Fujino et al. BMC Genomics ~ (2024) 25:1039 BMC Genomics
https://doi.org/10.1186/512864-024-10929-4

®
A chromosome-level genome assembly of a D
model conifer plant, the Japanese cedar,
Cryptomeria japonica D. Don

Takeshi Fujino'", Katsushi Yamaguchi?', Toshiyuki T. Yokoyama', Toshiya Hamanaka', Yoritaka Harazono',

Hiroaki Kamada', Wataru Kobayashi', Tokuko Ujino-lhara®, Kentaro Uchiyama®, Asako Matsumoto?®, Ayako Izuno?,
Yoshihiko Tsumura?, Atsushi Toyoda®, Shuji Shigenobu?’, Yoshinari Moriguchi®, Saneyoshi Ueno®” and

Masahiro Kasahara'™

Abstract

Background The Japanese cedar (Cryptomeria japonica D. Don) is one of the most important Japanese forest trees,
occupying approximately 44% of artificial forests and planted in East Asia, the Azores Archipelago, and certain islands
in the Indian Ocean. Although the huge genome of the species (ca. 9 Gbp) with abundant repeat elements may have
represented an obstacle for genetic analysis, this species is easily propagated by cutting, flowered by gibberellic acid,
transformed by Agrobacterium, and edited by CRISPR/Cas9. These characteristics of C. japonica recommend it as a
model conifer species for which reference genome sequences are necessary.

Results Herein, we report the first chromosome-level assembly of C. japonica (2n=22) using third-generation

selfed progeny (estimated homozygosity rate =0.96). Young leaf tissue was used to extract high molecular weight
DNA (> 50 kb) for HiFi PacBio long-read sequencing and to construct an Hi-C/Omni-C library for lllumina short-read
sequencing. The 29x and 26x genome coverage of HiFi and lllumina reads, respectively, for de novo assembly yielded
2,651 contigs (9.1 Gbp, N50 contig size 12.0 Mbp). Hi-C analysis mapped 97% of the nucleotides on 11 chromosomes.
The assembly was verified through comparison with a consensus linkage map comprising 7,781 markers. BUSCO
analysis identified ~ 91% conserved genes.

Conclusions Annotations of genes and comparisons of repeat elements with other Cupressaceae and Pinaceae
species provide a fundamental resource for conifer research.
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Background

The Cupressaceae, comprising the most widely distrib-
uted coniferous trees that inhabit Northern and Southern
Hemispheres [1] and all continents, except Antarctica [1],
comprises the highest number of genera among conifer
families [2]. Due to its high resistance to decay [3-5], the
wood of Cupressaceae is highly valued. In Japan, the most
widely used representative of the family is the Japanese
cedar (Cryptomeria japonica D. Don), which is a close
relative of Sequoiadendron and Taxodium species in
North America [6]. Although the artificial planting of C.
japonica has been conducted since 1,400 [7], the timber
of Japanese cedar has been utilized from more than 3,000
years [8], and it is therefore recommended as timber for
shipbuilding due to its durability, initially described in
1896 in Japan [9]. Because of its rapid growth, adaptabil-
ity to numerous environmental conditions and regenera-
tion by cutting, grafting, and tissue culture [8, 10, 11],
the species maintains a rich diversity of local varieties [8,
12, 13]. These characteristics, combined with the ease of
artificial crossing, facilitated through promoting flow-
ering by gibberellic acid [14], make it an important and
intriguing resource for genetic studies. Furthermore, due
to its high economic value, the species is one of the most
important forestry trees in Japan as well as in subtropical
China [15], Portugal (Azores Archipelago) [16], and the
Reunion [17].

Although the fossil record of Cryptomeria is established
in East Asia and Europe [18], the species now exhibits
endemic distribution of the C. japonica var. japonica,
var. radicans, and var. sinensis. C. japonica var. japonica
and var. radicans exclusively localize to Japan and occupy
a sparsely distributed natural range from the northern-
most part of Japan’s main island, Honshu, to Yakushima
an island south of Kyushu [19]. C. japonica var. sinensis
is distributed in China, although the natural distribu-
tion in Fujian (Nanping), Jiangxi (Lushan mountain), and
Zhejiang (Tianmu Mountain) provinces is debated [20,
21]. The Japanese government’s forest tree improvement
program commenced in 1954 [7, 22], and C. japonica was
extensively planted for timber production in the 1960s to
support the country’s economic growth. Currently, the
species occupies nearly 4.5 million hectares, account-
ing for 44% of all artificial forests in Japan [23]. Unfortu-
nately, the proliferation of artificial forests of C. japonica
led to widespread prevalence of Japanese cedar pollino-
sis, with a documented prevalence of 38.8%, represent-
ing major social issues [24]. There is therefore a pressing
need to reduce the amount of C. japonica pollen dis-
persed by renewing them with male-sterile (pollen-free)

trees of C. japonica. Indeed, sequence-based markers for
male sterility that were established through this line of
research [25], allow for easier identification of wild trees
(for breeding) with a male-sterile allele; and the estimated
frequency of trees with male-sterile alleles in breeding
materials is approximately 1% [26, 27]. Thus, develop-
ing genetic markers for marker-assisted selection will be
likely and significantly facilitated with chromosome-level
genome assembly.

The genome assembly of conifers is difficult because
of their large genomes (up to 37 Gbp) [28, 29] and an
abundance of repetitive sequences compared with those
of animals such as humans [30-34]. Thus, the cost of
determining the genome sequence of a conifer was previ-
ously quite high. Furthermore, creating genetic maps for
these species is time-consuming due to the long genera-
tion time of tree species, leading to limited application of
genetic methods (e.g., genetic markers, transgenesis, and
gene editing) to conifers. Breeding efforts via molecular
biological techniques based on genetic maps and genome
sequences are limited to only a few species. Therefore,
there is a pressing need for the construction of a chromo-
some-level genome assembly of a conifer species to con-
fer efficient molecular-genetic breeding. The advent of
accurate long-read sequencing methods such as PacBio
HiFi reads or the Oxford Nanopore kit v14 significantly
decreases the cost of analyzing large genomes [33, 35,
36], leading us to conclude that it was time to establish a
high-accuracy, high-contiguity model conifer genome at
the chromosome scale with comprehensive gene annota-
tion. Such a chromosome-level assembly will likely facili-
tate the rapid systematic identification of the relationship
between diverse traits and genes (or mutations) using
molecular-genetics techniques. This will enable breed-
ing elite trees with diverse favorable quantitative and
qualitative traits, including rapid growth rates, pathogen
registance, and desirable timber quality [37, 38].

Herein, we present a highly contiguous, chromosome-
level assembly of C. japonica generated using a com-
bination of HiFi sequencing, Hi-C scaffolding, and a
high-density genetic map. Our chromosome-level assem-
bly of C. japonica genome is the first genome sequence,
to our knowledge, of a conifer species with high sequence
contiguity (N50 contig>12 Mbp), with most nucleo-
tides mapped to chromosomes (>97% assigned to the 11
chromosomes, 2n=22), validated through a high-density
genetic map of 7,781 sequence-based markers. Genes
were annotated using existing and newly sequenced
RNA-seq data, ESTs included in public databases, pub-
lished Iso-seq data, and homology with proteins of other
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species, which achieved one of the highest completeness
scores (91.4%) of BUSCO [39] among conifer reference
genomes [33, 40—43]. This newly sequenced genome will
likely serve as a reliable platform for breeding and study-
ing other conifer species as well. For example, it will be
valuable for identifying loci associated with tolerance
to pathogens, faster growth, adaptation to various envi-
ronments, and the evolution of conifer genomes and
retrotransposons.

Results

Genome sequencing and assembly

Assembling PacBio HiFi reads

The collective statistics of the PacBio HiFi reads are
shown in Table 1. After trimming the first 20 bases of
PacBio HiFi reads, assembly by hifiasm [44] resulted in
an N50 12-Mbp contig size (Table 1), which is signifi-
cantly larger than those for published conifer genomes
[33]. The total contig size (9.07 Gbp) slightly exceeded the
estimated genome size by approximately 200 Mbp based
on the GenomeScope k-mer analysis (Additional file 1).
We attributed the values of these estimations to residual
structural heterozygosity that persisted, despite three
rounds of selfing. The algorithm hifiasm assumes that
two homologous chromosomes in the target genome may
exhibit small variations, such as SNVs or small indels,
but are otherwise structurally similar. In cases where
this assumption holds, contigs from the two homologous
chromosomes were identified, and contigs only from one
haplotype were output as primary contigs. When one
haplotype contains large structural variations, both hap-
lotypes may be output, yielding a slightly inflated total
contig size.

Construction of chromosome-length Hi-C scaffolds

Contigs were scaffolded with Hi-C reads aligned to the
contigs. Manual review suggested a few necessary correc-
tions for obvious misassemblies. The final chromosome-
length scaffolds consisted of the largest 11 scaffolds,
corresponding to the 11 chromosomes of C. japonica,
which contained 97.6% of the nucleotides (Fig. 1; Table 1,
and Additional file 2). To further assess the complete-
ness of these chromosome-length scaffolds, telomeric
sequences were explored, and it was revealed that 4 of the
11 chromosomes had telomeres at both ends (chr3, chr5,
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chr7, and chrl1), while 4 chromosomes had telomeres at
only one end (chr2, chr6, chr8, and chrl0) (Additional
file 3). These results provide additional insights into the
structural completeness of the assembled chromosomes.
To further evaluate the completeness and reliability, we
employed Merqury [45], which revealed a complete-
ness of 94.95% and a base error rate of 2.12x10°%, con-
firming the high accuracy for a gymnosperm genome
assembly.

While the complete chloroplast genome was identified
with the length of 131,654 bp, we were unable to reli-
ably located mitochondrial sequences, due to the nature
of complex mitochondrial genome structure of coni-
fers [46]. Therefore, potential mitochondrial sequences
remained as ordinary scaffolds. The statistics of the final
set of scaffold assemblies are presented in Table 1.

Genome assembly validation by genetic map

Most markers were consistent with the scaffolds (Addi-
tional file 4). The independent development of the
genome assembly, the high level of consistency between
the Hi-C scaffolds, and the genetic map support the high
accuracy of the Hi-C scaffolds through minimizing global
misjoins. Multiply mapped markers may be inconsistent,
and minor inconsistencies resulting from ambiguities of
our merged independent genetic maps are noted (Addi-
tional file 4). The mapped markers were well dispersed,
and therefore any single locus trait would be easily
mapped (Fig. 1). Furthermore, long regions suppressed
recombination in the middle of each chromosome. We
therefore presumed that these regions corresponded
to centromeres and that gene density decreased toward
these putative centromeres (Fig. 1).

Identifyingrepeatelements Similar to other conifer spe-
cies, the C. japonica genome comprised abundant repeat
elements, (83.6% of the genome) (Table 2). These repeat
elements were uniformly distributed across the genome,
showing no observable bias associated with its chromo-
somal location (Fig. 1). Based on manual inspection of a
few randomly selected sequences, we presumed that the
majority of “Unknown” and “LTR/Unknown” (included in
“Other LTR” in Table 2) was fragmented copies of Gypsy
or Copia superfamilies not precisely identified by Repeat-

Table 1 Summary of sequencing, assembly, and scaffolding statistics for Cryptomeria japonica genome

Step Type #Reads Total length (bp) Average length (bp) Maximum length (bp) N50 (bp) Others
#Conigs
#Scaffolds
Sequencing PacBio HiFi 18,877,201 316,631 ,828/055S 16,960 - 17362 -
Assembly  hifiasm 2,651 9,068249,119 88,039,144 12,036,660 150:217
Scaffolding  Hi-C 2,699 9,046,663,964 - 1,007,622,168 754,841,075 Top 11 Scaffolds: 97.6%

$ The total length of HiFi sequencing reads reached 36x of C. japonica genome
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Fig. 1 Overview of the 11 chromosomes of the C. japonica genome. Rings represent (from the outside) chromosomes, gene density, repeat sequence %,
N% (gaps between contigs), GC%, and genetic markers (described later). The genome nucleotide sequence is highly repetitive

Modeler2. Moreover, such sequences were shorter than
those identified in the Gypsy and Copia genomes.

Gene and functional annotations

EVidenceModeler [47] integrated the outputs from
BRAKER [48] and PASA [47, 49] annotation pipelines,
resulting in a set of 152,527 genes, which we designated
as a permissive gene set, assuming it likely included a sub-
stantial number of false-positive genes. As we anticipated,
a significant number of predicted genes had little expres-
sion evidence (Additional file 5). Since the permissive

gene set is considered not handy for most types of down-
stream analysis, we created another gene set by filtering
out genes without expression evidence when they have no
homology to proteins in other species, after which 55,246
genes (standard gene set) remained (Additional file 6).
The BUSCO score for the standard gene set achieved the
highest completeness (91.4%) among conifers [33, 40, 44]
for the embryophyta_odb10 conserved gene set (Table 3).
Approximately 5% of the duplicated genes (i.e., complete
and duplicated) may account for the heterozygosities
between the two haplotypes that persisted through three



Fujino et al. BMC Genomics (2024) 25:1039

Table 2 Identification of repeat elements. Unknown and LTR/
Unknown were presumably fragmented LTR/Gypsy and LTR/
Copia that RepeatModeler failed to identify the element category

Class #bp % to the contigs
LTR/Gypsy 2,706,211,341 29.8%
LTR/Copia 1,787,198,891 19.7%
LTR/Pao 914,583 0.0%
LTR/ERVK 492,659 0.0%
LTR/Caulimovirus 278,675 0.0%
LTR/ERV1 97,436 0.0%
Other LTR 726,514,838 8.0%
Total LTR 5,221,708,423 57.6%
LINE/L1 266,585,601 2.9%
LINE/L1-TX1 40,379,039 0.4%
LINE/I 14,549,997 0.2%
LINE/RTE-X 8,624,746 0.1%
LINE/Penelope 2,966,778 0.0%
Total LINE 333,106,161 3.7%
DNA/MULE-MuDR 94,429,850 1.0%
DNA/Sola-2 56,686,823 0.6%
DNA/hAT-Tip100 43,403,967 0.5%
DNA/CMC-EnSpm 32,307,893 0.4%
DNA/hAT-Tag1 27,462,207 0.3%
DNA/TcMar-Fot1 3,788,044 0.0%
DNA/hAT-Ac 2,762,813 0.0%
DNA/Maverick 660,006 0.0%
DNA/Dada 658,721 0.0%
Other DNA 713,765 0.0%
Total DNA 262,874,089 2.9%
RC/Helitron 14,193,395 0.2%
Unknown 1,666,554,795 18.4%
Total interspersed 7,498,436,863 82.7%
Simple repeat 46,895,194 0.5%
rRNA 26,423,944 0.3%
Low complexity 7,191,750 0.1%
Satellite 3,133,394 0.0%
tRNA 562,090 0.0%
Total 7,582,643,235 83.6%

Table 3 BUSCO assessment of the assembly (embryophyta_

odb10)

Complete (single (dupli- Fragment- Missing  Total

% %) cated%) ed% % #
genes

914 86.1 53 32 54 1614

rounds of selfing (see the Breeding homozygous trees sec-
tion). Structural annotation summary (Table 4) revealed
the maximum gene and intron length of 1,031,648 bp and
499,149 bp, respectively.

Evolution of LTR retrotransposons

We identified 37,030 copies of Copia and 34,085 of Gypsy
in the C. japonica genome, and the families and their sta-
tistics (length and insertion time estimates) are shown
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Table 4 Statistics on structural features of annotated genes

Metric® Standard gene set  Permissive gene set
#Genes 55,246 152,527
Gene length (bp) Avg 18,765 7,430
Max 1,031,648 1,031,648
CDS length (bp) Avg 263 324
Max 10,881 10,881
Intron length (bp) Avg 6,128 4016
Max 499,149 499,149
#Genes with introns > 10 kb 9,642 9,724

$ Avg and Max represent Average and Maximum, respectively

in Fig. 2 and Additional file 7. There was unambiguous
separation between old and corrupting LTR retrotrans-
posons such as SIRE and still-emerging LTR retrotrans-
posons such as Ale and Ogre. Comparing the distribution
of LTR retrotransposons in the C. japonica genome with
that of other conifer species, the Sequoia sempervirens
and Pinus tabuliformis genomes exhibited a significantly
different distribution of LTR retrotransposon families.
For example, S. sempervirens showed few recent inser-
tions, whereas P. tabuliformis showed constantly inserted
Copia copies. As each species exhibited a unique distri-
bution, more studies are required to characterize the
evolutionary history of the LTR retrotransposons in
conifer species. To the best of our knowledge, this is the
first comparative study of the age distribution of LTR
retrotransposons in conifer genomes with an N50 con-
tig size exceeding a megabase. Furthermore, it was pos-
sible to largely avoid consideration of the bias that newer
LTR retrotransposons with few mutations tended not to
be fully reconstructed in a single contig due to assembly
errors.

Discussion

We assembled the C. japonica genome sequence with
a high degree of continuity (N50 contig: 12.0 Mbp)
and therefore were able to map>97% of the nucleotide
sequences to its 11 chromosomes using Hi-C scaffold-
ing and the genetic map. Furthermore, we validated the
accuracy of the chromosome-level assembly by compar-
ing it with the high-density genetic map. This allowed
us to establish a genetic information platform useful for
systematically selecting markers for breeding C. japonica
in less time. Moreover, we annotated 55,246 genes in the
C. japonica genome sequence and achieved, to the best
of our knowledge, the highest BUSCO score (91.4% com-
plete) among conifers with a chromosome-level assem-
bly. These genome resources thereby reinforce the utility
of C. japonica as a model conifer tree.

A special subject of interest revealed by the current
study was the exceptional diversity of LTR retrotrans-
posons among three conifer species, though those of C.
japonica and S. sempervirens diverged approximately at
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Fig 2 Age distribution of retrotransposons. The Copia (above) and Gypsy (below) superfamilies in the C. japonica, P. tabuliformis, and S. sempervirens

genomes, respectively

least 100 million years ago (MYA) during the Mesozoic
era [50]. By conducting repeat analysis, including those of
species more closely related to C. japonica, it may be pos-
sible to identify geological events and understand when
environmental stress influenced evolution. Moreover,
exploring the environmental conditions that triggered
the proliferation of LTR transposons is evolutionarily
intriguing. It should be noted that acquiring long con-
tiguous genome assemblies is crucial for accurate repeat
analysis, as a fragmented genome assembly may lead to
the omission of repetitive sequences [51].

The results of the current study also highlighted several
distinctive characteristics of LTR-RTs in the three coni-
fer species examined, especially when compared to other
plant species. Notably, conifers exhibit a higher propor-
tion of older LTR-RT insertions, with many dating back
tens of millions of years, as opposed to the more recent

transposon activity commonly observed in other plant
species. For example, while the maximum insertion time
found in other plant species in the PlantLTRdb database
is 5.1 MYA [52], LTR-RTs (SIRE clade in the Copia super-
family) in C. japonica have a median insertion time of 143
MYA (Additional file 7), indicating that many of these
clades have been present in the genome for an extended
evolutionary period. This suggests a distinct evolution-
ary trajectory for LTR-RTs in conifers, with more ancient
insertions compared to the relatively younger transpo-
son activity commonly observed in non-conifer species.
Additionally, while the sizes of LTR-RTs in three coni-
fers fall within the general range found in other plants
(1,000-25,000 bp) [52], with Gypsy tending to be larger
than Copia superfamily, the higher numbers of LTR-RTs
in conifers further underscores the importance of these
elements in shaping the genomic architecture of conifers
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with large genomes. These findings suggest that LTR-RTs
may have contributed not only to genome size expansion
[53, 54] but also to the long-term evolutionary stability of
conifer genomes [55, 56].

C. japonica has emerged as a valuable model conifer
species due to its applicability to advanced technologies
such as somatic embryogenesis [11], Agrobacterium-
mediated transformation [57], and CRISPR/Cas9 genome
editing [58]. These techniques enable the manipulation of
diverse traits and facilitate the study of fundamental bio-
logical processes, making C. japonica a powerful system
for conifer research.

For example, the practical application of the C. japon-
ica genome sequence is the identification of male-sterile
genes [25, 59], which play a significant role in addressing
Japanese cedar pollinosis. Male-sterile trees were first
discovered in 1992 [60], leading to the initiation of breed-
ing programs aimed to develop male-sterile tree variet-
ies capable of dramatically reducing airborne pollen. Four
Mendelian-inherited male sterility loci (MSI to MS4)
were identified through linkage mapping [61], although
their sequences are unknown; and the candidate genomic
regions for these loci are too large to be sequenced using
traditional methods such as bacterial artificial chromo-
somes (BAC) [62], given the species’ large genome size.
To efficiently obtain sequence-based markers for MSI to
MS4, we utilized the genomic sequences of C. japonica
identified here, employing genetic markers to identify
candidate genomic regions for each locus. Our C. japon-
ica genome sequences were instrumental in successfully
identifying the candidate genes associated with MS1 and
MS4 [25, 59]. This breakthrough highlights the immense
value of our chromosome-level genome sequences to
facilitate the identification and characterization of key
genes and genetic regions in C. japonica.

Leveraging the comprehensive genome sequence
and associated functional gene annotations, further
research can be conducted to unravel the genetic basis
of other economically and ecologically important traits
of C. japonica [12, 63—66]. A genome-wide association
study (GWAS) have detected significant SNPs related
to wood properties and reproductive traits in C. japon-
ica [63], identifying six significant SNPs and providing
novel insights into QTLs related to both traits [65, 67].
Similarly, a GWAS conducted on over 30,000 SNPs from
first-generation plus tree genotypes identified mark-
ers associated with growth, wood properties, and male
fecundity [68]. These markers can now be more pre-
cisely linked to functional candidate genes using the
chromosome-level genome, enabling targeted trait selec-
tion for breeding, and providing valuable insights into
the molecular mechanisms underlying these traits in C.
japonica. Furthermore, comparative genomics studies
of C. japonica and other conifer species [69] likely will
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provide insights into the evolutionary relationships and
shared genetic networks among conifers, thus contribut-
ing to a broader understanding of conifer evolution and
gene regulation in forest tree species. Through the identi-
fication of conserved gene families and regulatory motifs,
the diversity of forest tree species and their ecological
functions will be better understood [70, 71], supporting
conservation efforts and ecosystem restoration. To fully
harness the potential of C. japonica as a model conifer,
international research collaborations and data sharing
are of utmost importance. By establishing collaborative
networks among researchers and institutions world-
wide, the exchange of research protocols, resources, and
knowledge related to C. japonica will be facilitated. This
collective effort will accelerate the utilization of C. japon-
ica as a valuable tool for advancing conifer research and
promoting sustainable forest management.

Conclusions

In this study, the first chromosome-level genome assem-
bly was presented for Cryptomeria japonica, a model
conifer species of both ecological and economical sig-
nificance. The integration of HiFi sequencing and Hi-C
scaffolding techniques resulted in a highly contiguous
genome, overcoming the complexities posed by the spe-
cies’ large genome size and high repeat content. The
resulting assembly, with 97% of the nucleotides mapped
to 11 chromosomes, provides a robust framework for
advancing genetic studies in conifer species. The detailed
annotation of genes and repeat elements compared to
other members of the Cupressaceae and Pinaceae fami-
lies has revealed insights into the evolutionary dynamics
of conifers. Additionally, the high completeness of the
gene annotation emphasizes the assembly’s utility for
both basic biological research and practical breeding pro-
grams. This work not only advances our understanding of
conifer genome architecture but also establishes a valu-
able resource for molecular breeding aimed at enhancing
traits such as disease resistance, growth rates, and wood
quality. The development of this chromosome-level ref-
erence genome for Cryptomeria japonica has significant
implications for conifer genetic research, providing a
foundational tool for biotechnological applications and
conservation efforts, potentially guiding future efforts in
sustainable forestry practices and environmental adapta-
tion studies.

Methods

Plant materials

Breeding homozygous trees

Assembling highly heterozygous genomes is challeng-
ing [32, 72-74], particularly at the time when we initi-
ated our sequencing project of C. japonica (e.g., prior
to the advent of PacBio HiFi sequencing). To reduce the
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heterozygous regions of the genome to the extent pos-
sible, we attempted to use inbred C. japonica trees, which
Dr. Masafumi Murai (FFPRI) produced by artificial cross-
ings. However, we were unable to obtain a fully homozy-
gous genome, such as the inbred lines available for rice
or maize. Self-fertilization of more than four times was
not accomplished. Therefore, for genome sequencing,
we selected ‘Kunisaki-3, I-4-2, S3-3," a third-generation
inbred tree originated from ‘Kunisaki-3' with the low-
est heterozygosity among selfed progenies. The specimen
was housed in the xylarium (TWTw-29147) of FFPRI
with the voucher. The homozygosity rate of the selected
tree was approximately 0.96 as determined using a
SNPType assay (Fluidigm) with 158 SNP markers (Addi-
tional file 8), which yielded results consistent with those
of GenomeScope analysis in the Result section.
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Genome DNA preparation from young leaves

Current year shoots (flushing buds) (Fig. 3) were sampled
on April 29, 2016, May 9, 2016, and May 9, 2017 from
‘Kunisaki-3, 1-4-2, S3-3." To prepare high molecular
weight (HMW) DNA from C. japonica, the leaf sample
ground into powder in liquid nitrogen (LN) was mixed
with 50 mL of prewash buffer (50 mM Tris-HCl (pH 8.0),
10 mM EDTA, 0.2% 2-mercaptoethanol, 0.3% TritonX)
and incubated at room temperature for 1 h with gentle
agitation. This prewash step served to reduce the viscos-
ity of the DNA solution. Following centrifugation at 9,000
x g for 20 min at 4 °C, the pellet was snap-frozen. Frozen
powdered QIAGEN G2 buffer (50 mL) (Qiagen, Neth-
erlands, Cat #1014636), produced by spraying the buffer
into LN in a glass beaker, was added to the sample and
quickly mixed. After the mixture thawed, 30 pL of RNa-
seA (QIAGEN, Cat #19101) and 2.5 mL of Proteinase K

Hlii,IIII|__|'IH‘\\.\\N\\\\§\‘

Fig. 3 Images of the Japanese cedar (Cryptomeria japonica) and tissue samples. (A) Overall view of a tree in FFPRI, (B) Flushing buds (light-green regions
indicated by the white arrow) used for DNA extraction, (C) Cone, (D) Seeds (red arrows) in a cone cut with a knife. Seeds were removed from the cone for
RNA extraction. The white region is a longitudinal section of the seed, representing the megagametophyte and the embryo. (E) A female flower (black
arrow) on January 11, 2022, (F) Roots. Black bars in (B), (E), and (F) correspond to 1 cm
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(QIAGEN, Cat #1019499) were added, and the sample
was incubated at room temperature for 2-h without agi-
tation. The sample was centrifuged at 9,000 x g for 20 min
at 4 °C, and the DNA was extracted from the supernatant
using two QIAGEN Genomic-tip 100/G columns (Cat
#10243). Genomic DNA was eluted with 5 mL of Buffer
QF, precipitated with isopropyl alcohol, and dissolved
in 600 pL of TE at 4 °C for a week, yielding 247 ug of
DNA (412 ng/pL). We repeated this procedure to obtain
another batch of HMW genome DNA from the young
leaves of the same tree, yielding 356 pug of DNA (594 ng/
uL).

The size distribution of the HMW DNA was evaluated
using pulsed-field gel electrophoresis (PFGE). Briefly,
20-200 ng of HMW DNA was electrophoresed through a
1% agarose gel (Seakem Gold Agarose, Lonza, Rockland,
ME, USA, Cat #50150) in 0.5x TBE, using the Bio-Rad
CHEF Mapper system (Bio-Rad, Hercules, CA, USA, Cat
#M1703650), for 15 h; and the DNA in the gel was stained
with SYBR Gold dye (Thermo Fisher Scientific, Waltham,
MA, USA, Cat #11494). Lambda and 5-kbp ladders (Bio-
Rad, Cat #170-3624) were used as size standards (Addi-
tional file 9). These results demonstrated that the HM'W
DNA was approximately 50 kb. The DNA concentration
was measured using a Qubit fluorometer (Thermo Fisher
Scientific, Cat #Q32866) and a Qubit dsSDNA BR Assay
Kit (Thermo Fisher Scientific, Cat #Q32850). The qual-
ity of the extracted DNA was evaluated by analyzing
the absorbance spectrum with a Nanodrop ND-2000 C
(Thermo Fisher Scientific).

NGS library preparation and sequencing

PCR-free lllumina read sequencing

The PCR-free Illumina library preparation employed
6 pug of genomic DNA (gDNA) extracted using the QIA-
GEN Genomic-tip 100/G columns, following the method
described in the previous section. The fragmented gDNA
ranged in size from 200 to 800 bp with a peak at 550 bp.
The settings of a Covaris S2 Focused-ultrasonicator sys-
tem were as follows: intensity=4, duty cycle=10%, cycles
per burst=200, time=55 s, and temperature=7 °C. Sub-
sequently, ~400-bp fragments were size-selected by
using BluePippin and a 2% EF gel using the tight mode
setting. The fragments were subsequently concentrated
using an AMpure XP (1.8x vol), yielding 226 ug of DNA
with a sharp peak at 410 bp, as determined using an
Agilent 2100 Bioanalyzer. A library for whole genome
sequencing was prepared using a TruSeq DNA PCR-
Free Library Prep Kit (Illumina) according to the manu-
facturer’s instructions. The DNA concentration of the
library was quantified using a KAPA Library Quantifi-
cation Kit and an Applied Biosystems 7500 Real-Time
PCR Systems (Applied Biosystems). The Illumina library
was sequenced using the HiSeq X platform (Illumina)
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at Macrogen Japan (Tokyo, Japan) with the 2x151 bp
paired-end sequencing protocol. The number of the raw
[llumina paired-end reads was 734,439,281.

HiFilong-read sequencing

HMW genomic DNA was sheared to an average target
size of 20—30 kbp via centrifugation in a Covaris g-Tube
(Covaris, Cat #520079) at 2,800-4,800 rpm for 2 min
using a microcentrifuge (himac CG15RX). SMRTbell
libraries for sequencing using the PacBio Sequel plat-
form were constructed according to the manufacturer’s
recommended protocol (HiFi SMRTbell Libraries using
SMRTbell Express Template Prep Kit 2.0 PN101-853-100
Version 03 [January 2020] or Version 04 [April 2021])
with minor modifications. We altered the conditions of
genome shearing with the g-Tube and the size selection
of the library using the BluePippin system (Sage Science,
MA, USA) to construct libraries with longer inserts. Spe-
cifically, we constructed seven SMRTbell libraries using
different centrifugation speeds (4,800 rpm, 3,800 rpm,
4,300 rpm, 4,800 rpm, 3,300 rpm, 2,800 rpm, and
2,800 rpm), yielding libraries with average DNA sizes of
20 kb, 20 kb, 18 kb, 16 kb, 22 kb, 25 kb, and 25 kb, respec-
tively. These insert size distributions were determined
using PFGE with the Bio-Rad CHEF Mapper system as
previously performed for HMW genome evaluation (see
above). These SMRTbell libraries were sequenced in one
SMRT cell (movie capture time, 20 h) on a Sequel instru-
ment at the NIBB Functional Genomics Facility and ten
cells (movie capture time, 30 h) using a PacBio Sequel II
instrument at the National Institute of Genetics, ROIS,
Japan (Additional file 10).

Hi-C sequencing

The Omni-C library was prepared using a Dovetail
Omni-C Kit (Dovetail, Cat #21005) according to the
manufacturer’s protocol (Non-mammalian Samples Pro-
tocol version 1.0) for plants with modifications. We were
unable to obtain chromatin through the standard in-
place fixation procedure from leaves, and we therefore
employed a third-party protocol [75] to isolate nuclei
from leaf samples subjected to nuclease digestion. The
ends of chromatins were polished and ligated to a bio-
tinylated bridge adapter prior to proximity ligation of
adapter-containing ends. Following proximity ligation,
crosslinks were cleaved, DNA was purified to remove
proteins, and size-selected. The purified DNA under-
went end-repair, ligation to an adapter, and treatment
with USER Enzyme. Four sequencing libraries were gen-
erated using Illumina-compatible adapters, and biotin-
containing fragments were isolated using streptavidin
beads before PCR enrichment of the library. These librar-
ies were sequenced on two lanes of the Illumina HiSeq X
platform, yielding 470 million 2x151 bp read pairs.
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Transcriptome sequencing

To perform gene annotation for C. japonica, we carried
out RNA-Seq for root, cone (excluding seeds), female
flower bud, and seeds in a cone (Fig. 3 and Additional
file 11). Cones and female flower buds were sampled
from a cutting of 'YI96," obtained by crossing ‘Yabu-
kuguri® x ‘Iwao’ [64, 76], while roots were sampled
from an unidentified seedling obtained from a nursery
dealer. Each tissue sample (50-100 mg) was disrupted
in LN, and the tissue powder was emulsified with 600
puL of CTAB extraction buffer (Additional file 12) and
incubated for 10 min. at 65 °C. After centrifugation for
5 min at 15,000 rpm at 4 °C, the supernatant (400 pL)
was mixed with 200 pL of Lysis Buffer of the Maxwell
RSC Plant RNA Kit (Promega). RNA was then extracted
using a Maxwell RSC Instrument (Promega) according
to the manufacturer’s instructions. The extracted RNA
was sequenced by Macrogen (Tokyo Japan) to construct
sequencing libraries, which were sequenced using a
NovaSeq6000 (Illumina) in 2x101 bp paired-end form.
Published RNA-Seq data (Additional file 11) [77, 78]
were also employed.

Genome size estimation

The genome size was estimated by counting the k-mers
in the PCR-free Illumina reads. We used Jellyfish 2.3.0
[79] to count the coverages of 19-mers in the reads and to
generate a histogram of the k-mer frequency at each level
of coverage. The genome comprised highly repetitive
k-mers, and the upper bound of the coverage increased
to 10 (jellyfish histo -h 10,000,000). Model fitting using
GenomeScope (commit 47e86al in GitHub) [80] pre-
dicted an approximately 8.9 Gbp haploid size (Additional
file 1). Flow cytometry predicted the genome size of C.
japonica as 22.09 pg/2 C (corresponding to approxi-
mately 11 Gbp) using Hordeum vulgare cv. Minorimugi
as a standard [81]. However, the estimated genome size
of H. vulgare varies largely among studies (7.27-18.31
pg/2 C) [82, 83]. Moreover, although the flow cytomet-
ric analysis [81] adopted the value described in [84] as
the genome size of H. vulgare cv. Minorimugi, the origi-
nal estimation is based on H. vulgare cv. Sultan, a differ-
ent cultivar. There is a high level of uncertainty in the
genome size estimation of H. vulgare compared with
that of C. japonica. We therefore concluded that the esti-
mated genome size (8.9 Gbp) based on the k-mer analysis
is more reliable than the previous estimate (11 Gbp).

Removal of PacBio HiFi adapters and assembly

Initial quality assessment using fastp v. 0.20.0 [85]
revealed that at least the first 12 bases occasionally con-
tained adapter sequences that were not filtered by the
official PacBio pipeline (Additional file 13). Trimming
the first 20 base pairs eliminated base-frequency bias
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associated with these adapters (Additional file 14). To
evaluate the impact of remaining adapter sequences on
assembly, we generated three sets of the HiFi reads by
trimming the first 0, 20, and 30 base pairs using fastp v.
0.20.0 [85]. We subsequently attempted the assembly of
the three sets of the PacBio HiFi reads using hifiasm ver.
0.16.0-r369 [44] and Flye ver. 2.8.3 [86]. Flye’s assembly
jobs failed because of insufficient memory (>300 Gb),
and we estimated that the computation times would
exceed 62 days, the maximum permitted in our shared
computing environment. In contrast, hifiasm success-
fully completed the assembly tasks within two days.
Hence, we used the output of hifiasm in the downstream
analyses (Additional file 15). We selected the assembly
derived from reads with a trim size=20 bp generated by
fastp (with options: -t 12 -f 20 -A -V -Q -L -G), because
it exhibited the longest N50 contig size, along with other
metrics comparable to alternate assemblies.

Hi-C scaffolding

We utilized Juicer v1.6 [87] and BWA v0.7.17-r1188 [88,
89] to align Hi-C reads to the contigs, subsequently uti-
lizing the 3D-DNA pipeline v180922 [87, 90] to correct
misjoins and order, and to position the contigs into scaf-
folds. We subsequently employed Juicebox Assembly
Tools v2.13.07 [90, 91] for manual review of the scaffolds.
The 3D-DNA pipeline was subsequently utilized to res-
caffold the final chromosome-length scaffolds, and all
computational tools were executed using default param-
eters. We identified and corrected misassemblies based
on irregular contact patterns observed in the Hi-C data.
Assuming the Hi-C data to be accurate, these patterns
strongly indicated assembly errors, which we manually
corrected.

Postprocessing Hi-C scaffolds

Utilizing NCBI-BLAST 2.13.0+ [92] with the param-
eters specified in VecScreen (as of Dec. 22, 2022) [93],
we screened for contaminating sequences such as PacBio
adapters within the scaffolds and subsequently masked
them as “N”s. Any scaffold whose entire sequence was
masked was subsequently removed. The quality and com-
pleteness for scaffold sequences were assessed with Mer-
qury v1.3 [45] and Meryl v1.3 [45] with k-mer set to 21.

The scaffold numbers were adjusted to match the
corresponding linkage group numbers for C. japonica
[61, 76, 94]. Only the scaffolds corresponding to link-
age groups were renamed from HiC_scaffold_ to chr to
reflect their chromosome-level assembly.

To identify scaffolds corresponding to the chloroplast,
an existing reference chloroplast sequence (accession
number: AP009377) was searched against the scaffolds
with BLAST 2.13.0+ (blastn with default parameters)
[92]. Subsequent manual review identified scaffolds that
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largely aligned with the entire reference sequence. A sin-
gle representative chloroplast sequence was then selected
from the assembly, reverse complemented and rotated
to improve the alignment with the existing reference
sequence, the annotation of which was transferred to
the new sequence using RATT [95] (contained in PAGIT
V1.64 bit [96]), and designated as chrCh.

Genome assembly validation by genetic map

A linkage map was constructed from four existing map-
ping families (F107, S1-2, SSHK7, and S8HK5) [61] using
LPmerge ver. 1.7 [97] (Additional file 16). The sequence-
based markers in the merged genetic map were aligned to
the scaffolds using minimap2 ver. 2.17-r941 [98] with the
options -c -k 9.

Identifying repeat elements

We implemented RepeatModeler 2.0.3 [99] to identify
repeat elements in the contigs, yielding a repeat library
(Table 5) that was subsequently input to RepeatMas-
ker 4.1.2-p1 [100] for identifying repeat elements in the
genome. We used the most sensitive preset, -s option. We
used the search engine Cross_match [101] of RepeatMas-
ker, because it is the most sensitive engine.

To specifically detect telomeric repeat sequences, we
used quarTeT v1.2.1 (TeloExplorer) [102] with the option
-c plant to optimize for plant telomeric repeats. This tool
was applied to identify telomeric sequences at the ends
of scaffolds to assess the structural completeness of the
assembled genome.

Gene and functional annotations

We used BRAKER 2.1.6 [48] to predict two sets of genes,
one based on RNA-seq data and the other on those
encoding proteins with homology to protein databases.
For the former prediction set, the RNA-seq alignments
were used for training the gene model, while the homol-
ogy-based prediction was conducted using the proteins
at the Viridiplantae level of OrthoDB v10 [103-105].
We assembled the RNA-seq data de novo using Trinity
2.13.2 [106]. We further performed reference-based tran-
scriptome assembly using StringTie 2.1.7 [107] with the
RNA-seq data, ESTs in GenBank/EMBL/DDB]J [77], and
published Iso-seq reads [78]. Subsequently, the de novo
transcriptome assembly, the ESTs, the Iso-seq reads, and
the gene structures produced by StringTie were included
into the alignment assembly pipeline of PASA 2.5.2 [47,
49] to generate an integrated gene structure on the con-
tigs. Finally, EVidenceModeler 1.1.1 [47] was employed to

Table 5 RepeatModeler2 data

# sequences Total Min. Avg. Max. N50
length length length length
4,089 10,847,836 34 2,653 39,182 5,201
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integrate all the gene sets from the BRAKER pipeline and
the PASA alignment assembly pipeline with the following
weight combination: BRAKER gene set based on RNA-
seq=1, BRAKER gene set based on protein database=1,
and PASA=10. We removed genes from the integrated
gene set that overlapped 95% of their lengths with repeat
elements that typically encode proteins almost entirely
within transposable elements. We then eliminated pre-
dicted genes that lack expression evidence and homology
to those of other species. More specifically, we elimi-
nated genes that lacked both at least 5% overlap with
PASA transcripts and homology to proteins in at least
one of UniProtKB (release 2022_02) [108], NCBI RefSeq
(release 22-06-04) [109], or Viridiplantae in OrthoDB v10
[104], as determined by statistically significant hits using
the default parameters of DIAMOND 2.0.15 [110].

We used EnTAP 0.10.8 [111] for functional annotation
with default parameters and the databases UniProtKB
release 2022_05 [108] and NCBI RefSeq plant proteins
release 215 [109]. The descriptions of the top protein hits
were transferred to the gene descriptions when EnTAP
found it informative. When the hit was not informative,
we transferred the EggNOG 4.1 [112, 113] description
when available.

Gene prediction and annotation of the genome were
initially applied to the hifiasm-based contigs and were
subsequently superimposed upon chromosome-level
Hi-C-based scaffolds using CrossMap v0.6.3 [114]. We
evaluated the quality and completeness of our gene anno-
tations using BUSCO v5.3.0 [39, 115, 116].

Evolution of LTR retrotransposons
Assembling genomes with abundant repeat elements for-
merly yielded contigs with less contiguity (i.e., orders of
magnitude smaller N50 contig size) when PacBio HiFi
reads were not used for genome assembly [117]. Such
genome assemblies tended to selectively miss repeat ele-
ments, likely leading to their inaccurate analysis. The N50
contig size of our C. japonica genome assembly was >10
Mbp. Thus, the assembly likely may contain more full-
length repeat elements than previous conifer genome
assemblies, presenting us with an opportunity to more
accurately analyze how repeat elements evolved in this
gigantic genome. Herein, we analyzed the age distribu-
tion of LTR retrotransposons of the C. japonica genome.
We first identified the locations of full-length LTR
elements in the C. japonica genome by running EDTA
v2.0.0 [118] with default parameters, and its output con-
tained several putative duplicates that we deduplicated.
When a pair of LTR retrotransposon records overlap the
left and right LTR ranges, and when the sum of nonover-
lapping bases is <50 bp, the pair is regarded as a dupli-
cate that actually represents a single occurrence of the
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LTR retrotransposon such that only the lexicographically
smallest record was retained.

The evolutionary dynamics of LTR retrotransposons
were investigated, primarily following the methodol-
ogy described by Natali et al. [119]. Given the molecu-
lar mechanisms where the sequences of the LTR pairs
should be completely identical upon insertion into the
genome where they accumulate mutations over time,
these sequence divergences between the two LTR cop-
ies serve as a molecular clock. For each copy of a can-
didate LTR retrotransposon, we aligned the pair of the
LTR sequences using EMBOSS stretcher 6.6.0.0 [120]
to find the discrepancies between them, after which the
time distance between the pair of the LTR sequences was
estimated using EMBOSS distmat 6.6.0.0 [120] with the
Kimura Two-Parameter distance [121]. Using a muta-
tion rate of (.59 x 10~9/site/year previously reported
for C. japonica [122], we estimated the age of the LTR
retrotransposon copy. Lastly, we classified each transpo-
son copy with TEsorter ver. 1.3 [123] using Viridiplantae
v3.0 of REXdb [124] with the option -db rexdb-plant to
indicate the family name. We also conducted the same
analysis for P tabuliformis [33] and S. sempervirens [44]
for comparison, providing insights into the evolutionary
dynamics of conifer species.

ForestGEN genome browser

The genome sequence of C. japonica can be explored
using ForestGEN’s databases, FORest EST and GENome,
where JBrowse ver. 1.16.11 [125] displays the genomic
sequences and gene annotations (https://forestgen.ftpr
i.go.jp/en/info_sugil.html). ForestGEN offers database
functions that enable users to query the functional anno-
tations of predicted genes.
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Supplementary Material 1: Fig. 1. Histogram of k-mer frequency at each
coverage (k=19) and model fitting using GenomeScope. Key parameters
estimated from the profile are annotated at the top, indicating the ge-
nome length (len: 8,893,802,355 bp), unique sequence percentage (uniq:
22.9%), heterozygosity (het: 0.246%), k-mer coverage (kcov: 10.5), error rate
(err:0.209%), and duplication rate (dup: 0.33%)

Supplementary Material 2: Fig. 2. Final contact map of the Hi-C analysis
after the manual correction. The chromosomal interactions within a
genome are shown, as determined using Hi-C analysis. The matrix displays
eleven distinct squares along the diagonal, corresponding to the eleven
chromosomes of C. japonica. Each chromosome appears as a square along
the diagonal, because Hi-C contacts were the most frequent within the
same chromosome.

Supplementary Material 3: Table 1. Telomere identification results for
chromosome-length (chr) and Hi-C scaffolds in Cryptomeria japonica. The
result of telomere identification performed by quarTeT v1.2.1 (TeloEx-
plorer) is described, listing the chromosome or Hi-C scaffold IDs and status
indicating whether telomeres were found at both ends (both), only one
end (left or right), or not detected (no). For Hi-C scaffolds, only those with
telomeres at either or both ends are listed, and those with no identified
telomeres are not included.

Supplementary Material 4: Fig. 3. Relationship between the marker posi-
tions (cM) and the physical position (Mbp) of the markers. The genetic
map and the scaffolds are highly consistent, except for the multi-mapped
markers (blue dots) where the sequence aligns to multiple locations on
the genome.

Supplementary Material 5: Fig. 4. Relationship between overlap ratio
with PASA assembly and the number of genes. A substantial fraction of
predicted genes has little overlap ratio with PASA assembly transcripts. By
selecting genes of > 5% overlap with PASA assembly, we remove putative
false-positive genes while retaining genes with expression evidence.

Supplementary Material 6: Table 2. Gene evidence table. Gene ID: A
unique identifier for each gene within SUGI genome annotation version

1, Standard Gene Set: The boolean attribute indicates whether the gene

is a part of the standard gene set; PASA Overlap: Denotes the presence of
overlapping transcripts from PASA [47, 49], implying that gene authentic-
ity is supported by RNA-seq evidence; Ortholog: Indicates whether there
is homology to proteins in other species (UniprotKB, NCBI RefSeq, and
Viridiplantae of OrthoDB v10; Not Entirely Masked Sequence: Reveals if the
gene sequence is unambiguously distinct from repeat elements; TEsorter
Hit: Suggests whether the gene contains sequences that may be derived
from transposable elements, as identified by TEsorter version 1.3 using the
following options (with database): -db rexdb-plant -dp2 (Viridiplantae v3.0
of REXdb). TESorter was run with the -dp2 option to identify genes that are
highly likely to be retrotransposons.

Supplementary Material 7: Table 3. Length and insertion time estimate
(MYA: million years ago) for intact Copia and Gypsy identified in three
conifer genomes. For each superfamily (Copia and Gypsy) and for reach
clade (Ale, Gymco-l, Gymco-ll, Ivana, SIRE, Tork, and others in Copia, and
Athila, CRM, Ogre, Reina, Tatll, Tatlll, and others in Gypsy), counts, lengths
(minimum, maximum, mean, and median in base pairs), insertion time
estimates (minimum, maximum, mean, and median in MYA) are provided.

Supplementary Material 8: Table 4. SNP marker genotypes for *Kunisaki-3,
[-4-2, S3-3" Genotyping was performed using the Fluidigm SNPType Assay.
The linkage group and map position (cM) are based on the "YI"mapping
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family [94] for each marker.

Supplementary Material 9: Fig. 5. Pulsed-field gel electrophoresis (PFGE)
of high molecular weight DNA from Cryptomeria japonica flushing buds.
Size distribution of high molecular weight (HMW) DNA from Cryptomeria
Jjaponica samples (labeled 1727 and 1728) was assessed using PFGE. HMW
DNA samples ranging from 20 to 200 ng were electrophoresed through a
1% agarose gel over a 15 h period using the Bio-Rad CHEF Mapper system.
A lambda ladder and a 5-kbp ladder (labeled as A and 5 kb, respectively)
were employed as molecular size standards that flanked the lanes contain-
ing the HMW DNA samples. Orange lines corresponding to the bands of
the size standards (in kbp).

Supplementary Material 10: Table 5. Detailed sequencing statistics.
Sequencing statistics for each run of PacBio sequencer.

Supplementary Material 11: Table 6. List of C. japonica RNA-Seq/EST
libraries. Each entry is cataloged with a unique ID and linked to the DDBJ
Biosample/Experiment/Run accession numbers.

Supplementary Material 12: Table 7. Composition of CTAB buffer used
to extract RNA from C. japonica. List of the reagents included in the CTAB
buffer, and their concentrations are shown.

Supplementary Material 13: Fig. 6. Base composition report of the HiFi
reads using fastp (before trimming). The x-axis represents the position in
the read ranging from positions 1 to 50,000, and y-axis shows the base
content ratios for each nucleotide (A, T, C, and G, represented by pastel
yellow, purple, light green, and blue, respectively). The N (red) and GC
(black) percentages are shown. The relatively horizontal lines across the
read positions after the 20th base for A, T, C, and G bases indicate the
absence of significant base composition bias. In contrast, at the beginning
of the read up to 20th base may be biased due to artificial sequences.

Supplementary Material 14: Fig. 7. Base composition report of the HiFi
reads using fastp (after trimming). The x-axis represents the position in
the read ranging from 1 to 50,000, and the y-axis shows the base content
ratios for each nucleotide (A, T, C, and G, represented by pastel yellow,
purple, light green, and blue, respectively). The N (red) and GC (black)
percentages are shown. The relatively horizontal lines across the overall
read positions suggest that no significant bias in base composition after
trimming.

Supplementary Material 15: Table 8. Assembly statistics with varying
trimming parameters. The assembly of HiFi reads with trimming length of
0 bp, 20 bp, and 30 bp from the start of the read. At trimming size 20 bp,
the longest N50 contig size was attained, suggesting the importance of
adapter trimming before assembly.

Supplementary Material 16: Table 9. Merged genetic map of four families.
Linkage maps were merged from four mapping families with the R pack-
age LPmerge ver. 1.7, generating a merged map of 7,781 sequence-based
markers.
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