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Abstract 

Bac kgr ound: Pigs are crucial sources of meat and protein, valuable animal models, and potential donors for xenotransplantation. 
However, the existing reference genome for pigs is incomplete, with thousands of segments and centr omer es and telomeres missing, 
which limits our understanding of the important traits in these genomic regions. 

Findings: We present a near-complete genome assemb l y for the Jinhua pig (JH-T2T) and provide a set of diploid Jinhua r efer ence 
genomes, constructed using PacBio HiFi, ONT long reads, and Hi-C reads. This assembly includes all 18 autosomes and the X and Y 

sex chr omosomes, with onl y 6 gaps. It featur es annotations of 46.90% r e petiti v e sequences, 33 telomer es, 17 centr omer es, and 23,924 
high-confident genes. Compared to the Sscrofa11.1, JH-T2T closes nearly all gaps, extends sequences by 177 Mb, pr edicts mor e intact 
telomeres and centromeres, and gains 799 more genes and loses 114 genes. Mor eov er, it enhances the mapping rate for both Western 

and Chinese local pigs, outperforming Sscrofa11.1 as a r efer ence genome. Additionall y, this compr ehensi v e genome assemb l y will 
facilitate large-scale variant detection. 

Conclusions: This study produced a near-gapless assemb l y of the pig genome and provides a set of haploid Jinhua r efer ence genomes. 
Our findings r e pr esent a significant advance in pig genomics, providing a robust resource that enhances genetic resear c h, breeding 
programs, and biomedical applications. 

Ke yw ords: pig genome assemb l y, HiFi and ONT sequencing, gapless r efer ence genome 
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Data description 

Context 
The pig ( Sus scrofa ) is not only economically important due to its 
role as a food source but also serves as a medical model and 

potential xenotransplantation donor because of its anatomical 
and physiological similarities to humans [ 1 , 2 ]. Understanding the 
genome and gene content of candidate species, including pigs,
is crucial for selecting the best animal model species for phar- 
macological or toxicological studies. High-quality, fully annotated 

genome sequences are essential for gene editing, producing im- 
pr ov ed animal models for r esearc h, or pr oviding cells and tis- 
sues for xenotransplantation, as well as enhancing productivity 
[ 3 , 4 ]. 

Despite the availability of several high-quality pig reference 
genomes, including those of the European Duroc [ 5 ], Ninxiang [ 6 ],
Meishan [ 7 ], and Jinhua [ 8 , 9 ] pig genomes, these assemblies re- 
main incomplete in genomic regions of re petiti ve sequences, cen- 
tr omer es, and telomer es [ 5–9 ]. A ga p-fr ee genome is the ultimate 
goal of genome assembly, crucial for improving the accuracy of 
r ead ma pping and v ariant calling for individuals sequenced with 

short and long reads [ 10 ], and offers new opportunities for iden- 
tifying unique genes and structural variations (SVs) [ 11 , 12 ]. How- 
e v er, to date, a ga pless pig r efer ence genome has not yet been r e- 
ported. 
Recei v ed: October 21, 2024. Revised: J an uar y 29, 2025. Accepted: Mar c h 31, 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess GigaScience. This is an
Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), which permits 
the original work is pr operl y cited. 
Adv ancements in ne w sequencing tec hnologies and computa-
ional algorithms have ushered in the era of telomere-to-telomere 
T2T) assemblies [ 13 ]. Specificall y, third-gener ation sequencing
ec hnologies, whic h gener ate long r eads enabling whole-genome
ssembl y, hav e impr ov ed both experimental methods and algo-
ithms . For example , P acific Biosciences (P acBio) methods can gen-
rate ∼10 kb long HiFi reads with 99% accuracy, while Oxford
anopor e Tec hnologies (ONT) r ecentl y de v eloped an ultr a-long

ead method producing reads with an average length of ∼50 kb,
xtending up to ∼100 kb, with the longest reads reaching hun-
reds of kb [ 14–16 ]. HiFi reads can assist in assembling complex
enomic regions [ 17 ], while the ONT ultra-long reads can help as-
emble genomic regions with tandem duplications [ 18 ]. The appli-
ation of third-generation sequencing and assembly technologies 
o high-fidelity long reads will contribute to the creation of gap-
ree genome assemblies across hundreds of species [ 19 ]. 

Ther efor e, we assembled a nearly gap-free T2T genome of the
inhua pig—one of China’s four renowned indigenous breeds, fa- 

ous for its superior meat quality and high-quality Jinhua ham
 20 ]—using PacBio HiFi and ONT long reads . T his T2T genome
ssembly marks a significant advance in pig genomics. It offers
nhanced resources for research in pig genetics , genomics , and
iomedical applications . T his assembly o vercomes the limitations
f pr e vious incomplete assemblies, serving as a robust platform
 Open Access article distributed under the terms of the Cr eati v e Commons 
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or various downstream comparative genomic analyses and pro-
iding new insights into the complex traits of pigs. 

ethods 

ample collection 

 resh blood w as collected from a healthy male Jinhua pig at the
ational Jinhua Pig Conservation Farm in Zhejiang, China, in 2022

 Supplementary Fig. S2 H). Ear tissue samples were collected from
ts parents. 

N A extr action, libr ary construction, and 

equencing 

NA extraction 

igh-molecular-w eight DN A w as extracted using the
etyltrimethylammonium bromide (CTAB) method and puri-
ed with a QIAGEN Genomic Kit (catalog no . 13343, QIA GEN,
ilden, German y). Ultr a-long DN A w as extracted using the

odium dodecyl sulfate (SDS) method [ 21 ], omitting the purifi-
ation step to maintain DN A length. DN A purity w as assessed
sing a NanoDrop One UV-Vis spectrophotometer (Thermo Fisher
cientific). DNA degradation and contamination were monitored
n 1% a gar ose gels. DNA concentr ation was measur ed with a
ubit 4.0 fluorometer (Thermo Fisher Scientific). 

acBio library preparation and sequencing 

MRTbell target-size libraries were prepared according to PacBio’s
tandard protocol (Pacific Biosciences , C A, USA) using 15–18 kb
r epar ation solutions . T he main steps included: (1) DNA shearing:
igh-quality DNA samples (primary band > 30 kb) were selected
nd r andoml y fr a gmented into 15–18 kb pieces using a g-TUBE
Co varis , MA, USA); (2) DNA damage repair, end repair, and A-
ailing; (3) blunt-end ligation: hairpin adapters from an SMRTbell
xpr ess Template Pr ep Kit 2.0 (P acific Biosciences) wer e ligated;
4) template purification: imperfect SMRTbell templates were re-

oved with EXO III (from 3 ′ -hydroxyl termini and nicks) and EX-
VII (from 5 ′ -termini) treatment; (5) size selection: performed us-

ng the bluePippin system. Next, AMPure PB beads were used to
oncentrate and purify the templates . T hen, the sequencing was
erformed on a PacBio Sequel II ( RRID:SCR _ 017990 ) instrument
ith Sequencing Primer V2 and a Sequel II Binding Kit 2.0 at Novo-

ene Co., Ltd (Beijing, China). 

NT library preparation and sequencing 

ibr aries wer e pr epar ed using an SQK-LSK110 ligation kit follow-
ng the standard protocol. The purified library was loaded onto
rimed R9.4 Spot-On Flow Cells and sequenced using a Prome-
hION sequencer (Oxford Nanopore Technologies, Oxford, UK)
ith 48 h runs at Wuhan Benagen Technology Co., Ltd (Wuhan,
hina). Base calling of raw data was performed using Oxford
anopore GUPPY software (v. 0.3.0) ( RRID:SCR _ 003756 ). 

i-C library preparation and sequencing 

or Hi-C sequencing, purified DNA was digested with 100 U Dp-
II and incubated with Biotin-14-dATP. The ligated DN A w as
heared into fragments of 300–600 bp, blunt-end repaired, and
-tailed, follo w ed b y purification through biotin–streptavidin-
ediated pulldown. The Hi-C libr aries wer e quantified and se-

uenced using an Illumina NovaSeq ( RRID:SCR _ 016387 ). 
hole-genome resequencing 

or whole-genome resequencing, total genomic DN A w as isolated
r om fr esh blood using the CTAB method. A 150 bp paired-end
ibrary with insert sizes of 350 bp was constructed for each in-
ividual following standard Illumina library preparation proto-
ols (Illumina). Meanwhile, PCR-free libraries were prepared with
n Illumina TruSeq DNA PCR-free library prep kit (Illumina) ac-
ording to the manufacturer’s instructions . T he qualified libraries
ere then sequenced using an Illumina Hi Seq X Ten platform

 RRID:SCR _ 016387 ) to produce 150 bp paired-end reads. 

N A extr action, libr ary construction, and 

equencing 

or RNA-seq, 19 samples were collected from 19 different tissues
hypothalam us, midbr ain, hypophysis, cer ebellar cortex, cer e-
ellar medulla, amygdala, pineal, occipital, hippocampus, stria-
um, parietal, frontal, temporal, muscle, jejunum, ileum, caecum,
olon, and duodenum) in one Jinhua pig. Total RN A w as isolated
sing an RNAprep Pure Plant Kit (TIANGEN, Beijing, China). The
otal RNA of all tissues was pr epar ed for mRNA sequencing by us-
ng TRizol r ea gent. RNA integrity and yield were assessed with an
NA Nano 6000 Assay Kit used in a Bioanalyzer 2100 system (Ag-

lent Technologies, Santa Clara, CA, USA) and a NanoPhotometer
pectrophotometer (IMPLEN , W estlake Village , C A, USA). For each
ample, 3 μg of RN A w as used to create sequencing libraries using
n NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, Ipswich,
A, USA) following the manufacturer’s instructions. Index num-

ers were added to identify each sample’s sequences. Finally, the
luster ed libr aries wer e sequenced on an Illumina HiSeq platform
 RRID:SCR _ 016387 ), generating 150 bp paired-end reads. 

enome size estimation 

o estimate the pig genome size and address potential issues such
s sister c hr omatid mer ging and r e petiti ve sequences, we used k -
er analysis with jellyfish software, v. 2.2.10 ( RRID:SCR _ 005491 )

 22 ]. The command “Jellyfish count -G 2 -m 17 -C” and “histo kmer-
ount” were used to calculate the k -mer count and generate his-
ogr ams, r espectiv el y. 

enome assembly 

he main goal of this study was to create a high-quality, gap-
ess assembly of the Jinhua pig, comprising 18 autosomes and
 sex c hr omosomes (X and Y) and assemble the autosomes of
he ha plotype-r esolv ed genomes (JH.mat and JH.pat). The assem-
l y pr ocess follo w ed the Vertebr ate Genomes Pr oject (VGP) as-
embly pipeline [ 19 ] with modifications ( Supplementary Fig. S1 ).
irst, the initial assembly was constructed using PacBio HiFi reads
nd ONT ultra-long reads. For the PacBio assemblies, consensus
eads (HiFi reads) were generated using CCS software ( RRID:SCR _
24379 ) with the default parameters. HiFi reads were then assem-
led using Hifiasm v. 0.16.1-r375 ( RRID:SCR _ 021069 ) with default
ar ameters [ 15 , 23 ]. ONT r eads wer e assembled using NextDe-
ovo v/ 2.5.0 ( RRID:SCR _ 025033 ) [ 24 ] with default parameters
enome_size = 2660.49 M. Second, an auxiliary assembly was per-
ormed using Allhic ( RRID:SCR _ 022750 ) [ 25 ] and juicebox ( RRID:
CR _ 021172 ) [ 26 ] to impr ov e the Hifiasm output assembly with the
elp of Hi-C reads. Allhic was utilized to assign the assembled con-
igs/scaffolds to near-c hr omosome le v el. The c hr omosome inter-
ction intensity, based on juicebox ( RRID:SCR _ 021172 ), was used
or manual correction. NextPolish2 ( RRID:SCR _ 025232 ) [ 27 ] was
sed to polish the assembly with the default parameter. The initial
ssembly for the autosomes of the ha plotype-r esolv ed genomes

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_017990
https://scicrunch.org/resolver/RRID:SCR_003756
https://scicrunch.org/resolver/RRID:SCR_016387
https://scicrunch.org/resolver/RRID:SCR_016387
https://scicrunch.org/resolver/RRID:SCR_016387
https://scicrunch.org/resolver/RRID:SCR_005491
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_024379
https://scicrunch.org/resolver/RRID:SCR_021069
https://scicrunch.org/resolver/RRID:SCR_025033
https://scicrunch.org/resolver/RRID:SCR_022750
https://scicrunch.org/resolver/RRID:SCR_021172
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https://scicrunch.org/resolver/RRID:SCR_025232
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was performed using hifiasm v. 0.16.1 ( RRID:SCR _ 021069 ) [ 15 ] and 

v erkk o v. 1.1 [ 28 ] based on the trio mode with HiFi r eads, ultr a-long 
ONT reads, and the parents’ short reads. 

Gap filling 

To fill the gaps in the genome assembly, we used winnowmap v.
1.11 ( RRID:SCR _ 025349 ) software with parameters k = 15, −MD 

[ 24 ]. T his process in volved comparing the hole-filling data (error- 
corrected ONT genome versions, and HiFi or ONT reads) with the 
genomic ga p interv als . T he priority for gap-filling steps was given 

first to err or-corr ected genome v ersions, follo w ed b y ONT and 

HiFi reads. Using this approach, we reduced the number of gaps 
from 63 to 14. The remaining 14 gap regions could not be ade- 
quatel y cov er ed by the assembly/ONT/HiFi data due to a lack of 
good reads. We then mapped these gap regions with Hi-C data,
gener ated Hi-C inter actions, and imported them into juicebox 
( RRID:SCR _ 021172 ) [ 26 ]. After re-examining the Hi-C interaction 

ma p, we r emov ed 3 upstr eam contigs on c hr3 and se v er al down- 
stream contigs on chr13, resulting in 2 gaps and 0 gaps on chr3 
and c hr13, r espectiv el y. The final JH-T2T genome has onl y 6 ga ps.

Datasets and their sources 

Genotypes from 938 individuals were collected from the PHARP 
database [ 29 ] ( Supplementary Table S7 ). Additionally, 92 RNA- 
seq data from 10 pig populations , co vering 11 different tissues 
(br ain, heart, liv er, spleen, lungs , kidneys , fat, muscle , o varies , tes- 
ticles, and intestinal segments) were downloaded from the NCBI 
database ( Supplementary Table S8 ). 

Genome assembly quality assessment 
To systematicall y e v aluate the quality of the genome assembly, we 
conducted the following assessment. (1) Gene completion—gene 
completion of the assembly was evaluated using BUSCO ( RRID: 
SCR _ 015008 ) (v. 5.4.3) [ 30 ] with the mammalia_odb10 dataset [ 24 ].
(2) Genome continuity—genome continuity was assessed by cal- 
culating contig N50 length using QUAST ( RRID:SCR _ 001228 ) v.
5.0.2 [ 31 ]. (3) Quality value (QV)—Merqury ( RRID:SCR _ 022964 ) [ 32 ] 
was used to calculate QV, combining Illumina reads. (4) Reads 
ma pping r ate and cov er a ge—we ma pped the WGS ( n = 153), and 

HiFi ( n = 1) and ONT ( n = 1) reads to the assembly using BWA- 
MEM2 ( RRID:SCR _ 010910 ) and minimap2 ( RRID:SCR _ 018550 ) [ 33 ],
r espectiv el y. We then calculated their mapping rates and cover- 
ages. 

Identification of telomeres and centromeres 

In v ertebr ates, telomer es consist of conserv ed r e petiti ve se- 
quences as described in the Telomere Database [ 34 ]. Here, we also 
used the v ertebr ate telomeric r epeat (6-mer TT AGGG/CCCT AA) to 
identify telomeres using the Tidk v. 0.2.0 tool [ 35 ] and the Se- 
qtk v. 1.4 [ 36 ] telo module. Tidk detected telomeric repeat se- 
quences throughout all the sequences; the final telomere iden- 
tification r esults ar e based on the Seqtk telo findings. Centromics 
( RRID:SCR _ 025253 ) [ 37 ] software was used to pinpoint centr omer e 
regions . T his tool utilizes characteristics such as a high density of 
short tandem repeats and a low density of genes, which are typ- 
ical of centr omer e r egions, to identify centr omer es in the JH-T2T 

genome. 

Repea t annota tion 

The homologous repeat annotation library for the JH-T2T genome 
w as constructed b y extr acting mammalian r epeat sequences 
from a combined library comprising Repbase (release 20181026) 
 RRID:SCR _ 021169 ) and Dfam v. 3.2 [ 38 , 39 ]. RepeatModeler v. 2.0.3
 RRID:SCR _ 015027 ) [ 40 ] was then used to analyze and predict re-
eat sequences based on this libr ary. Finall y, Re peatmask er v. 4.1.2
 RRID:SCR _ 012954 ) [ 41 ] was utilized to annotate the transpos-
ble elements (TEs) in the JH-T2T genome using the custom non-
edundant set of repeats. 

ene annotation 

o annotate the protein-coding genes in the JH-T2T genome,
e used a combination of ab initio, homology-based, and 

r anscriptome-based pr ediction methods. For the ab initio gene
rediction, MAKER ( RRID:SCR _ 005309 ) [ 42 ] was applied to pre-
ict gene structures in the masked JH-T2T genome. High-quality 
rotein sequences from Ensembl release 106 were used for gene
nnotation, including pigs and 11 other mammals ( Homo sapi-
ns , Equus caballus , Canis lupus , Bos taurus , Capra hircus , Ovis aries ,
amelus dromedaries , Delphinapterus leucas , Balaenoptera musculus ,
hyseter catodon , and Tursiops truncates ). Additionall y, tr anscripts
rom 111 samples ( Supplementary Table S8 ) generated from our
NA-seq data and publically available data were processed us- 

ng HISAT2 v. 2.2.1 ( RRID:SCR _ 015530 ) and StringTie v. 2.1.4 ( RRID:
CR _ 016323 ) [ 43 , 44 ]. The initial round of gene annotation utilized
rotein sequences and transcripts. BLASTN ( RRID:SCR _ 011822 ) 
 45 ] with an e-value cutoff of 1 × 10 −10 was used to map these ho-

ologous protein sequences to the JH-T2T genome. Only protein 

equences with the highest-scoring alignments , ha ving a mini-
um identity score greater than 80%, were retained to predict

utative gene models using Exonerate v,2.4.0 ( RRID:SCR _ 008417 )
 46 ]. The second-round transcript-based gene prediction involved 

raining SNAP v. 2006-07-28 [ 47 ] and AUGUSTUS v3. .4.0 ( RRID:
CR _ 008417 ) [ 48 ] with predicted gene models to predict genes. 

unctional annotation of protein-coding genes 

e used three methods to annotate functions of protein-coding 
enes. First, protein sequence similarities w ere sear ched against
he NCBI non-redundant protein database and the Swiss-Prot 
atabase ( RRID:SCR _ 021164 ) [ 49 , 50 ] using BlastP software ( RRID:
CR _ 005891 ) [ 45 ]. Second, protein domain and Gene Ontology
erm annotations were performed using InterProScan ( RRID:SCR _ 
05829 ) [ 51 ]. Thir d, KEGG annotation w as performed with ko-
am_scan ( RRID:SCR _ 012773 ) [ 52 ]. These methods provide com-
lementary a ppr oac hes, combining sequence similarity, domain 

nalysis , and pathwa y information to gain insights into the poten-
ial functions of these genes in the JH-T2T genome. Additionally,
he expression of these genes was also examined using the RNA-
eq data. We first used fastp ( RRID:SCR _ 016962 ) [ 53 ] to r emov e
he low-quality reads and adapters in the raw RNA-seq reads, and

a pped the r emaining r eads to the tr anscripts of high-quality
redicted genes by Hisat2 ( RRID:SCR _ 015530 ) [ 43 ]. We then used
tringTie v. 2.1.7 ( RRID:SCR _ 016323 ) [ 44 ] to assemble and quantify
ranscripts guided by the JH-T2T genome . T he tr anscripts wer e
 v aluated based on transcripts per million (TPM) values. A TPM >

 indicated the presence of a transcript in a sample. If a transcript
ccurred in at least one sample, it was considered as validated, in-
icating the expression of the predicted gene. 

lobal comparison of the Sscrofa11.1 and JH-T2T 

enome 

o assess variation in chromosome-scale synteny, we compared 

he JH-T2T and Sscrofa11.1 [ 5 ] assemblies. We began by align-
ng the two genomes using NUCmer ( RRID:SCR _ 018171 ) [ 54 ] with
arameters -l 100 -c 1000, refining the results with Delta-filter 
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sing parameters -i 95 -l 100 -1. Additionall y, Minima p2 ( RRID:
CR _ 018550 ) [ 33 ] with parameters -cx asm5 -t8 -cs was used to
lign Sscrofa11.1 to JH-T2T. The optimal alignments were used
or SNPs and indels calling with paftools.js ( RRID:SCR _ 018550 )
 33 ]. To detect structural variants (SVs), we used Minimap2 ( RRID:
CR _ 018550 ) with parameters -a -x asm5 -cs -r2k to to get the best
lignments, follo w ed b y SV calling with svim-asm using the hap-
oid parameter [ 55 ]. To explore the functional implications of dele-
erious variants, we selected genes with such variants for enrich-

ent analysis using KOBAS v. 3.0 ( RRID:SCR _ 006350 ) [ 56 ]. Next,
e used Liftoff v. 1.6.2 [ 57 ] to map genes between Sscrofa11.1
nd JH-T2T, assessing their consistency. Because Sscrofa 11.1 is
n assembly of a Duroc pig, we aligned WGS clean reads includ-
ng JH and Duroc pigs to both assemblies using the BWA-MEM tool
 RRID:SCR _ 010910 ) with default parameters [ 58 ] to examine the
ov er a ge and depth of detected SVs. These analyses allo w ed us
o assess the variation in c hr omosome-scale synten y, identify ge-
etic variants , in vestigate missing genes, and validate SVs in the

H-T2T and Sscrofa11.1. 

election signatures between JH and Duroc pigs 

n large SV regions 

o examine selection signatures in lar ge SV r egions between Jin-
ua and Duroc pigs, we analyzed genotypes from 289 Jinhua
nd 616 Duroc pigs ( Supplementary Table S7 ). We used three
 ppr oac hes to detect selection signals: fixation index (FST), nu-
leotide div ersity r atio ( θπ ), and cr oss-population extended ha p-
otype homozygosity (XP-EHH). The FST and θπ were calculated
cross the genome using 10 kb non-ov erla pping sliding windows
ith VCFtools v. 0.1.16 ( RRID:SCR _ 001235 ) [ 59 ]. XP-EHH was de-

ermined with selscan v. 1.2.0 [ 60 ], av er a ging XP-EHH scor es ov er
0 kb non-ov erla pping sliding windows. Genomic r egions in the
op 5% values for at least one selection signature were identified
s selective s weeps . Genes in these selective sweep regions were
onsidered candidate highly related genes. 

esults 

2T assembly of JH pig genome 

e generated a total of 51.10 × sequence cov er a ge of r aw P acBio
iFi data (135.95 Gb, read N50 18.32 Kb), 136.65 × sequence cover-
ge of ultralong ONT data (363.55 Gb, read N50 52.17 Kb), 94 × se-
uence cov er a ge of Hi-C data, and 50 × sequence cov er a ge of WGS
ata for assembling the JH pig genome ( Supplementary Fig. S2 A–D
nd Supplementary Table S1 ). Using the HiFi reads, we assembled
he initial PacBio HiFi assembl y, whic h had a total length of 2.72 Gb
nd consisted of 187 contigs (contig N50 84.83 Mb; Supplementary
ig. S2 E). The initial ONT assembly had a total length of 2.28
b and consisted of 93 contigs (contig N50 64.34 Mb; Fig. 1 A,
upplementary Fig. S2 F, and Supplementary Table S2 ). A second
NT assembl y using onl y the longest ONT r eads (87.23 G, r ead N50
00 kb) had a total length of 2.31 Gb and consisted of 112 con-
igs (contig N50 72.01 Mb; Supplementary Fig. S2 G), which were
sed to fill the gaps. Because the PacBio HiFi assembly sho w ed a
igher quality and contiguity compared with the ONT assembly,
e selected it for the backbone of the genome assembly. We used
i-C data to order and orient these PacBio HiFi contigs, resulting

n 20 c hr omosomes (with 6 gaps, scaffold N50 142.74 Mb) repre-
enting c hr omosomes 1–18, X, Y, and 66 unplaced contigs contain-
ng an additional 62.32 Mb (Fig. 1 A,B, Supplementary Fig. S2 E, and
upplementary Table S3 ). The PacBio HiFi assembly was further it-
r ativ el y polished by PacBio HiFi reads , ONT reads , Hi-C data (for
caffolding), and the second ONT assembl y, r esulting in a near-
2T assembly with a total length of 2.68 Gb (2.61 Gb mounted on

he c hr omosome, mounting r ate of 97.67%, scaffold N50 142.75
b) and only 6 gaps remaining in chromosomes 2, 3, 8, and 10

 Supplementary Fig. S2 E and Supplementary Table S4 ). 
The initial hifiasm haplotype assemblies had total lengths of

.68 Gb (275 contigs and contig N50 106.25 Mb) and 2.33 Gb (137
ontigs and contig N50 80.18 Mb), r espectiv el y. The initial v erkk o
aplotype assemblies had total lengths of 2.36 Gb (276 contigs and
ontig N50 30.78 Mb) and 2.17 Gb (252 contigs and contig N50 25.26
b), r espectiv el y ( Supplementary Table S2 ). The more continuous

ontigs of the two assemblies were selected to construct the fi-
al haploid assemblies . T his results in a maternal assembly with
57 gaps and paternal assembly with 99 ga ps. Subsequentl y, ga p
losing was performed using TGS-Gapcloser [ 61 ] with the verkko
a plotype assemblies, r esulting 116 and 42 ga ps, r espectiv el y. The
nal diploid Jinhua r efer ence genome has NG50 of 147.60 Mb and
43.06 Mb for maternal and paternal genomes, r espectiv el y. 

uality assessment of the final JH-T2T assembly 

e conducted a compr ehensiv e assessment of the JH-T2T assem-
ly’s quality and completeness in multiple wa ys . First, the esti-
ated genome size was determined to be 2.69 Gb, with a heterozy-

osity rate of 0.38%, consistent with the Sscrofa11.1 genome size
 Supplementary Fig. S4 A and Supplementary Table S4 ). Second, 16
f the 20 c hr omosomes wer e eac h r epr esented by a single contig
 Supplementary Table S4 ), indicating superior sequence integrity
ompared with the current pig reference genome, Sscrofa11.1
1,117 contigs), and other published pig genomes (Fig. 1 C, Table 1 ,
nd Supplementary Table S5 ). Third, the JH-T2T assembly showed
igh ov er all base accur acy. The estimated QV scor e is 55, whic h
orresponds to 99.997% accuracy. The QV scores ranged from 48
o 62 for each chromosome, with 5 chromosomes (chr4, chr9,
 hr11, c hr15, and c hr16) having high QV scor es gr eater than 60
 Supplementary Fig. S4 C,D and Supplementary Table S4 ). Fourth,
ompared to the other 3 genomes, B USCO anal ysis r e v ealed that
he JH-T2T assembly exhibited the highest percentage of com-
leteness, with a ppr oximatel y 96.4% of the core conserved mam-
alian genes being fully represented (Fig. 1 F, Supplementary Fig.

4 B, and Supplementary Table S6 ). This indicates a near-complete
enome assembl y. Fifth, the c hr omosomal inter action ma ps gen-
rated using Hi-C data provided further evidence of the accu-
 acy and r eliability of the JH-T2T assembl y. Hi-C data r e v ealed
hat all c hr omosomes displayed clear intr ac hr omosomal dia gonal
ignals, with no significant interc hr omosomal signals, confirming
he correct order and orientation of all pseudomolecules (Fig. 1 B).
ixth, the r ema pping r ates for HiFi r eads, ONT r eads, and Illumina
hort reads on JH-T2T assembly were impressively high at 99.90%,
9.99%, and 99.99%, r espectiv el y. 

For alignment-based comparison with other reported genomes,
e first utilized WGS data from 30 indi viduals (de pth ranging from
0.00 × to 27.14 ×, Supplementary Table S7 ), whic h wer e ma pped
o the Sscrofa11.1 (GCA_000003025.6) [ 5 ], MS (ASM1795798v1) [ 7 ],
X (ASM2056790v1) [ 6 ], and JH-T2T genomes . T he JH-T2T sho w ed

ignificantly higher mapping rates (98.65–99.87%, Fig. 2 A), prop-
rl y pair ed ma pped r ates (92.16–98.51%, Fig. 2 B), and lo w er base
rr or r ates (0.64–1.62%, Fig. 2 C) compar ed with other genomes.
 he a v er a ge ma pping r ate for Asian pigs was 99.53% on JH-T2T
ersus 97.98% on Sscrofa11.1, and for European pigs, 99.48% ver-
us 98.44% (Fig. 2 A). The av er a ge r ate of pr operl y ma pped r eads
or Asian pigs was 97.84% on JH-T2T versus 94.68% on Sscrofa11.1,
nd for European pigs, 94.78% versus 93.04% (Fig. 2 B). Next, map-
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Figure 1: Summary of JH-T2T pig genome assembly. (A) Schematic diagram illustrating the pipeline for genome assembly and annotation. (B) Hi-C 

c hr omatin inter actions of the assembled JH-T2T genome. (C) Comparison of the contiguity between r eleased assemblies and JH-T2T assembl y. (D) 
Landscape of the assembled JH-T2T genome, showing chromosomes, GC contents, gene, repeat and TE density, SNPs, and InDels in different tracks 
from outer to inner. (E) Composition ratio of repeat elements in JH-T2T. (F) Gene annotations of JH-T2T. (G) Genome-wide telomere portrait of JH-T2T. 
The black boxes indicate chromosomal loci of the tandemly repeated telomeric motif in the primary assembly. The heatmap shows the 
c hr omosome-wide gene density in non-ov erla pping 1 Mb windows. 
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Table 1: Summary information of JH-T2T, Sscrofa11.1, Ningxiang 
and MSCAAS v. 1 assemblies. 

Terms JH-T2T 

Sscrofa11.1 
[ 5 ] 

Ningxiang 
[ 6 ] 

MSCAAS v. 
1 [ 7 ] 

Contig N50 (Mb) 100.5 48.2 26.1 48.1 
Contig number 26 1,117 305 152 
Scaffold N50 (Mb) 142.7 88.2 139.0 139.0 
Scaffold number 20 20 19 19 
Gaps 6 103 286 133 
Assembly size (Gb) 2.61 2.50 2.44 2.50 
Av er a ge length of CDS 
(bp) 

1,593 1,668 1,601 1,379 

Protein-coding genes 23,924 20,661 20,914 22,855 
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ing 111 RNA-seq data ( Supplementary Table S8 ) from Asian ( n
 61) and European ( n = 50) pig breeds sho w ed that JH-T2T was
ore suitable for analyzing RNA-seq data from Asian pig breeds,
ith higher mapping rates (88.70%) compared with Sscrofa11.1

87.67%, Fig. 2 D). T he a v er a ge ma pping r ate of Eur opean pigs
n JH-T2T and Sscrofa11.1 was similar (89.45% versus 89.58%,
ig. 2 D). T he abo v e r esults suggest that JH-T2T will be advanta-
eous for both DNA and RNA sequencing data mapping analysis. 

Additionall y, onl y 6 ga ps r emain in our final JH assembl y, with
lled ga ps r anging fr om 81 to 35,183 bp, totaling around 268
b ( Supplementary Fig. S5 and Supplementary Table S9 ). We
 ema pped ONT and HiFi reads to the post-gap-filled genome to
onfirm the reliability for each filled gap. Most filled gaps were
dentifiable through ONT or HiFi alignments, and assembly er-
 ors in low-cov er a ge r egions (LCRs) wer e corr ected via ONT align-
ents (Fig. 2 E and Supplementary Fig. S6 ). Specifically, the largest

wo gaps (35 and 24 kb) on c hr omosome 8 wer e successfull y con-
rmed by cov er a ge with m ultiple ONT or HiFi r eads (Fig. 2 I and
upplementary Figs S5 and S6). The gaps on c hr omosomes 1, 2,
nd 10 were also successfully filled, evidenced by coverage with
oth ONT and HiFi reads (Fig. 2 F–H and Supplementary Table S9 ).
lthough supported by some read data, the inconsistency of cov-
r a ge acr oss these ga p-filled r egions suggests that caution should
e used when inter pr eting findings in these regions, and cross-
 efer encing r esults with the ga p positions ( Supplementary Table
9 ) is advised. 

The QVs of JH.mat and JH.pat are 56.73 and 60.07, respectively.
he e v en cov er a ge distribution of ONT and PacBio HiFi reads sug-
ested 3 reliable and continuous assemblies ( Supplementary Fig.
3 A and B). Further, by comparing the linear genomes of two
omplete haplotypes, we detected ∼7.23 million single nucleotide
ariants (SNVs), 1,165,610 small insertions or deletions (indels)
 < 50 bp), and 26,701 SVs ( ≥50 bp). 

Ov er all, our assembl y quality metrics indicate a near-gapless
ssembly of the pig genome, and provide a set of diploid JH refer-
nce genomes. To the best of our knowledge, this assembly is the
rst T2T and the most complete pig genome assembly published.

enome annotation 

he JH-T2T genome assembly provides a gapless T2T sequence
or 16 out of 20 c hr omosomes, marking significant pr ogr ess ov er
r e vious incomplete pig genome assemblies [ 5–7 ]. About 46.90%
f the JH-T2T genome consists of re petiti ve sequences elements:
4.63% LINEs (long interspersed nuclear elements), 3.40% SINEs
short interspersed nuclear elements), 5.23% LTR (long terminal
 epeat), 2.44% DNA tr ansposons, 1.13% simple r epeats, and 5.21%
atellites (Supplemental Table 10 and Fig. 1 E). 
Using the 6-base telomere repeats (TT AGGG/CCCT AA) as a
uery, 33 out of the anticipated 40 telomer es wer e identified, with
 single telomere detected on c hr omosomes 2, 4, 11, 13, 15, 18,
nd X. T he a v er a ge telomer e length is 14.71 kb, with a ppr oxi-
ately 2,451 repeat copies per telomere . T he longest telomere

panned 28.20 kb (Fig. 1 G and Supplementary Table S4 ). Puta-
iv e centr omer es wer e identified in expected locations on c hr o-

osomes 1–12, 14, and 16–17 (Fig. 3 A, Supplementary Fig. S7
nd Supplementary Table S4 ). For the c hr omosome assemblies
f chr9, 2 regions harbouring centromeric repeats were identi-
ed. The tandem repeat identified at the beginning of chr9 is un-

ikel y to r epr esent a second centr omer e, giv en the known meta-
entric karyotype of the pig. Instead, it may r epr esent another
orm of tandem r epeat, whic h warr ants further inv estigation. We
bserved that a few chromosomes exhibit a high copy number
f telomere repeats . T hese interstitial or pericentromeric telom-
ric sequences (ITS) have been evidenced as relics of genome re-
rrangements in some vertebrate species [ 62 ]. 

Gene annotation of the masked JH-T2T genome was performed
sing MAKER [ 42 ] with e vidence fr om pr otein homologies and
NA-seq data. A total of 23,924 high-confidence protein-coding
enes were predicted (Fig. 1 F), which includes 799 newly anchored
enes ( Supplementary Table S11 ). To validate these predictions,
NA-seq data from 111 samples sho w ed that 20,110 (90.50%) of
he high-confidence genes were expressed in at least 1 sample
Fig. 1 F). Gene and repeat distribution across chromosomes follow
he typical pattern observed in vertebrate genomes, with higher
ene concentrations in GC-rich regions and decreased gene den-
ity in r epeat-ric h distal regions ( Supplementary Fig. S2 K). Also,
he density of genes at telomeres is lo w er (Fig. 1 G). 

lobal comparison between the Sscrofa11.1 and 

H-T2T genomes 

he JH-T2T genome assembly showcases greater completeness
nd accur acy compar ed with the Sscr ofa11.1 assembl y. First, the
H-T2T assembl y added a ppr oximatel y 171 Mb (6.8%) to the Ss-
r ofa11.1 assembl y. Second, r egarding the completeness mea-
ur ed by B USCOs, the JH-T2T ac hie v ed 96.4% of 9,226 BUS-
Os, sur passing Sscr ofa11.1’s 94.1% ( Supplementary Fig. S4 B and
upplementary Table S6 ). Third, the JH-T2T assembly identified
3 telomeres (out of an expected 40, Supplementary Table S4 ),
her eas Sscr ofa11.1 ca ptur ed telomer e onl y at the pr oximal ends
f Sscr ofa11.1 c hr omosome assemblies of SSC2, SSC3, SSC6, SSC8,
SC9, SSC14, SSC15, SSC18, and SSCX. The JH-T2T assembly
dentified 17 centr omer es on c hr omosomes 1–12, 14, and 16–17
 Supplementary Table S4 ). Putative centromeres were identified in
he expected locations in the Sscr ofa11.1 c hr omosome assemblies
or SSC1–7, SSC9, SSC13, and SSC18. Two regions harboring cen-
r omeric r epeats wer e identified in the c hr omosome assemblies
f each of SSC8, SSC11, and SSC15. Compared with Sscrofa11.1,
H-T2T pr edicted a gr eater number of mor e intact telomer es and
entr omer es [ 5 ]. These enhancements highlight the superior qual-
ty and utility for genomic r esearc h of the JH-T2T assembly. 

By comparing genes between JH-T2T and Sscrofa11.1, JH-
2T includes 799 ne wl y anc hor ed genes ( Supplementary Table
11 ) involved in 96 KEGG entries, enriching two KEGG pathways
nd 19 GO terms ( Supplementary Fig. S8 B and Supplementary
able S12 ), notably in olfactory (e.g., olfactory transduction) and
mm unity-r elated pathwa ys (e .g., cytokine-cytokine receptor in-
eraction, Fc gamma R-mediated phagocytosis, and allergies and
utoimmune disease pathwa ys). Moreo ver, JH-T2T lost 114 genes
 Supplementary Table S11 ), significantly enriching 5 KEGG path-
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ays and 14 GO terms, including steroid hormone biosynthesis
nd linoleic acid metabolism ( Supplementary Table S12 ). 

A compr ehensiv e comparison between JH-T2T and Sscrofa11.1
as identified 58,200 SVs (28,843 deletions and 29,357 insertions,
otal genome size of 41.5 Mb, rangubg from 50 to 144,010 bp)
sing Sscrofa11.1 as a reference, with 57,796 medium (50–
0,000 bp) and 404 large SVs ( ≥10 kb) ( Supplementary Fig. S8 C
nd Supplementary Table S13 ). More structural variants were
dentified in Jinhua pigs than in Ningxiang and Meishan pigs
 Supplementary Fig. S8 D). SV distributions acr oss c hr omosomes
ollow the pattern of higher SV concentrations in r epeat-ric h r e-
ions (Fig. 3 B). The majority of the SVs (71.23%) are located in
 epeat r egions, suggesting that r epeat sequences ar e an impor-
ant source of genetic diversity in pigs . T hese re peats effecti vely
lled nearly all genome gaps, including the telomeres (Fig. 3 A
nd Supplementary Fig. S7 ). The majority of these SVs are lo-
ated in intergenic regions (24.08%) and introns (74.65%), with a
inority located within coding sequences (CDS) regions (0.24%)

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
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(Fig. 3 C). Mor eov er, 12,129 genes were ov erla pping with these SVs 
( Supplementary Table S13 ). Using the pig QTL database, we found 

SVs enriched in 65 QTLs associated with six economic traits,
such as basophil number, drip loss, and head weight ( P < 0.01,
Supplementary Fig. S8 A and Supplementary Table S14 ), suggest- 
ing that SVs potentially impact important economic traits. 

Additionall y, we simpl y v alidated the detected SVs by exam- 
ining their sequence cov er a ge using the WGS data from 5 JH pigs 
and 5 Duroc pigs. Using JH-T2T and Sscrofa11.1 as refence and ap- 
plying a validation criterion that required SV mapping sequence 
cov er a ge to be 1.00 in one sample and < 0.90 in another sample,
we confirmed a total of 38,021 SVs (a ppr oximatel y 65.32%), com- 
prising 16,240 DELs and 21,781 INSs, which are associated with 

13,967 genes (Supplementary Table 15). Among these, SVs with a 
length > 500 bp were the least frequent (Fig. 3 D), highlighting the 
limitations of SV detection through next-generation sequencing 
data. 

Large-scale genomic differences in the JH-T2T 

genome 

In our study, we identified 386 large SVs ( ≥10 Kb) in the JH-T2T 

genome compared with Sscrofa11.1, including 236 DELs and 150 
INSs ( Supplementary Table S17 ). These SVs affected the presence 
or absence of 212 genes between the 2 genomes. Notably, 101 in- 
sertions in the Sscrofa11.1 genome contained an additional 100 
genes ( Supplementary Table S16 ). The majority of these genes are 
olfactory r eceptor genes, whic h ar e significantl y enric hed in ol- 
factory transduction (including previously reported pig olfactory 
transduction genes such as OR8S1 and novel genes such as OR8B3 ,
OR2V2 , and OR7A17 ( Supplementary Table S17 )). 

The large SVs also harbored genes related to important eco- 
nomic traits. For example, the CYP2C18 gene, linked to ele v ated 

backfat skatole levels in commercial pig populations [ 63 ], was 
located in the largest SV ( ∼144.0 kb) on c hr omosome 14 of JH- 
T2T, which was located in the selective sweep (Supplementary 
Fig. S9 A–C and Supplementary Table S17 ). Similarly, an inser- 
tion ( ∼22.2 kb) in the GPAM gene, a marker for intr am uscular fat 
content (IMF) content in the musculus longissimus dorsi (MLD) 
[ 64 ], was observed ( Supplementary Fig. S9 A,B and Supplementary 
Table S18 ). The large SVs also contained genes related to immune 
r esponse, suc h as LY9 , ITLN2 , and CHIA ( Supplementary Table 
S17 ). The LY9 gene region indicated positive selection in DU pigs 
( Supplementary Fig. S10 B), associated with immune response reg- 
ulation [ 65 ]. The ITLN2 and CHIA genes have been reported to 
link to asthma susceptibility in humans [ 66 ]. Those findings may 
be linked to the asthma susceptibility of the JH pig. An insertion 

( ∼15.03 kb) in the SLA-DOB gene ( Supplementary Table S16 ) serves 
the immune system’s response and is relevant to transplant rejec- 
tion [ 67 ]. 

Discussion 

In this study, we built the first T2T pig genome assembly, marking 
a significant milestone in pig genomics. Our JH-T2T genome as- 
sembl y demonstr ated r emarkable impr ov ements ov er existing as- 
semblies [ 5–8 ], both in terms of completeness and quality . Notably ,
this T2T genome assembly left only six gaps in chromosomes 2,
3, 8, and 10, exceeding the minimum quality standards set by the 
Vertebrate Genomes Project (VGP) consortium [ 19 ]. 

The high quality of the JH-T2T assembly is evident in its abil- 
ity to ca ptur e complex genomic regions, including re petiti ve se- 
quences , and telomeres , whic h wer e pr e viousl y inaccessible . T his 
ompr ehensiv e cov er a ge addr esses the limitations of earlier refer-
nce genomes, such as Sscrofa11.1, which contained 544 gaps and
ac ked r epetitiv e r egions, centr omer es, and telomer es. By incor-
orating these regions, the JH-T2T genome provides a more com-
lete and accurate pig reference genome, essential for detailed ge- 
etic studies and breeding programs. Similarly, in human, the use
f the T2T-CHM13 genome assembly yields a mor e compr ehen-
iv e vie w of SVs genome-wide, with a gr eatl y impr ov ed balance of
nsertions and deletions [ 10 ]. 

Advancements in sequencing technology, especially the ONT 

ltr a-long sequencing method, hav e gr eatl y facilitated the com-
lete assembly of genomes . T he ONT data pla yed a crucial role

n filling ga ps, particularl y in difficult genomic regions such as
e petiti ve regions , centromeres , and telomeres . Many reference
enomes have been successively assembled using ONT reads in 

arm animals, such as cattle [ 68 ], chicken [ 69 ], and sheep [ 70 ]. In
ur JH-T2T assembly, the number of gaps was reduced from 63 to
4 using ONT contigs. 

A k e y ad v anta ge of the T2T genome is its superior performance
n impr oving r efer ence genome ma pping. The JH-T2T assembl y
utperforms Sscrofa11.1 in mapping reads from both Western 

nd Chinese pig populations, minimizing gaps and enhancing 
ead alignment accuracy for both DNA and RNA sequencing data.
 his impro vement is crucial for large-scale variant calling from
econd- and third-generation sequencing data and functional ge- 
omics studies, enabling more precise identification of genetic 
ariants and their associated traits. For example, in human, the
2T-CHM13 assembly w as sho wn to improve the analysis of global
enetic diversity based on 3,202 short read-length samples from 

he 1KGP dataset [ 10 ]. 
Compared with Sscrofa11.1, the JH-T2T genome captures a 

or e compr ehensiv e set of genetic elements . T his includes the
dentification of 799 ne wl y anc hor ed genes not pr esent in Ss-
rofa11.1, as well as the recognition of 114 genes that were lost in
he JH-T2T. This compr ehensiv e ca ptur e is made possible by the
H-T2T genome’s ability to fill in gaps and cover re petiti ve regions,
entr omer es, and telomer es, whic h wer e pr e viousl y inaccessible.
he identification of these novel and lost genes has significant im-
lications for understanding k e y biological functions, particularly 

n olfactory function, metabolism, and imm une r esponse. Olfac-
ory genes play a critical role in the sensory perception of smell,
hich is important for behaviors related to feeding, mating, and

nvir onmental inter action [ 71 , 72 ]. 
Compr ehensiv e comparison between the JH-T2T and Ss- 

rofa11.1 genomes has identified 58,200 SVs. Considering that 
ome of the SVs may be due to incomplete genome assembly of
scr ofa11.1, we v alidated them with WGS data. SVs with lengths
 500 bp were the least frequent (approximately 65.32%) of val-

dated SVs , which ma y be due to the limited sample size of the
GS data, the validation methodology, or variations in assem- 

ly integrity. The JH-T2T genome assembly enables more precise 
 har acterization of SVs . T his precision is crucial because incom-
lete assemblies or technological limitations can result in incor- 
ect assemblies or omissions of important SVs. 

One of the most critical impr ov ements offer ed by the T2T as-
embly is its superior ability to ca ptur e SVs that affect important
enes . T his enhanced cov er a ge enables the accurate identification
nd c har acterization of SVs, whic h ar e crucial for understanding
enetic variation and its influence on phenotypic traits. For exam- 
le, among the SVs accur atel y ca ptur ed b y the T2T genome, w e

dentified notable examples such as the largest SV located in the
eft telomere region of chromosome 14, which includes important 
enes such as CYP2C42 and CYP2C18 . In this study, we systemati-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf048#supplementary-data
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all y c har acterized lar ge SVs between 2 pig genome assemblies,
dentifying 204 large SVs with gene–model differences. Most of
hese large SVs overlapped with candidate regions for selection
ignatures, underscoring the importance of these SVs for pig pop-
lation differentiation. Some genes, such as LGALS12 , GPAM , and
ACNB2 , are implicated in essential metabolic pathways and can

nfluence important economically traits [ 63 ]. The large SVs also
ontained genes related to immune response, such as LY9 , ITLN2 ,
nd CHIA , which may be linked to asthma susceptibility in the JH
ig [ 65 , 66 ]. The insertion found in SLA-DOB , a gene involved in
nhancing the immune system’s response to infection, might be
 ele v ant in relation to transplant rejection [ 73 ]. 

onclusions 

he JH-T2T genome assembl y r epr esents a major leap forw ar d in
ig genomics. Its high quality and near-complete cov er a ge signif-

cantly enhance our ability to capture and characterize SVs, par-
icularly those harboring important genes . T his impro vement not
nl y r efines the r efer ence genome but also serv es as a po w erful
ool for genetic studies and breeding strategies aimed at improv-
ng liv estoc k tr aits. 

dditional files 

upplementary Table S1: Summary of the sequence data used for
H-T2T assembly. 
upplementary Table S2: Statistics of draft assembly. 
upplementary Table S3: Statistics on the number and length of
lusters of individual c hr omosomes and genomic mount rate. 
upplementary Table S4: Genome statistics, predicted telomeres,
nd centr omer es. 
upplementary Table S5: Scaffold and contig length of 4 assem-
lies. 
upplementary Table S6: B USCOs anal ysis of JH-T2T, Sscr ofa11.1,
S, and NX. 
upplementary Table S7: Information for the 939 WGS pigs. 
upplementary Table S8: Information for the 111 RNA pigs. 
upplementary Table S9: Gap positions of JH-T2T. 
upplementary Table S10: Summary of repeat content of JH-T2T.
upplementary Table S11: Genes lost and gained between JH-T2T
nd Sscrofa11.1. 
upplementary Table S12: Genes lost and gained in the enriched
EGG P A THWA Y and GO . 
upplementary Table S13: List of SVs between JH-T2T and Ss-
rofa11.1. 
upplementary Table S14: Statistics of SV-related QTL. 
upplementary Table S15: SV with WGS validation. 
upplementary Table S16: Large SVs localized on Sscrofa11.1 ref-
rence and overlapping gene ID on large SVs. 
upplementary Table S17: Selected large SVs localized on Ss-
r ofa11.1 r efer ence and ov erla pping gene ID on lar ge SVs. 
upplementary T able S18: Large-SV -gene-enriched KEGG P A TH-
AY and GO. 

upplementary Figure S1: Ov ervie w of the data-processing
ipeline used for assembly and genomic analysis of JH-T2T
enome. 
upplementary Figure S2: Summary of data used for JH-T2T as-
embly. 
upplementary Figure S3: Haplotype assemblies of paternal and
aternal. 

upplementary Figure S4: Evaluation of the JH-T2T assembly. 
upplementary Figure S5: Replaced gap regions. 
upplementary Figure S6: Cov er a ge of WGS, HiFi, and ONT read
or the region of 47 filled gaps of the JH-T2T assembly. 
upplementary Figure S7: Locations of the predicted cen-
r omer es in the JH-T2T assembly. 
upplementary Figure S8: SVs between the Sscrofa11.1 and JH-
2T. 
upplementary Figure S9: Selectiv e r egions on lar ge SVs between
he Sscrofa11.1 and JH-T2T genome assembly. 
upplementary Figure S10: Selectiv e r egions on lar ge SVs be-
ween the Sscrofa11.1 and JH-T2T genome assembly. 
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arking Universal Single-Copy Orthologs; NCBI: National Center
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