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Recent advancements in sequencing and genome assembly technologies have led to rapid generation of
* high-quality genome assemblies for various species and breeds. Despite the importance as minipigs an
. animal model in biomedical research, the construction of high-quality genome assemblies of minipigs
. still lags behind other pig breeds. To address this problem, we constructed a high-quality chromosome-
. level genome assembly of the Korean minipig (KMP) utilizing multiple different types of sequencing
reads and reference genomes. The KMP assembly included 19 chromosome-level sequences with a total
. length of 2.52Gb and N50 of 137 Mb. Comparative analyses with the pig reference genome (Sscrofall.l)
. demonstrated comparable contiguity and completeness of the KMP assembly. Additionally, genome
. annotation analyses identified 22,666 protein-coding genes and repetitive elements occupying 40.10%
. of the genome. The KMP assembly and genome annotation provide valuable resources that can
. contribute to various future research on minipig and other pig breeds.

: Background & Summary

. Genome assemblies are foundational resources of various comparative genomic analyses including compar-
© ative, functional, and population analyses'. To improve the quality and accuracy of those analyses, the use of
. high-quality chromosome-level genome assemblies is necessary. Recently, as various types of sequencing tech-
. nologies, such as long read sequencing and Hi-C sequencing, have been developed with a large amount of
© sequencing data accumulated, the construction of high-quality genome assemblies of various species and breeds
© has been accelerated?. The development of various genome assembly algorithms has also contributed to this
: trend®”.

: Since a minipig has advantageous characteristics for biomedical research, including its small body size and
. physiological functions similar to humans, it has become one of the most popular animal models®. In par-
© ticular, the Korean minipig is the only minipig breed registered with the United Nations and Agricultural
. Food Organization (FAO) and utilized in many biomedical research such as xenotransplantation®. Because
. of the increased need to understand unique biological features of minipigs, genome assemblies of various
: minipig breeds, such as Géttingen minipig'® and Bama minipig!!, were constructed. However, a high-quality
. chromosome-level genome assembly and gene annotation for the Korean minipig is still lacking.

: Therefore, we constructed a chromosome-level genome assembly of the Korean minipig using various types
. of sequencing reads and multiple reference genomes (Fig. 1a,Table S1 and S2). A total of 10,470 contigs were
: generated using PacBio long reads by Canu’, of which 1,959 high-quality contigs remained after filtering and
* polishing steps (Table S3). To generate chromosome-level scaffolds, an improved version of RACA? generated
. scaffolds from high-quality contigs using short reads, long reads, and multiple reference genomes. Existing
. high-quality genome assemblies of two minipigs (Bama and Géttingen), four pig breeds (Duroc, Landrace,
. Large white, and Meishan), cow, and goat were used as reference genomes. Scaffolding using Hi-C data was also
- conducted using SALSA2* The final KMP assembly was built after two polishing steps using Pilon'? (Table S3).
: As a result, the KMP assembly consisted of 1,042 sequences with a total length of 2.52 Gb and an N50 of
: 137 Mb, and 19 chromosome-level scaffolds (18 autosomes and one X chromosome) were included in the final
. assembly. The completeness of the KMP assembly measured by BUSCO"® using the ‘mammalia_odb9’ dataset
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Fig. 1 Chromosome-level genome assembly of the Korean minipig (KMP). (a) Workflow for constructing the
KMP assembly. (b) A Hi-C contact map of the KMP assembly (Resolution: 5 Mb; MAPQ > 30). (c) Syntenic
relationships between the KMP and the pig reference genome assembly (Sscrofall.l). Ribbons represent
correspondence between chromosomes in the two genomes (Resolution: 300 Kb). (d) QV scores of 19
chromosome-level scaffolds in the KMP assembly. (e) Rates of short reads mapped to the KMP and the pig
reference genome assembly (**p < 0.0002, *p < 0.02; Mann-Whitney U test).

was 93.8%. Both the contiguity and completeness of the KMP assembly were comparable to those of the pig
reference genome (Sscrofall.l; Table 1). By generating a Hi-C contact map using Juicer'4, we found that the
19 chromosome-level scaffolds were clearly distinguished from each other (Fig. 1b). In addition, the quality
value (QV) score for each chromosome-level scaffold of the KMP assembly was calculated using Merqury',
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KMP assembly Sscrofall.l
No. of scaffolds 1,042 612
No. of chromosome-level scaffolds | 19" 20
Total length (bp) 2,519,994,213 2,501,895,775
No. of bases 2,519,870,437 2,472,031,091
Max length (bp) 271,562,485 274,330,532
N50 (bp) 137,306,111 138,966,237
BUSCO score C:93.8%[S:92.5%,D:1.3%], F:3.6%,M:2.6%,n:4104 | C:94.0%[S:93.4%,D:0.6%], F:3.6%,M:2.4%,n:4104

Table 1. Statistics of the KMP and the pig reference genome assembly (Sscrofall.l). “The Y chromosome is not
included in the KMP assembly.

and the average QV score was 35.41 (Fig. 1d). Using additional short reads obtained from ten Korean minipig
samples’, the mappability of the KMP assembly was confirmed, with an average of 93.63% of short reads being
properly mapped (Fig. 1e,Table S4). Furthermore, the GMASS!® score between the KMP and the pig reference
genome assemblies was calculated as 0.99, which confirmed the structural similarity between the two genomes.
The structural similarity between these two genomes was also validated by pairwise sequence comparison and
synteny analysis. All chromosome-level scaffolds in the KMP assembly except chromosome 6 formed synteny
blocks with corresponding chromosomes of the pig reference genome at 300 Kb resolution without any break-
points (Fig. 1c). Meanwhile, breakpoints detected in chromosome 6 were confirmed as real genome rearrange-
ments in the Korean minipig (Technical Validation; Fig. 3).

To annotate genes in the KMP assembly, RNA-seq reads from 26 different tissues of the Korean minipig
individual were generated (Table S1). For the annotation of protein-coding genes, we integrated RNA-seq data
and gene annotation data of six species (human, mouse, pig, cow, goat, and sheep) using GeMoMa'” (Fig. 2a). As
aresult, a total of 22,666 protein-coding genes and 45,209 transcripts were annotated (Fig. 2b, Table 2). In addi-
tion, the average lengths of protein-coding genes, coding sequences, and protein sequences were 49,985.43 bp,
1,607.88 bp, and 534.96 bp, respectively (Table 2). To validate the quality of the gene annotation of the KMP
assembly, the BUSCO score was calculated using protein sequences, and 96.4% of core mammalian genes
were detected, which was comparable to the reference gene annotation (Table 2). Additionally, distributions
of protein-coding genes and transcripts in the KMP assembly were similar to those in the reference genome
assembly. Furthermore, the functions of 94.94% of protein-coding genes (21,519 genes) were predicted success-
fully using homologous gene information and the UniProtKB/Swiss-Prot database'®. Four types of non-coding
RNAgs, including tRNA, rRNA, snRNA, and miRNA, were also identified in the KMP assembly (Fig. 2a, Table 3).
Finally, repetitive elements in the KMP assembly were annotated using RepeatMasker'®. As a result, 40.10% of
the KMP assembly (about 1.01 Gb) was annotated as repetitive regions. Among masked repetitive elements,
LINEs were the most abundant element, accounting for 23.71% of the entire genome (Fig. 2¢,Table S5). The
KMP assembly, which is a high-quality chromosome-level genome assembly of the Korean minipig, and its gene
annotation information provide valuable resources that can contribute to various future research on minipig
and other pig breeds.

Methods

DNA and RNA sequencing. Blood sample of a male Korean minipig (27 months old) was collected with
approval by the National Institute of Animal Science (NIAS) and all procedures were performed according to the
ARRIVE guidelines. DNA was extracted from the collected blood sample and DNA libraries for long reads were
prepared using a SMRTbell Template Prep Kit and sequenced on a PacBio Sequel system. For short read data,
libraries for paired-end reads and mate-pair reads were constructed using a TruSeq Nano DNA Kit and a Nextera
Mate Pair Sample Prep Kit, respectively, and sequenced on an Illumina platform. In addition, Hi-C sequencing
reads were generated using the same procedure for generating paired-end reads (Table S1).

RNAs from 26 different tissues (appendix, backfat, bone marrow, brain, colon, forelimb muscle, groin, heart,
hindlimb muscle, intestine, kidney, liver, lung, lymph node, nipple, pancreas, phren, pituitary gland, rib, sir-
loin, spinal cord, spleen, stomach, tenderloin, testis, and thymus) were also extracted using a TRIzol reagent.
Sequencing libraries were then prepared using a TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San
Diego, CA, USA) and sequenced on an Illumina platform (Table S1).

Genome assembly. The size of the Korean minipig genome was estimated using the k-mer distribution
(k=19) calculated with Jellyfish (v2.3.0)?°. Contigs were generated by connecting PacBio subreads using Canu
(v1.9)%, with an estimated genome size of 2.5G as the ‘genomeSize’ option. Only contigs supported by a min-
imum of 50 subreads were selected for the subsequent assembly procedure. Remaining contigs were polished
using GenomicConsensus (v2.3.3; https://github.com/PacificBiosciences/GenomicConsensus) with the ‘~algo-
rithm = arrow’ option, incorporating information from PacBio subreads mapped to contigs using ppmm?2 (v1.2.1;
https://github.com/PacificBiosciences/pbmm?2).

To build a chromosome-level genome assembly, contigs were scaffolded using various types of sequencing
data, including short reads, long reads, and Hi-C reads, as well as multiple reference genomes. Firstly, polished
contigs were assembled into longer scaffolds using an improved version of RACA? (manuscript in preparation),
which integrated diverse sequencing read data and multiple reference genome information. To prepare input data
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Fig. 2 Genome annotation of the KMP assembly. (a) Workflow for annotating protein-coding and non-coding
genes. (b) Genomic distributions of protein-coding genes and transcripts in chromosome-level scaffolds of the
KMP and the pig reference genome assembly (Sscrofall.l). (c) Sequence divergence of repetitive elements in
the KMP assembly.

for RACA, short and long read data were mapped to the polished contigs using BWA-MEM (v0.7.17-r1198)* and
pbmm?2 (v1.2.1; https://github.com/PacificBiosciences/pbmm?2), respectively. In addition, reference genomes of
three minipig breeds (Bama, Géttingen, and Meishan), three pig breeds (Duroc, Landrace, and Large white), cow,
and goat were collected from the NCBI database®? (Table S2). Using the genome assembly of Duroc (Sscrofall.1)
as a reference, pairwise whole-genome alignments were generated by LASTZ (v1.04.00)* with ‘E=150 H=2000
K=4500L=2200 M =254 0 =600 Q=human_chimp.v2.q T=2 Y =15000 options. Considering the diver-
gence time against the Korean minipig, all pig breeds were used as ingroup species, while cow and goat were
used as outgroup species. Secondly, scaffolds generated by RACA were further assembled using Hi-C data. For
Hi-C scaffolding, Hi-C reads were aligned to scaffolds using the Arima Hi-C mapping pipeline (https://github.
com/ArimaGenomics/mapping_pipeline) and SALSA2* was run with the ‘-e GATC’ option. Lastly, correction of
misassemblies and the gap closing were done with short read data twice using Pilon (v1.22)'2
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Fig. 3 Physical coverages of short reads in breakpoint regions of the KMP assembly. (a) Syntenic relationship
of chromosome 6 between the KMP and the pig reference genome assembly. Ribbons represent syntenic
regions and colored ribbons highlight synteny blocks associated with inversion events. Arrows indicate the five
breakpoint regions detected in chromosome 6. (b) Read coverage patterns of short (paired-end and mate-pair)
and long reads in breakpoint regions. Colored boxes and dots represent breakpoint regions and read coverages
in the boundaries of the breakpoint regions, respectively. Each breakpoint region is indicated by an arrow with
the same color as in (a).

Genome assembly quality assessment. To assess the contiguity of the KMP assembly, assembly sta-
tistics were calculated using assembly-stats (v1.0.0; https://github.com/sanger-pathogens/assembly-stats). The
completeness of genome assembly was calculated with BUSCO (v3.0.2)"* using the mammalia_odb9 dataset.
Assembly statistics for the pig reference genome (Sscrofall.l) were also calculated and benchmarked with those
of the KMP assembly. To validate Hi-C mapping patterns of the KMP assembly, Hi-C reads were mapped using
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KMP assembly Sscrofall.l (Ensembl 108)
No. of protein-coding genes 22,666 20,862
No. of transcripts 45,209 44,275
Average length of protein-coding genes (bp) | 49985.43 50637.05
Average length of CDS (bp) 1607.88 1724.34
Average length of AAs (bp) 534.96 582.39
BUSCO score C:96.4%]S:43.5%,D:52.9%], F:0.8%,M:2.8%,n:4104 C:97.5%]S:43.3%,D:54.2%], F:0.8%,M:1.7%,n:4104

Table 2. Statistics of protein-coding genes in the KMP and the pig reference (Sscrofall.1 Ensembl 108).

Type Count

tRNA 4,721

rRNA 478

snoRNA 662
snRNA

spliceosomal RNA 1,042

miRNA 861

Table 3. Statistics of non-coding RNAs predicted in the KMP assembly.

Juicer (v1.6)™ and the Hi-C contact map was visualized with JuiceBox (v2.3.4)*%. In addition, the quality value
(QV) score for each chromosome was estimated with short reads using Merqury (v1.3)"*. Additional short reads
from ten Korean minipig samples (five ET-type Korean minipigs and five L-type Korean minipigs) were also
mapped to the KMP and pig reference genome assemblies using BWA-MEM (v.0.7.17-r1198)?!. The number of
mapped reads and properly mapped reads were counted using the ‘stats’ module in samtools (v1.9)%.

Next, the quality of the generated KMP assembly was validated by comparing the genomic structure between
the KMP and the pig reference genome. The GMASS!® score representing structural similarity between two
genome assemblies was measured using GMASS with ‘-r 100000,200000,300000,400000,500000 -s near’ options.
Lastly, whole genome alignment of the KMP assembly against the pig reference genome assembly was conducted
using LASTZ (v1.04.00)?* with the same options used in the ‘Genome assembly’ section. Synteny blocks were
constructed at 300 Kb resolution using the synteny block detection program in InferCars?. The number of
matched and mismatched bases in the syntenic regions was calculated using the Perl script (https://github.com/
jkimlab/NCMD_study) provided by a previous study®.

Validation for genome rearrangement in the KMP assembly. To verify the quality of the KMP
assembly, physical coverage patterns of breakpoint regions discovered through the synteny analysis were con-
firmed. Breakpoint regions were defined as non-syntenic regions adjacent to synteny blocks with different orders
or orientations in the KMP assembly when compared to the pig reference genome. To measure base-level read
coverages in breakpoint regions, short reads (paired-end and mate-pair) and long reads were mapped to the
KMP assembly using BWA-MEM (v.0.7.17-r1198)?! and pbmm?2 (v1.2.1; https://github.com/PacificBiosciences/
pbmm?2), respectively. Base-level coverage values were calculated using the ‘genomecov’ module in bedtools
(v.2.28.0)* with the ‘-bga’ option. Read coverage patterns in the breakpoint regions including the +1~200 Kb
flanking regions were visualized.

Genome annotation. For annotating protein-coding genes, RNA-seq data generated from 26 different tis-
sues of the Korean minipig were mapped to chromosome-level scaffolds in the KMP assembly using HISAT2
(v2.2.1)%. In addition, the reference genome assembly and gene annotation data of six different species (human,
mouse, pig, cow, goat, and sheep) were collected from the Ensembl database®® for homology-based gene
annotation (Table S2). Using both RNA-seq and collected gene annotation data, we predicted protein-coding
genes in the KMP assembly by running GeMoMa (v1.9)!” with ‘ERE.s = FR_FIRST_STRAND m = 200000
AnnotationFinalizer.r = NO GAEf= “start= = ‘M’ and stop = = “*’ and (isNaN(score) or score/aa > =4)”
options. Subsequently, BUSCO scores were calculated for protein sequences extracted using the final KMP and
the reference gene annotation by BUSCO (v3.0.2)"* with mammalian_odb9 dataset. To predict functions of
protein-coding genes in the KMP gene annotation, homologous gene information identified by GeMoMa'” was
used. When multiple gene functions were found for a single protein-coding gene, the function of the protein
with the highest ‘pident’ value in the protein sequence alignment with vertebrate protein sequences was selected.
BLASTP (v2.9.0)*! was employed for protein sequence alignment using protein sequences of vertebrate species
collected from the UniProtKB/Swiss-Prot database'® (v2024_02).

For annotating non-coding genes, various types of non-coding RNAs, including tRNA, rRNA, snRNA, and
miRNA, were annotated using the Rfam database® and Infernal (v1.1.3)*® with ‘~cut_ga-rfam-nohmmonly’
options. Additionally, tRNA and rRNA were predicted with tRNAscan-SE (v2.0.5)* and RNAmmer (v1.2)%,
respectively. The final annotation was generated by merging all predictions using the Perl script (https://github.
com/jkimlab/NCMD_study) provided by a previous study?’.

To annotate repetitive elements, a de novo repeat library and an existing pig taxon-specific repeat library
were merged as described in a previous study”. A de novo repeat library for the KMP assembly was built using
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RepeatModeler (v2.0.1)*, and a pig taxon-specific repeat library was extracted from the RepeatMasker (v4.0.5)"°
database with the ‘queryRepeatDatabase.pl utility.

Data Records

The KMP assembly and gene annotation were deposited at DDBJ/ENA/GenBank under accession
JBCQFQO000000000°” and FigShare?®, respectively. Raw Illumina short read, PacBio long read, and Hi-C
sequencing data for generating genome assembly and RNA-seq data for annotating the KMP assembly are avail-
able at NCBI SRA under accession number PRINA1104148%.

Technical Validation

To evaluate the quality of the KMP assembly, various statistics representing contiguity and completeness
were measured (Table 1). The total length of the KMP assembly was 2.52 Gb, which was longer than the ref-
erence genome (2.50 Gb). The N50 of the KMP assembly was 137.31 Mb, comparable to the reference genome
(138.97 Mb). A total of 19 chromosome-level scaffolds (except for the one corresponding to the Y chromo-
some) were constructed and Hi-C contact patterns of those scaffolds were clearly distinguished from each other.
The average QV score was 35.41, with 93.8% of core mammalian genes being present in the KMP assembly
(Fig. 1d,Table 1). Average rates of short reads mapped and properly mapped to the KMP assembly were 97.85%
and 93.63%, respectively, higher than those of the reference genome (Fig. 1e,Table S3).

Additionally, we performed comparative analyses between the KMP assembly and the pig reference genome
assembly. The GMASS score was 0.99, indicating a high similarity between the two genome assemblies. When
comparing those two genome assemblies by constructing synteny blocks, most chromosome-level scaffolds in
the KMP assembly showed high collinearities with corresponding chromosome assemblies in the reference
genome, while several inversion events were detected in chromosome 6 (Fig. 1c). To determine whether they
were caused by misassemblies or real genome rearrangement, base-level read coverages in the breakpoint regions
related to the inversions were measured using short (paired-end and mate-pair) and long reads. A total of five
breakpoint regions were identified and read coverage values of the breakpoint regions including the £1~200 Kb
flanking regions were visualized (Fig. 3). As shown in Fig. 3, all breakpoint regions were supported by sufficient
read mapping coverages by all types of read data. In addition, physical coverages were maintained constant in
boundary areas of these breakpoints. Furthermore, 99.50% of bases of the KMP assembly in the syntenic regions
were matched with the pig reference assembly, while only 0.50% of bases were mismatched (Table S6).

Code availability

All programs and pipelines used in this study are open-sourced. Versions and options used for the execution
of individual programs are provided in the ‘Method’ section. Unless otherwise specified, default options were
employed. No in-house scripts were implemented for this study.
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