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Abstract: Caligula japonica, a forestry pest known for its destructive impact on various trees, has recently shown prom-
ise as a potential natural medical mesh biomaterial in the medical industry. However, the lack of genomic resources has
hindered in-depth studies on the karyotype evolution and functional genomics of this species. In this study, we conducted
high-throughput sequencing of the C. japonica genome, yielding the first chromosome-level assembly. We successfully
assembled a high-quality genome of 584,537,256 bp with Contig N50 of 12 Mb and 31 chromosomes. About 342 Mb
repeat sequences were identified, accounting for 59.16% of C. japonica genome. Genome annotation by de novo gene
prediction and homologous gene search yields 20,887 protein-coding genes. Furthermore, a phylogenetic analysis of gene
families linked to detoxification and chemosensory revealed a pronounced expansion in the P450, ABC, and GR gene
families within C. japonica and Bombyx mori. The genome obtained in this research will provide data basis support for
research on resource utilization of C. japonica and to progress comparative genomic analyses and evolutionary adaptability
in Lepidoptera.

Keywords: Japanese giant silkworm; Comparative genomic analyses; Evolutionary adaptability; Chromosome; Phyloge-

netic analysis

1 Introduction

The Japanese giant silkworm, Caligula japonica (Moore
1862) (Lepidoptera: Bombycoidea) (Fig. 1), is generally
considered a forestry pest due to its damage to many trees.
(Kawaguchi et al. 2003; Qiao et al. 2014). In China, 38
plant species from 30 genera across 20 families have been
reported as hosts of this pest. These include several impor-
tant fruit trees such as walnut (Juglans regia L.), chestnut
(Castanea mollissima Blume), ginkgo (Ginkgo biloba L.),
plums (Prunus spp.), pears (Pyrus spp.), apples (Malus pum-
ila Mill.), and sumac (Toxicodendron vernicifluum (Stokes))
(Yang et al. 2008; Qiao et al. 2014). It is widely distributed
in Asia, and its damage causes enormous economic losses
every year in countries such as Japan, North Korea, Russia,
and particularly in China (Chen et al. 2019). However, recent
research indicated that the cocoon of pupa displays nontox-
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icity, biocompatibility, suitable mechanical properties, and
porosity while showing no adverse effect in animal trials and
even appears to enhance cell proliferation so that it could
be used as natural medical mesh in the medical industry
(Chen et al. 2022). Thus, mesh production holds significant
economic potential. However, a critical factor hindering
its development is that this moth undergoes a single gen-
eration per year and a lack of research on molecular genetic
characteristics.

Previous studies on C. japonica have primarily focused
on nucleotide diversity analysis, and control methods, espe-
cially biological control excavation (Li et al. 2009a; Zang
et al. 2023; Chen et al. 2021a). The absence of research on
the biological characteristics and evolutionary pathways of
this insect hampers its potential as a valuable resource insect.
Consequently, we aim to use genomic analysis to enhance
the cultivation of this insect and harness its beneficial traits.

© 2023 The authors
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Fig. 1. Morphological and damage photographs of Caligula japonica. (a) Pupae with reticulated cocoon; (b) Female adult; (c) Male
adult; (d) The 3 instar larvae gather to feed on walnut plant leaves; (e) The 5t instar larvae feed on walnut plant leaves; (f) After a
large-scale outbreak of larvae, walnut leaves are almost completely consumed.

A high-quality genome provides a valuable platform to
explore the functions of crucial genes involved in insect
physiological regulation (Chen et al. 2021b). By accurately
identifying and annotating genes in the genome, researchers
can focus on key regulatory genes. Here, in an initial effort
to explore the evolutionary adaptability of C. japonica, we
conducted high-throughput sequencing of its genome and
obtained a high-quality chromosome-level genome. The
detoxification metabolic genes and chemoreception gene
families closely related to adaptive evolution were also iden-
tified in the C. japonica genome and conducted phyloge-
netic analysis. The availability of our high-quality genome
sequence resources promotes the advancement of research
on C. japonica.

2 Materials & methods

2.1 Insect collection

In its natural environment, C. japonica is known to primar-
ily feed on walnut trees (J. regia). We collected the pupae
from walnut trees on the Chen jialiang mountain from
Longnan, Gansu province, China, in July 2019. Then pupae
were placed in the Key Laboratory of Green Pesticide and
Agricultural Bioengineering of Ministry of Education,
Guizhou University, in a 30 cm x 30 cm x 30 cm nylon cage
with a 200-mesh size under natural temperature, humidity,
and light conditions for 40 days. After emerging, one male
was collected and stored at a temperature of —80 °C for
[llumine and PacBio sequencing. After fertilization, the eggs
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hatched, and the emerging larvae were provided with walnut
leaves. Upon reaching a specific developmental stage, they
were preserved at —80 °C for later RNA extraction and tran-
scriptome analysis.

2.2 Genome size estimation by flow cytometry
Flow cytometry was used to estimate the genome size of
C. japonica according to the standard procedure (He et al.
2016). One head of male adult was homogenized com-
pletely with 500 pL ice-cold Galbraith’s buffer (PH = 7). The
homogenate was centrifuged at 5,000 rpm at 25 °C for 5 min
and suspended with 400 pL phosphate buffer (PH = 7.4). To
remove the RNA, RNaseA was added to a tube at 25 °C for
10 min (final concentration of 20 pg/mL). Finally, samples
were stained with 50 pg/mL propidium iodide stock solution
in darkness at 4 °C for 10 min. Samples were analyzed by the
FACSCalibur platform (BD Biosciences) and FACScomp
v4.0 under 488-nm wavelength. FlowJo v7.6.1 was used to
obtain the nuclei peaks. Drosophila melanogaster was ana-
lyzed as a control following the same above parameter. The
outputs were used to estimate the genome size.

2.3 Genome sequencing and assembly
High-quality genomic DNA for de novo sequencing was
extracted from 1 male adult of C. japonica using the Genome
DNA extraction Kit (TTANGEN, Cat. DP304-03) according
to the protocol. Illumine sequencing was performed to evalu-
ate genome size, heterozygosity, and rate of duplication and
polish de novo assembly. A paired-end library (insert size:
350 bp) was constructed on Illumina NovaSeq platform. To
ensure the quality of information analysis data, we filter the
original sequence as followed: (a) Removing the contami-
nated Reads from the joint; (b) Removing low-quality Reads
(bases with a mass value of Q = 19 in Reads account for
more than 50% of the total base count. For double-ended
sequencing, if one end is low-quality Reads, both end Reads
will be removed); (c) Removing Reads with a N content
ratio greater than 5%. After filtering, we yielded a total of
112.81 Gb clean data with 176% sequence coverage.
High-quality genome DNA (extracted using the same
method as Illumine sequencing) was fragmented to construct
a PCR-free SMRT bell library. After the library size was
tested to be qualified by Qubit 3.0 and Agilent 2100, it was
sequenced on a SMRT cell by PacBio Sequel II sequenc-
ing platform (Pacific Biosciences) with x186.17 Mean
Depth. We obtained 169.37 Gb clean data after filtering and
7,960,820 subreads (mean subreads length: 21,275.65 bp,
subreads length N50: 31,540 bp). CANU v2.2 (Koren et al.
2017) corrected row data generated from PacBio sequenc-
ing with the default parameters. In the assembly phase,
reads were assembled into contig and output consensus
sequences by WTDBG v2 (Ruan et al. 2020) with default
parameters. PBMM2 (MINIMAP2) (https://github.com/
PacificBiosciences/pbmm?2) was used to map original data
to the reference genome, and ARROW (RACON) (github.

com/Ibcb-sci/racon) was used for polishing. The previ-
ously polished FASTA sequence was indexed with BWA
index, and the corrected genome was used as the reference
genome. Then, the Illumina sequencing FASTQ data were
compared with the BWA MEM to perform Pilon error cor-
rection for secondary polishing. To remove the redundancy
of the genome after preliminary assembly and error correc-
tion, PURGE HAPLOTIGS software was used to identify
and remove the redundant heterozygous contigs according to
the depth distribution of reads and sequence similarity.

2.4 Hi-C assisted assembly

To obtain the chromosome-level genome, we used (High-
throughput/resolution chromosome conformation capture)
Hi-C technology to assist assembly. After the collected
pupae have emerged, we collected the fertilized eggs pro-
duced after mating. 50 eggs were treated with paraformal-
dehyde to fixed DNA conformation for 10 min and stopped
crosslinking by 2.5 M glycine for 20 min. Crosslink DNAs
were cut with a restriction enzyme and produced fill ends
with biotin, which was used to build the library and subse-
quent sequencing via the Illumina platform. High-quality
clean data 58.615 Gb (read length: 150 bp) was generated
after sequencing and filtering, then used for preliminary
assembly by applying a 3D-DNA pipeline using default
parameters (Dudchenko et al. 2017). We employed Juicer to
construct the chromosome interaction map and then utilized
Juicebox for visual correction. This allowed us to identify
potential errors in contig sequence, direction, or assembly
within the contig, ensuring the accuracy and reliability of
our genome assembly. The quality of the genome sequence
was evaluated by BUSCO v4 with Lepidoptera ODBI10
and default parameters (Manni et al. 2021). We used BWA
v0.7.17 (Li 2013), SAMtools v1.9 (Li et al. 2009) and bed-
tools v2.29.2 (Quinlan et al. 2010) to align reads, remove
duplicates and calculate genome coverage. The number of
Ns and total genome length were obtained using in-house
Perl scripts. The N percentage was calculated by dividing Ns
by genome length.

2.5 Transcriptome sequencing and analysis

To assist in genome annotation, transcriptomic libraries
were prepared from the 1st, 2nd, 3rd 4th and 5t instar larvae
of C. japonica. Each larva designated for sequencing had
an individual library constructed for the procedure. Total
RNA was isolated from individual C. japonica larvae uti-
lizing the TRIzol (Invitrogen, Carlsbad, CA, USA) reagent
method. Following homogenization, samples were allowed
to stand at ambient conditions before chloroform was intro-
duced. The mixture underwent centrifugation at 12,000 g
at 4 °C, allowing for phase separation. The aqueous phase
was subsequently subjected to isopropanol precipitation and
centrifugation. The RNA pellet obtained was rinsed in 75%
ethanol (prepared with RNase-free water) and centrifuged
twice to ensure purity. The air-dried pellet was reconstituted
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in DEPC-treated water, and its integrity and concentration
were quantified using a Nanodrop-2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States)
at 260 nm. The RNA samples that had good quality were
then utilized for cDNA library construction. The Illumina
HiSeq X platform was used for transcriptome sequencing
with 150 bp paired-end reads. After removing low-quality
reads, the sequence contaminated by the connector and con-
taining more than 5% N, 34.9 Gb clean reads were obtained.
The reads were used for transcriptome splicing by Trinity
v2.14.0 (Grabherr et al. 2011; Haas et al. 2013) with the
default parameters. The obtained spliced transcript was used
for genome structure annotation to provide evidence of tran-
scription level.

2.6 Annotation of repeats

The repeat sequences of C. japonica were marked by com-
bining RepeatModeler v2.0.2 and RepeatMasker v4.1.2
(http://www.repeatmasker.org/). Firstly, a de novo repeat
database was built by RepeatModeler. Subsequently, we uti-
lized RepeatMasker to annotate the repeat sequences based
on the Repbase database (https://www.girinst.org/server/
RepBase/index.php). The random repeats were detected by
TRF (Tandem Repeats Finder) v4.09 (Benson 1999). And the
sequence search engine was RMBIlast v2.11.0 (http://www.
repeatmasker.org/RMBIlast.html) for sequence alignment.

2.7 Gene prediction and annotation

For protein-coding gene annotation in the C. japonica
genome, we employed de novo prediction and homologous
gene search. The repeat-masked genome was then sub-
jected to further analysis according to the MAKER v3.01.03
genome annotation pipeline (Cantarel et al. 2008). First,
we utilized BRAKER v2 to construct the parametric spe-
cies model for the C. japonica genome (Bruna et al. 2021;
Hoff et al. 2016, 2019; Stanke et al. 2008, 2006). Next, we
employed Trinity to perform transcript splicing for genome
annotation. Finally, we executed MAKER incorporating
the transcriptome, genome, parametric model of species,
and the protein sequences of 10 Lepidoptera insects (Actias
luna, Antheraea pernyi, Antheraea yamamai, Bombyx mori,
Cnaphalocrocis medinalis, Heliccoverpa armigera, Plutella
xylostella, Spodoptera frugiperda, Spodoptera litura, Samia
ricini) with good annotations down from InsectBase 2.0
(http://v2.insect-genome.com) as input data to predict genes
(Mei et al. 2022).

2.8 Comparative genomics analysis

OrthoFinder v2.5.1 (Emms & Kelly 2015, 2019) was used to
analyze the orthologous and paralogous genes of 10 insect
genomes, including D. melanogaster (assembly accession:
GCF_000001215.4), P. xylostella (assembly accession:
GCA_019096205.1), Danaus plexippus (assembly accession:

GCF_009731565.1), A. yamamai (Kim et al. 2018), B. mori
(assembly accession: GCF_014905235.1), A. pernyi (assem-
bly accession: GCA_015888305.1), C. japonica (in this
study), S. ricini (assembly accession: GCA_014132275.1),
S. frugiperda (assembly accession: GCF_011064685.1),
H. armigera (assembly accession: GCF _002156985.1).
And D. melanogaster was selected as an outgroup.

2.9 Phylogenetic analysis

1189 single-copy Orthologues shared by 10 insects were
used for phylogenetic analysis. Supergenes formed by multi-
ple alignments of single-copy gene families were constructed
for tree construction. The phylogenetic tree was constructed
by maximum likelihood (ML) using IQ-TREE v2.1.2 with
the best model (JTT + F + R5) and 1000 rapid bootstrap
replicates to assess the robustness of the tree (Nguyen et al.
2015). Additionally, we used Astral-III (Zhang et al. 2017)
to merge all gene trees obtained through OrthoFinder into
a unified species tree. It is essential to emphasize that the
two trees generated from these methods must be congruent,
validating the consistency and accuracy of our phylogenetic
analysis. Divergence time was estimated by MCMCtree
(Puttick 2019) program in the PAML package v4.8 based on
the multiple sequence alignment protein sequences. The cali-
bration time points of P. xylostella (286 MYA), D. plexippus
(179 MYA), S. frugiperda (140 MYA), B. mori (108MYA),
and H. armigera (56 MYA) were obtained from TimeTree
(http://timetree.org/) (Kumar et al. 2017). Gene family con-
traction and expansion were analyzed using CAFE v4.2,
incorporating the results from OrthoFinder and the phylo-
genetic tree with divergence time information (Han et al.
2013). Finally, Evolview (https://www.evolgenius.info/
evolview/#/) was used to visualize and enhance the appear-
ance of the phylogenetic tree.

2.10 Comparative analysis of detoxification and
chemosensory gene families

To identify cytochrome P450 (P450s), glutathione
S-transferases (GSTs), ATP-binding cassette transporters
(ABCs), odorant binding proteins (OBPs), olfactory recep-
tors (ORs), gustatory receptors (GRs), ionotropic receptors
(IRs), chemosensory protein (CSPs) and sensory neuron
membrane proteins (SNMPs) protein sequences of well-
annotated insects download from UniProt were used as
queries to search against the protein sequences of C. japon-
ica and other 9 insects by BLASTP (e-value = le™%). After
obtaining predicted proteins, we performed additional vali-
dation using Hmmsearch to check for the presence of spe-
cific protein domains from Pfam, P450s: PF00067, GSTs:
PF00043 or PF02798, ABCs: PF00005, OBPs: PF01395,
ORs: PF02949 or PF13853, GRs: PF08395 or PF06151, IRs:
PF00060, CSPs: PF03392, SNMPs: PF01130. Phylogenetic
analysis of the detoxification and chemosensory genes was
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performed respectively using maximum likelihood methods
using VT + R7, LG + R3, PMB + F + R5, WAG + F + RS,
VT+F+R4, VT +F+G4, VT +R4, LG + G4, WAG +F +R5
model determined by ModelFinder (Kalyaanamoorthy et al.
2017) in IQ-TREE. Statistical support for all phylogenetic
trees was assessed by Ultrafast bootstrap (Hoang et al. 2018)
analysis using 1000 repeats.

3 Results

3.1 Genome assembly

The genome size of C. japonica was estimated to be 504 Mb
using flow cytometry, and this estimation was further corrob-
orated by K-mer analysis (K = 35) using Illumina short reads.
The heterozygosity of the genome was found to be low, at
0.47%. With 169.37 Gb PacBio long reads, we successfully
assembled a high-quality genome spanning 584,506,556 bp,
with Contig N50 of 12 Mb. This assembly resulted in a total
of 771 contigs, with the longest contig reaching a length of
24,253,087 bp. BUSCO analysis with Lepidoptera_ ODB10
revealed that the gene space is 95.3% complete genes, sug-
gesting the assembled genome is highly quality and suitable
for further analysis. The percentage of Ns in the assembled
genome was 1.12% (Table 1). Using Hi-C scaffolding, we
anchored a remarkable 97.15% of the assembled genome
sequences to 31 chromosomes, resulting in a highly contigu-
ous genome assembly with 584,537,256 bp. The Scaffold
N50 reached 20,239,873 bp, indicating the substantial size
and continuity of the scaffolds. (Fig. 2 & Fig. 3).
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Fig. 2. The Chromosome Hi-C interaction map of Caligula
Jjaponica identified 31 linkage groups.

3.2 Genome annotation

A total of 345839401 bp repeat sequences were identified,
accounting for 59.16% of the C. japonica genome (Table 1),
which were found to be comparable to the close relatives
A. pernyi (60.74%) but higher than 4. yamamai (37.33%)
and S. ricini (34.3%). The unclassified, long interspersed
nuclear elements (LINEs) and DNA transposons were
found to be the most abundant transposable elements (TEs)
(Table 2). Through de novo gene prediction and homologous
gene search, we identified a total of 20,887 protein-coding
genes in the C. japonica genome, significantly surpassing
the gene count in A. yamamai (14638), and similar to 4. per-
nyi (20814) and S. ricini (20366) (Table 1).

Table 1. Summary of chromosome-level assembly for Caligula
Japonica.

Genome size (bp) 584,537,256
No. of chromosome 31

No. of contig 771
Chromosome-level Contig N50 (bp) 12,646,762
Chromosome-level Scaffold N50 (bp) 20,239,873
BUSCO genes (%)

complete BUSCOs 953
complete and single-copy BUSCOs 94.8
complete and duplicated BUSCOs 0.5
fragmented BUSCOs 0.5
missing BUSCOs 4.2

Ns (%) 1.12
Heterozygosity (%) 0.47
Repeat (%) 59.16

G+ C (%) 35.13

No. of genes 20,887

Table 2. Statistics of repeat elements of Caligula japonica.

Repeat types Nb. elements Length (bp)
SINEs 87098 14241746
LINEs 255941 71656528
LTR elements 97265 50439041
DNA transposons 171932 47731449
Unclassified 573747 90591293
Small RNA 29467 4582552
Simple repeats 92423 4067279
Low complexity 14218 661737
Bases masked 345839401
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Fig. 3. Circos graph of characteristics of Caligula japonica genome. a: karyotype, b: count of the gene, c: repeats density and d: GC

density in the genome of C. japonica.

3.3 Phylogenetic analysis

To infer the evolutionary status and trace the phylogenetic
placement of C. japonica, we conducted phylogenetic analy-
sis for 10 insects (D. melanogaster, P. xylostella, D. plexip-
pus, A. yamamai, B. mori, A. pernyi, C. japonica, S. ricini,
S. frugiperda, and H. armigera) (Fig. 4). A total of 173167
genes were assigned by OrthoFinder, and 157460 genes were
found in orthogroups (90.0%) shared across the 10 insects,

consistent with our findings. The analysis resulted in a total of
17,526 orthogroups, with 4,438 orthogroups (25.32%) being
shared among all ten tested insects. For phylogenetic analysis,
we used 1189 single-copy genes identified by OrthoFinder,
and the resulting phylogenetic tree indicated that C. japon-
ica diverged from Antheraea about 42.7 million years ago.
Further examination revealed 906 genes showing expansion
and 417 genes showing contraction in C. japonica genome.
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Fig. 4. Phylogenetic tree and orthologs between genomes of Caligula japonica and 9 other insects. The maximum likelihood phy-
logenomic tree was calculated based on 1167 single-copy genes. (“1:1:1”: single-copy universal genes; “N:N:N”: other multiply genes;
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3.4 Identification and phylogenetic analysis

of detoxification and chemosensory gene
families in C. japonica

A total of 112 P450s, 39 GSTs, and 111 ABCs were manually
identified in the C. japonica genome (Table S2). Notably,
C. japonica shares a similar number of GST genes with three
closely related species: S. ricini, A. pernyi, and A. yamamai.
However, the number of 4bc genes is twice that of S. ricini
(51) and closely doubled compared to A. yamamai (62),
making it the second highest among the 10 insects analyzed.
The number of ABC genes in C. japonica is at an interme-
diate level. The chemosensory system plays a vital role in
various behaviors of insects, such as locating the oviposition
site, mates, shelter, and food. In this study, we identified 32
OBPs, 82 ORs, 121 GRs, 23 IRs, 23 CSPs, and 18 SNMPs
protein sequences in C. japonica genome (Table S2). The
number of chemosensory genes is comparable to other lepi-
doptera insects. However, the number of GR in C. japonica
is more than double that of S. ricini, and C. japonica has
the lowest number of IR, ranking below A. yamamai and
P. xylostella.

Through rigorous bioinformatic analysis, a compre-
hensive phylogenetic tree was generated, elucidating the
evolutionary relationships within the detoxification and
chemosensory gene families annotated in the genomes of
C. japonica and B. mori. Comparative genomic insights
revealed a pronounced expansion of these gene families
in C. japonica (Table S2) (Fig. S1). Particularly, the gene
families P450 (Fig. S1a), ABC (Fig. S1c), and GR (Fig. S1f)
manifested a significant evolutionary expansion in contrast
to their counterparts in B. mori.

4 Discussion

C. japonica, while commonly identified as a forestry pest,
has garnered attention due to its potential medicinal attributes
(Chen et al. 2022). It becomes conceivable to reposition this
forestry pest as a lucrative asset. However, establishing arti-
ficial rearing programs for this insect is complex, and there
is currently no documented experience or report on rearing
it. The physiological traits of this insect remain unclear and
are susceptible to biotic or abiotic stress. Several parasitic
wasp families, including the Eulophid and Trichogrammatid,
are known to parasitize the eggs of C. japonica, potentially
posing challenges for its artificial rearing (Chen et al. 2021).
Of course, C. japonica also has the potential to serve as an
alternative host for the industrial-scale breeding of these par-
asitic wasps, like 4. pernyi (Chen et al. 2021) (Hassan et al.
2004). Importantly, genetic research and molecular breeding
on C. japonica are currently hampered by the lack of a high-
quality genome resource.

Detailed insights into its genetic composition might not
only spur innovative management strategies but also fos-
ter widescale cultivation techniques, potentially turning
C. japonica into a significant economic commodity. In this
study, a robust, chromosome-level genome of C. japonica
was generated using an integrated approach that harnessed
the capabilities of Illumina NovaSeq, PacBio Sequel II,
and Hi-C methodologies, revealing a genome comprising
31 chromosomes and spanning roughly 584.54 MB. This
chromosome-level genome resource of C. japonica thus pro-
vides an important resource for key trait mapping through
genome-wide association studies for the identification of
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candidate genes underlying disease resistance and environ-
mental adaption, which can be used in molecular breeding.
C. japonica demonstrates remarkable sensitivity to envi-
ronmental changes and employs two distinct types of dia-
pause. This will also increase the time and cost associated
with artificial breeding. The first type is known as egg dia-
pause, which occurs during the overwintering period. The
pupal period typically spans around 40 days, during which
the insects enter the second type of diapause, known as sum-
mer diapause (Chen et al. 2021). At the molecular level, the
regulation mechanism related to diapause C. japonica has
remained unknown. In studies on other insects, research
related to diapause has involved the functionality of genes
associated with the circadian clock (Williams & Adkisson
1964; Xu et al. 2003; Ikeno et al. 2010, 2011a, 2011b;
Cao et al. 2021). This will also be a future research direc-
tion for C. japonica, with the hope of regulating diapause
and improving genetic resources. A high-quality genome
serves as a fundamental and indispensable tool for advanc-
ing research on the regulation of diapause and harnessing the
potential medical value of C. japonica.

Gene expression dynamics related to diapause are largely
influenced by environmental stimuli. Direct interfaces with
the environment, such as sensory modalities, play crucial
roles in modulating these genetic responses. Comparative
genomic analyses reveal that C. Japonica exhibits expan-
sions in the P450s, ABCs, and GRs gene families when jux-
taposed against the silkworm and other Lepidopteran insects
(Fig. S1) (Table S2). Integrating this with phylogenetic infor-
mation underscores that C. japonica has augmented its rep-
ertoire of metabolic and allelopathic genes, likely to exploit
a broader range of host plants as nutritional sources. Such
evolutionary tendencies could be consequential to broader
environmental shifts, inclusive of contemporary climate
change patterns and the intensifying deployment of chemi-
cal agents. Given these observations, it becomes evident that
future research should adopt ecologically compatible pre-
vention and control strategies, such as using some natural
enemy insects for control (Chen et al. 2019).

In summary, we first reported a high-quality chromosome-
scale genome of C. japonica and discussed the evolution
of diapause-related genes. Through rigorous phylogenetic
analyses, genes pertinent to metabolism and chemical per-
ception were annotated and scrutinized. This foundational
work establishes a valuable theoretical basis for the preven-
tive strategies and resource reutilization of C. Japonica, as
well as advances our understanding in Lepidopteran species.
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Table S1. Primer sequences of diapause-related genes’ RT-qPCR.

Primer name sequences
actin F AATGGCTCCGGTATGTGCAA
R CCTCATCACCGACGTACGAG
dh F CGATATGGTTCGGCCCAAGA
R GTTTCCGGTTCATCCGCTTG
ptth F GATCCGCCTTGTAGCTGTGA
R AACGTACGGAAGGAGACACG
cryl F TATCCGCATGATCCGTTGGG
R CTGAGCGATATCGGTGGTCC
cry2 F CGCTTAAGAACATGCCGACG
R TCAAGTTGACCTGCGATGCT
per F GCAAGCGCTGCCAAGATTTA
R GCGAGAATATGCCACCGAGA
tim F AGTCTGTACAGTTGGTGCCG
R

GGCAGAGTCAACAGGCATCT






Table S2. The number of detoxification and chemosensory gene families in 10 insects

Species P450s GSTs ABCs OBPs ORs GRs IRs CSPs SNMPs
Drosophila melanogaster 87 39 56 18 71 67 28 4 14
Danaus plexippus 73 23 55 22 128 33 28 32 16
Helicoverpa armigera 96 36 53 37 103 50 27 22 15
Spodoptera frugiperda 152 53 74 29 179 71 26 27 17
Bombyx mori 77 23 49 22 71 28 25 16 15
Samia ricini 123 42 51 31 82 43 30 21 15
Caligula japonica 110 39 111 32 82 121 23 23 18
Antheraea pernyi 106 30 54 27 213 41 22 22 14
Antheraea yamamai 84 30 62 27 135 18 23 18 14

Plutella xylostella 94 34 108 36 123 38 33 37 20
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Figure S1. Phylogenetic analysis of detoxification and chemosensory gene family in Caligula
japonica (red) and Bombyx mori (blue). The lowercase letters represent different gene families:
cytochrome P450s (P450s), glutathione S-transferases (GSTs), ATP-binding cassette transporters
(ABCs), odorant binding proteins (OBPs), olfactory receptors (ORs), gustatory receptors (GRs),

ionotropic receptors (IRs), chemosensory protein (CSPs) and sensory neuron membrane proteins

(SNMPs).





The code involved in bioinformatics analysis in this research.

Genome Quality Assessment-BUSCO.
busco --cpu 30 -1 lepidoptera_odb10 --mode genome --config /path/to/config.ini --force -o Cjap_qc --i
ClJ.chr.fasta

Percentage of Ns

Percentage Ns.bash:

fastq dir=data

reference=reference.fa

bwa mem S$reference $fastq dir/reads 1.fq $fastq dir/reads 2.fq > aln.sam
samtools sort -0 aln_sorted.bam aln.sam

samtools rmdup aln_sorted.bam aln_rmdup.bam

bedtools genomecov -ibam aln_rmdup.bam -bga > coverage.bed

grep -v -w -¢ -F "N" coverage.bed > N_count.txt

grep -v ">" reference.fa | tr -d "\n" | wc -c > genome_length.txt
N_count="cat N_count.txt’

genome_len="cat genome length.txt’

printf "Percentage of N: %0.2f%%\n" $(echo "scale=2; $N_count/$genome len*100" | be)

Annotation of repeats

mkdir 01 repeatModeler-denovo-repeat.lib

cd 01 repeatModeler-denovo-repeat.lib

BuildDatabase -name 01CJ -engine ncbi ../Genome.final.fa &>BuildDatabase run.log
RepeatModeler -engine ncbi -pa 8 -database 01CJ -LTRStruct &>RepeatModeler run.log

cd ../

mkdir 02_delete-denovo-lib-result 03 delete-repeatmasker-lib-result 04 delete-repeamasker-noint-result
RepeatMasker -lib 01 repeatModeler-denovo-
repeat.lib/RM_3949.FriJun160912272023/consensi.fa.classified -pa 20 -dir 02_delete-denovo-lib-result
genome.fa &>RepeatMasker run.logl

RepeatMasker -pa 20 -dir 03_delete-repeatmasker-lib-result 02_delete-denovo-lib-
result/genome.fa.masked &>RepeatMasker run.log2

RepeatMasker -pa 20 -dir 04_delete-repeamasker-noint-result -noint 03 _delete-repeatmasker-lib-
result/genome.fa.masked.masked &>RepeatMasker run.log3

Conbine repeat tbl.pl:

#!/usr/bin/perl

# version 1.0 20181104

# version 1.1 20181107

#no warning and no die so that file does not exist is allowed

#change Usage

use strict;

sub Usage {
print STDERR "Usage:





perl $0 02_delete_denovo_lib/genome.fa.tbl 03 delete Repbase lib/genome.fa.masked.tbl
04 delete noint/genome.fa.masked.masked.tbl >final repeat.txt

Description:
This program is used for combining repeat masked tbl.

"n.
b

¥
&Usage unless $#ARGV > 0;

for (0..$#ARGV - 1) {
&read_file(pop @ARGV);

}

my %ha_ num;
my %ha_len;
my %ha_per;
sub read_file {
open IN, '<', $ [0];
while (<IN>) {
chomp;
if (NCF)\s*F(\dH)\sbp\s+[( \s?(\d+H\.\d+)/) {
$ha len{$1} +=$2;
$ha per{$1} +=$3;
belsif (/A *)\s+(\d+H)\s+(\d+)\sbp\s+(\d-H\.\d+)/) {
$ha num{$1} +=$2;
$ha len{$1} +=$3;
$ha per{$1} += $4;

H
close IN;

}

open IN, '<', $ARGV[0] or die "can't open SARGV[0]";
while (<IN>) {
chomp;
if (N(F)\s*(\d+H)\sbp\s+[( N\s?(\d+H\\d+)/) {
$ha len{$1} +=$2;
$ha per{$1} +=$3;
printf "%-15s%9d bp%8.2f %%\n", $1, $ha len{$1}, $ha per{$1};
}elsif (/A(C*?)\s+(\d+)\s+(\d+)\sbp\s+(\d-+\.\d+)/) {
$ha num{$1} +=$2;
$ha len{$1} += $3;
$ha per{$1} += $4;
printf "%-17s%6d%13d bp%8.2f %%\n", $1, $ha num{$1}, $ha len{$1}, $Sha per{$1};





} else {
print "$ \n";
H

¥
close IN;

¢ Genome annotation
1. Building species parameter models with BRAKER.
hisat2-build CJ.chr.fasta genome.fasta >hisat2-build.log 2>&1
cat samplel R1.fa sample2 R1.fq sample3 R1.fq >sample-all R1.fq
cat samplel R2.fa sample2 R2.fq sample3 R2.fq >sample-all R2.fq
hisat2 --new-summary -p 30 -x genome.fasta -1 sample-all R1.fa -2 sample-all R2.fa -S rnaseq.sam
2>hisat.log
samtools sort -0 rnaseq.bam rnaseq.sam
braker.pl --species=Cjap --genome=genome.fasta --softmasking --bam=rnaseq.bam --cores=30 —
useexisting

2. De novo transcriptome assembly using Trinity.
Trinity --seqType fq --max_memory 100G --CPU 30 --samples_file sample.txt 1>trinity.log 2>trinity.err

3. Gene prediction using MAKER.

maker -CTL

maker

fasta_merge -d Cjap.maker.output/Cjap master datastore index.log -o Cjap

gff3 _merge -d genome.maker.output/genome master datastore index.log -o Cjap.all.maker.gff3
maker map _ids --prefix Cjap --justify 6 Cjap.all. maker.gff3 >all.id.map

map_fasta_ids all.id.map Cjap.all. maker.proteins.fasta

map_fasta ids all.id.map Cjap.all. maker.transcripts.fasta

map_gff ids all.id.map Cjap.all. maker.gff3

¢ Phylogenetic analysis
orthofinder -f data -S diamond -M msa -T fasttree -t 10 &>pep.log
igtree -s SpeciesTreeAlignment.fa -m MF -nt 10 &> iqtree.log
java -jar /opt/ASTRAL/astral.jar -i Astral input.trees -0 Astral_output.trees 2>out.log
memctree memctree.ctl >run.log

cafe5 --infile gene family --tree tree.txt --cores 30 --output_prefix cafe out

e Manual annotation of gene family
1. BLASTP for homology comparison:
makeblastdb -in all.fasta -out all -dbtype prot
blastp -query Protein_fam.pep.fa -db all -out blast.out -outfmt 7 -evalue 1e-5
grep -v "#" blast.out | awk '{print $2}' | sort | uniq > CJ.blast.id
2. Hidden Markov Model (HMM) alignment.
hmmsearch --cut_tc --domtblout CJ.domtblout -o CJ.hmmout pfam.hmm Cjap.all.maker.proteins.fasta





awk '{print $1}' CJ.domtblout | sort -u >CJ.hmm.id

3. Intersection

cat CJ.blast.id CJ.hmm.id | sort | uniq -d > CJ.genefam.genelD

4. Gene stat

seqtk subseq Cjap.all.maker.proteins.fasta CJ.genefam.genelD >CJ.genefam.pep.fasta
5. Alignment

muscle -in CJ.genefam.pep.fasta -out CJ.genefam.pep.mfa

6. Phylogenetic analysis

igtree -s CJ.genefam.pep.fasta -m TEST

igtree -s CJ.genefam.pep.mfa -m BEST -bb 1000 -nt 4 -pre CJ.genefam.iqtree





