s,  1,549  tRNA  s,  and  342  snRNA  s  ( Supplementar  y  Table  S12).

 Furthermore,  we  identified  a  total  of  7,111,352  repeat  elements

 with  total  length  of  963.69  Mb  accounting  for  58.38% of  the  assem-

 bled  genome  ( Supplementar  y  Table  S13).  The  distribution  of  these

 functional  elements  and  genome  features  in  chromosomes  is

 shown  in  Fig.  5.
 

Discussion 
Whole  -genomic  data  has  emerged  as  a  versatile  and  pow-

 erful  research  infrastructure,  enabling  studies  across  diverse

 fields  including  comparative  genomics,  evolution  biolog  y,  and
 

adaptation  research.  For  instance,  a  recent  study  employed

 large  -scale  genome  analyses  to  decipher  the  evolution  of  limb

 loss  in  snakes  ( Peng  et  al.  2023).  Despite  the  existence  of  more

 than  4,000  extant  snake  species  ( Title  et  al.  2024),  genomic

 data  remain  highly  limited  according  to  the  NCBI  database,

 only  173  species  of  snakes  have  had  their  genomes  sequenced,

 with  merely  29  assembled  to  chromosome  -level  resolution.  Our

 assembled  genome  fills  a  critical  gap  by  providing  a  high-quality

 reference  resource  for  advancing  research  on  snake  evolution  and

 biodiversity.
 

Currently,  phylogenetic  inferences  within  the  genus  Euprepio  -
 phis  have  relied  mainly  on  mitochondrial  data  ( Utiger  et  al.  2002;

 Wan  et  al.  2016).  However,  many  studies  have  reported  incon-

 gruent  phylogenetic  signals  and  divergent  evolutionar  y  histories

 between  mitochondrial  and  nuclear  genes  ( Gonçalves  et  al.  2007;

 Platt  et  al.  2018;  Laine  et  al.  2023).  Additionally,  nuclear  genes  have

 been  shown  to  provide  more  robust  phylogenetic  resolution  for

 closely  related  lineages  ( Near  and  Keck  2013;  Dool  et  al.  2016).

 Whole  -genomic  data  have  recently  been  used  to  reconstruct  phy-

 logenetic  relationships  between  18  snake  species  and  identify

 adaptive  genetic  variants  ( Roberts  et  al.  2024).  Our  assembled

 genome  ser  ves  as  a  valuable  reference  genome  for  exploring  phy-

 logenetics,  taxonomic  classification,  and  conser  vation  manage  -

 ment  of  the  genus  Euprepiophis.
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Fig.  5  Circos  plot  for  showing  distribution  of  genomic  features.  The  tracks  from  outermost  to  innermost  are  chromosomes,  gene  density,  transposon

 density,  tandem  repeat  density,  GC  content  ,  and  synteny  among  chromosomes.  
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