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Muga silkworm (Antheraea assamensis), one of the economically important wild silkmoths, is unique among
saturniid silkmoths. It is confined to the North-eastern part of India. Muga silk has the highest value among the
other silks. Unlike other silkmoths, A. assamensis has a low chromosome number (n = 15), and ZZ/ZO sex
chromosome system. Here, we report the first high-quality draft genome of A. assamensis, assembled by
employing the Illumina and PacBio sequencing platforms. The assembled genome of A. assamensis is 501.18 Mb
long, with 2697 scaffolds and an N50 of 683.23 Kb. The genome encompasses 18,385 protein-coding genes,
86.29% of which were functionally annotated. Phylogenetic analysis of A. assamensis revealed its divergence
from other Antheraea species approximately 28.7 million years ago. Moreover, an investigation into
detoxification-related gene families, CYP450, GST, and ABC-transporter, revealed a significant expansion in
A. assamensis as compared to the Bombyx mori. This expansion is comparable to Spodoptera litura, suggesting
adaptive responses linked to the polyphagous behavior observed in these insects. This study provides valuable
insights into the molecular basis of evolutionary divergence and adaptations in muga silkmoth. The genome
assembly reported in this study will significantly help in the functional genomics studies on A. assamensis and
other Antheraea species along with comparative genomics analyses of Bombycoidea insects.

1. Introduction

The order Lepidoptera includes >160,000 species of which Bomby-
coid moths comprise silkmoths of economic importance. These silk-
moths secrete diverse varieties of silk fibers. Silk production based on
these moths, especially Bombyx mori, Antheraea mylitta, Antheraea
assamensis, and Samia ricini, play a significant role in the rural economies
of many developing nations. Native to the North-east part of India and
named after the Assamese language word “Muga” for its amber-colored
cocoon, the wild silkworm A. assamensis is known for its natural golden
colour silk fiber with glossy fine texture and durability. The species
predominantly thrives in the Brahmaputra valley and adjacent hills,
exhibiting a polyphagous nature by primarily feeding on leaves of plants
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such as Som (Persia bombycina) and Soalu (Litsaea monopetala) abundant
in the region [1]. This luminous golden muga silk has now secured
Geographical Indication status, the recognition that confers an intel-
lectual property right that it has its origin in the Assam region of India.

Despite being one of the economically important wild silkmoths, the
genome of A. assamensis is least understood among the saturniid silk-
moths [2]. Though the economic significance of A. assamensis is evident;
it faces challenges, including decline in population and a depletion in
genetic variability [3,4]. Unlike other silkmoths, A. assamensis has a low
chromosome number (n = 15) [5], ZZ/ZO sex chromosome system [6]
and fragmented populations with a narrow habitat range, probably
experiencing genetic drift. Previous microsatellite marker-based studies
have revealed low heterozygosity among muga populations collected
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from various locations in North-east India [4,7].

The muga raw silk production in India is limited to 261 metric tons
(2022—23). A comprehensive study examining genotypic and pheno-
typic diversity across North-east India is imperative to enhance the
muga silkworm’s tolerance to pathogens, cocoon quality, fecundity and
for addressing commercial traits like silk-fiber quality. Additionally,
access to genomic resources is crucial for understanding insect behavior,
pupal hibernation, sex determination, and to explore the evolutionary
dynamics of saturniid silkmoths [4,7]. Comparative genome analysis of
A. assamensis with well-studied insect like domesticated silkworm
B. mori promises insights into the basic biological differences between
domesticated and wild silkmoths. In this context, sequencing of the
A. assamensis genome becomes crucial. In this study, we present a high-
quality draft genome assembly of A. assamensis, derived from a male
moth, aiming to contribute to the molecular understanding of this
unique wild silkmoth. The computational analysis carried out has
identified several novel genes, laying the foundation for further explo-
ration of A. assamensis at the molecular level.

2. Materials and methods
2.1. Source material

Live cocoons of A. assamensis were collected from the food plant
Persea bombycina in the Mokokchung forest of Nagaland, India and
allowed to emerge at room temperature. After emergence, male moths
were separated and used for genomic DNA isolation and whole genome
sequencing. Mokokchung forest is hilly, located at an altitude of 1325 m
above sea level and has an annual average temperature of 18 °C, 90%
relative humidity and 2039 mm of average rainfall.

2.2. Library preparation and sequencing

The genomic DNA was isolated using DNeasy Blood and Tissue kit
(Qiagen). The purity and integrity of the extracted genomic DNA was
analyzed by Nanodrop (Thermo Scientific, USA) and agarose gel elec-
trophoresis. High quality genomic DNA was used for whole genome
sequencing on Illumina and PacBio sequencing platforms. For whole
genome short-read sequencing on the Illumina platform, two libraries
with fragment sizes of 250-550 bp and 300-700 bp were prepared with
NEXTflex Rapid DNA sequencing kit (PerkinElmer, U.S.A.). The frag-
ment size distribution of the short-read libraries was checked on Agilent
TapeStation (Agilent, USA). To supplement the genome assembly pro-
cess, two Illumina mate-pair and one SMRT bell PacBio libraries were
constructed and sequenced on respective platforms. Illumina mate-pair
libraries with 5-7 Kb and 7-10 Kb sizes were prepared with Nextera
Mate Pair Library Preparation Kit (Illumina Inc., Austin, TX, USA). All
the sequencing experiments were performed at Genotypic Technology
Pvt. Ltd., Bangalore, India.

2.3. Qualitative analysis of raw reads

The quality of raw Illumina reads was checked using the FastQC tool
[8] and TrimGalore-0.4.4 [9] was used for clipping of adapters and low-
quality bases (Phred score < Q30) with a minimum read length of 50 bp.
The mate-pair libraries were processed using NextClip [10] and Cuta-
dapt [11] tools with a cut-off of Q30 and a minimum read length of 50
bp.

2.4. De-novo genome assembly and completeness assessment

The high quality processed paired-end, mate-pair and PacBio reads
were used for the genome assembly of A. assamensis. Before proceeding
with the genome assembly, processed reads were checked for contami-
nation of microbial reads. The initial genome assembly was performed
with different assemblers like Platanus [12], ABySS [13], SOAPdenovo
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[14], Minia [15] and MaSuRCA hybrid assembler [16]. Based on the
N50 value and the number of contigs, genome assembly generated by
the MaSuRCA hybrid assembler [16] was selected for the final assembly
process. The final assembly was obtained by the GapCloser program
[14] with paired-end and mate-pair libraries. To assess the completeness
of assembled A. assamensis genome Universal Single-Copy Orthologs
detection method implemented in the BUSCO (v5.2.2) pipeline [17] was
utilized. Estimation of genome size and heterozygosity was carried out
using Jellyfish v2.3.0 [18] and GenomeScope [19] programs with a k-
mer size of 21 nucleotides.

2.5. Annotation of repetitive elements

To annotate repetitive elements in the A. assamensis genome, a de-
novo repeat database was built using Extensive de-novo TE Annotator
[20] and RepeatModeler2 programs [21]. A consensus custom de-novo
repeat library of A. assamensis was then combined with the known re-
peats in RepBase repeat library edition 18 [22]. The combined repeat
library was used for comprehensive repeat and transposable element
masking in the A. assamensis using RepeatMasker program (v4.1.2) [23].

2.6. Gene prediction and functional annotation

To identify protein coding regions in A. assamensis genome,
BRAKER2 pipeline [24] was employed. The pipeline integrates pre-
dictions from ab-initio gene prediction tools such as GeneMark-EP+ [25]
and AUGUSTUS [26] with evidence based gene annotation. The evi-
dence to identify the coding region in the A. assamensis genome was
generated by two different approaches. Firstly, fourteen RNA-seq li-
braries available for A. assamensis at the NCBI SRA database under the
accession PRINA486234 (total 89 Giga bases), were aligned to the
genome with the HISAT2 program for structural gene predictions. In the
second approach, NCBI RefSeq invertebrate protein sequences were
aligned with the Diamond (v 2.0.6) program [27] and used as external
evidence to identify protein coding regions in the genome.

For functional annotation of the predicted genes in A. assamensis,
OmicsBox Blast2GO methodology was utilized [28]. BLASTp [29] pro-
gram with an e-value of 1e-> was employed to align protein sequence
derived from A. assamensis genome to the Swiss-Prot and NCBI-nr insect
database. Functional domain identification through InterProScan [30],
Gene ontology analysis and KEGG pathway analysis were also per-
formed by OmicsBox Blast2GO methodology. The non-coding RNAs in
the genome were identified using INFERNAL v1.0 [31] with the Rfam
database [32] and tRNAs were identified using the tRNAscan-SE v1.3.1
program [33].

2.7. Phylogenomic analysis

A dataset of eleven insect genomes A. assamensis (this study),
A. pernyi [34], A. yamamai [35], A. mylitta (GCA_014332785.1
AM_v1.0), B. mori [36], D. melanogaster [37], D. plexippus [38],
H. armigera [39], P. xuthus [40], S. litura [41] and S. ricini [42]
comprising of ten lepidopteran species and one dipteran species was
selected for phylogenomic analysis. The dipteran insect D. melanogaster
was used as an outgroup in this analysis. Single-copy orthologous genes
conserved among the study group were identified using BUSCO [17].
The identified single-copy orthologous gene families were individually
aligned with MUSCLE (v3.8.15) [43]. Poorly aligned regions from the
multiple sequence alignment files were trimmed using trimAI (v1.4)
[44] with the parameter “-automated 1”. Trimmed alignments of all the
single-copy genes families were concatenated to generate a final align-
ment supermatrix.

The aligned sequence supermatrix was used to reconstruct the
maximum-likelihood (ML) phylogenetic tree using IQ-TREE (v2.1.4)
[45] with the insect+F + R4 model, the best fit model according to the
Bayesian information criterion identified by ModelFinder [46]. The
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divergence times among the selected organisms were estimated, using
the species tree generated in the previous step, employing the MCMC
Tree program in PAML v4.9 [47] with four fold degenerate sites.
Reference divergence times of the following species were retrieved from
the Time Tree database [48] and were used as the calibration, namely
D. melanogaster-B. Mori (223.8-344.7 mya), A. yamamai-B. mori
(39.8-95.1 mya), A. assamensis- S. ricini (28.6-30.1 mya) and S. litura-
H. armigera (50-60 mya).

2.8. Identification of duplicated genes

Duplicated genes are considered as one of the major sources of
adaptive and non-adaptive evolution. To identify potentially duplicated
gene families in the A. assamensis genome, we performed a self-BLAST
search with an e-value cutoff of 1e-!* and identified the best hits
within the genome. Subsequently, the blast results were processed
through HSDFinder tool [49] (>80% pairwise sequence identity and
protein lengths variation <30 amino acids) to find highly similar
duplicated genes. The ratio of synonymous / non-synonymous muta-
tions in the duplicated gene families was calculated by Ka/Ks Calculator
[50].

2.9. Comparative genomics analysis

To identify gene sequences shared and unique to the A. assamensis
genome, we compared predicted genes with A. pernyi [34], A. yamamai
[35], A. mylitta (GCA_014332785.1 AM_v1.0), B. mori [36],
D. melanogaster [371, D. plexippus [38], H. armigera [39], P. xuthus [40],
S. litura [41] and S. ricini [42] genomes using OrthoFinder2 program
[51]. The parameters used were diamond_ultra_sens mode, e-value of
1719 query and subject coverage of 70%. Analysis of collinearity and
synteny between A. assamensis, and A. pernyi genomes was carried out
using the MCScanX toolkit [52] and visualization of syntenic blocks was
performed by the SynVisio tool [53].

Following the gene family clustering and divergence estimation, the
expansion and contraction of gene families were analyzed using CAFE
v4.1 [54] with a probabilistic graphical model (PGM) to calculate the
probability of transition in each gene family from parent to child nodes
in the phylogeny.

2.10. Identification of detoxification gene families

2.10.1. Identification of the cytochrome P450 (CYP) gene family

To annotate the cytochrome p450 gene family in A. assamensis,
BLASTp search was used against the NCBI-nr insecta database with an e-
value of 10~ The functional domain information for the protein se-
quences were obtained using InterProScan [30]. For comparative anal-
ysis, the annotated CYP450 gene families of B. mori and S. litura were
obtained from previously published studies [36,41]. Amino acid se-
quences of CYP450 were aligned by MAFFT program version 7 [55] and
model selection was conducted using an automatic selection of amino
acid selection model using RaxMLv8 [56]. The maximum likelihood tree
was inferred by using the LG + Gamma-+I model in RaxML [56]. To
evaluate the confidence of the tree topology, the bootstrap method was
applied with 100 replications using the rapid bootstrap algorithm [57].

2.10.2. Identification of Glutathione S-transferase (GST) gene family

Annotation of GST members in A. assamensis genome was carried out
using the previously reported GST sequences from B. mori and S. litura
[36,41] as a query. Significant hits (BLASTp, e-valuel 0~°) were further
processed through NCBI conserved domain database [58] to categorize
the sequences in different GST classes. A comparative analysis of the
GSTs identified in A. assamensis was performed with GSTs from S. litura
and B. mori using MEGA XI [59] and the phylogenetic tree was con-
structed using the maximum-likelihood method with LG + Gamma
amino acid substitution model with 500 bootstrap replicates.
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2.10.3. Identification of ABC transporter gene family

ABC transporter genes in A. assamensis genome were identified using
BLASTp search with B. mori ABC transporter [60] as query (e-val-
uel0~°). Additionally, we also searched ABC transporter candidates in
A. assamensis with ABC_scan [61]. The results from both the BLASTp and
ABC_scan were combined to obtain the final set of potential ABC
transporter candidates in A. assamensis. A similar search was also per-
formed to annotate the ABC transporter genes in S. litura genome. The
maximum-likelihood tree was generated using RaxMLv8 [56] with 500
bootstrap replicates by using LG + Gamma amino acid substitution
model.

3. Results
3.1. Assembly of A. assamensis genome

We used a single male moth for the whole-genome sequence as-
sembly of A. assamensis (Fig. 1). The main reason for the selection of
male moth for sequencing was the homogametic nature of lepidopteran
males which reduces the complexity of the genome assembly process. A
combination of different library sequencing strategies (paired-end and
mate-pair with different insert sizes) on the Illumina platform was fol-
lowed to generate a total of 188.15 million paired reads with ~113 x
coverage. Information on libraries and the data generated in this study is
provided in Supplementary Table 1. Additionally, long-read sequencing
using the PacBio RS II platform generated a total of 227,694 subreads
with average length of 9 Kb and N50 value of 14.9Kb (Supplementary
Table 2). We analyzed the quality of raw data using FastQC [8] and
removed the low quality bases and adapter contamination using Trim
Galore [9], NextClip [10] and Cutadapt tools [11]. After raw read
quality control, a total of 156.28 million high quality paired-end reads
with ~94 x coverage were available for the genome assembly.

Before initiating the genome assembly process, we performed k-mer
size (21-mer) distribution analysis using Illumina pair-end reads to es-
timate the genome size and level of heterozygosity in A. assamensis
genome with the Jellyfish program [18]. The k-mer frequency plot
generated by GenomeScope showed a single peak, suggesting the pres-
ence of a low level of heterozygosity (0.39%) in A. assamensis genome
(Supplementary Fig. S1 and Supplementary Table 3). Based on the 21-
mer distribution, the genome size of A. assamensis was estimated to be
443.37 Mb.

The high quality de-novo draft genome of A. assamensis was gener-
ated by utilizing Ilumina and PacBio reads with MaSuRCA hybrid
assembler [16] and employing the SOAP Gapcloser [14] to close the gap
within each scaffold. After gap closing the final assembly of

Fig. 1. Different stages of Muga silkworm. Fig. (A) shows the A. assamensis 5th
instar larva, (B) Silkmoth, and (C) Cocoon.
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A. assamensis consisted of 2,697 scaffolds (>1 kb), with an N50 length of
683.23 Kb. The genome has a GC ratio of 34.00% which is similar to
other saturniid and B. mori genomes [34-36]. A comparative summary
statistics of the assembled A. assamensis genome with other saturniid
silkmoths is given in Table 1.

The quality of assembled genome was analyzed by assessing the
presence of Universal Single-Copy Orthologs genes using the BUSCO
pipeline with lepidoptera_odb10 which contains 5,286 sequences. Out of
the total, 5,181 (98%) complete BUSCO genes were present in
A. assamensis genome assembly, among these 179 sequences were
complete duplicated and 34 BUSCO genes were fragmented (Supple-
mentary Table 4). Approximately 1.4% of BUSCO genes (71 genes) were
predicted to be missing in the current genome assembly. We also
analyzed the length distribution of the 20 lengthiest genes present in the
insect genome (Supplementary Table 5) and found that all the genes
were accurately identified in our genome assembly. The results from
BUSCO and the 20 lengthiest gene analyses showed that the current
genome assembly is of sufficient quality for downstream analysis.

3.2. Repeat identification

Genomes of higher eukaryotes contain a considerable amount of
repetitive elements. To characterize the repeat content in the
A. assamensis genome we developed a custom repeat library using
RepeatModeler2 [21] with RECON [14], RepeatScout [62], and TRF
[63]. We also employed the Extensive de-novo TE Annotator tool to
generate a filtered non-redundant TE library for A. assamensis genome.
The resulting libraries of both the programs were further curated using
the CENSOR [64] and finally combined with the RepBase RepeatMasker
library to comprehensively annotate the repeat elements in A. assamensis
genome with RepeatMasker program and RMBlast as a search engine.
The percentage of different repetitive elements identified in
A. assamensis genome is summarized in Supplementary Table 6. A total
of 247.25 Mb amounting to 49.35% of the total genome was identified as
repeats in A. assamensis genome which is higher than B. mori (46.84%)
and A. yamamai (37.33%) but lower than A. pernyi (60.74%). The pre-
dominant repeat element was DNA elements, occupying a total of
112.14 Mb (22%) of the total genome. The second largest family of
classified elements in A. assamensis genome was the Class I retro-
transposons (15%). Compared to A. yamamai [35] and B. mori [36], our
analysis showed the dominance of DNA transposons over the LINE ele-
ments which constitute only 7.93% of the total identified repeat ele-
ments in the A. assamensis genome. Approximately 11% of the identified
repeat elements were not classified in this genome (Supplementary
Table 6).

3.3. Gene prediction and annotation
We applied the BRAKER2 pipeline [24] to structurally annotate the

Table 1
Genome assembly statistics of A. assamensis and its comparison with other Sat-
urniidae silkworms.

A. i Ay A. pernyi S. ricini
No. of scaffolds 2697 7723 423 155
L50 196 265 20 7
N50 (kb) 683.23 734.7 13,766.17 21,366.39
GC content (%) 34.00 34.07 37.03 34.26
Longest scaffold 4.95 3.17 2.99 33.97
length (Mb)
Mean scaffold length 185.83 85.64 1719.41 2906.32
(kb)
Median scaffold 40.77 1.71 20 28.0
length (kb)
Shortest scaffold 1000 123 1000 568
length (bp)
Total (Mb) 501.18 661.38 727.31 450.48
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gene models for A. assamensis genome. This pipeline provides the
advantage of both ab-initio gene predictors (GeneMark-EP+ and
AUGUSTUS) and evidence-based gene prediction. We used RNA-seq
available for A. assamensis at the NCBI-SRA database and NCBI RefSeq
invertebrate protein sequences to generate evidence for the coding re-
gion in the genome. Table 2 shows the comparative summary statistics
for the gene prediction for the analyzed genome generated by the
Genome Annotation Generator tool along with other Saturniidae moths.
A total of 18,385 genes were identified in the A. assamensis genome. The
average gene length in this genome is 9,750 bp, which is comparable to
the mean gene length (9,745 bp) of the A. pernyi genome [34]. The
number of exons and introns per gene were 6 and 5 respectively. Similar
to genome assembly, we utilized BUSCO to assess the completeness of
our gene prediction. Our analysis revealed the presence of over 96% of
lepidoptera-specific single-copy genes in our gene annotation (Supple-
mentary Table 4), emphasizing the accuracy and comprehensiveness of
our gene prediction approach. Moreover, a BLAST analysis was con-
ducted on A. assamensis protein-coding genes using the Swiss-Prot
database (Release 2023_05). The results showed that 5,807 proteins
from A. assamensis displayed over 70% coverage with the proteins in the
Swiss-Prot database (Supplementary Table 7). The lower number of
BLAST hits observed may be attributed to the presence of fewer than
10,000 reviewed protein sequences belonging to the class Insecta in the
Swiss-Prot database. Furthermore, since <32% of A. assamensis genes
showed hits with the Swiss-Prot database, we conducted a BLASTp
search against the NCBI-nr database. This search was specifically limited
to insect sequences, utilizing an e-value of 1e-5, to assign functions to
the predicted genes in A. assamensis.

Additionally, we also performed protein domain searches using
InterproScan [30] and GO term annotation using OmicsBox. The func-
tional annotation showed around 86% of the genes predicted in
A. assamensis have a significant match with the NCBI-nr insect se-
quences. Moreover, 71.32% and 63.47% of the total sequences were
annotated with domain and GO term information, respectively (Sup-
plementary Table 8, Fig. 2A). The GO term distribution under the mo-
lecular function category showed a large proportion of GO terms were
related to the binding activity such as organic cyclic compound binding,
heterocyclic compound binding activity, ion binding and hydrolase ac-
tivity (Fig. 2B). Under the cellular component and biological process
categories, terms associated with membrane, intracellular anatomical
structure and organic substance metabolic process, primary metabolic
processes were abundant. The distribution of 6 major categories of en-
zymes, transferase, hydrolases, lyases, isomerases, ligases, and trans-
locases are provided in Supplementary Fig. S2.

Table 2
Comparative gene prediction analysis of the A. assamensis genome with selected
saturniidae moths.

A. assamensis  A.pernyi  A. yamamai S. rcini
Total genome length 501.18 727.31 661.38 450.48
(Mb)
Number of genes 18,385 21,431 15,481 18,078
Number of exons 114,188 94,995 87,344 111,452
Number of introns 95,803 75,370 71,863 93,374
Total gene length (Mb) 179.26 208.85 170.53 186.28
(35.8%) (28.7%) (25.8%) (41.4%)
Total CDS length (Mb) 24.2 25.54 20.33 23.30
(4.8%) (3.5%) (3.1%) (5.2%)
Longest gene (kb) 171.1 98.83 179.80 209.36
Longest exon (kb) 13.79 14.96 24.65 14.58
Mean gene length (bp) 9,750 9,745 11,016 10,304
Mean exon length (bp) 212 269 233 211
Mean intron length (bp) 1616 2070 2092 1739
Mean CDS length (bp) 1316 1301 1313 1289
Mean no. of exons per 6 5 6 6
mRNA
Mean no. of introns per 5 4 5 5
mRNA
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Fig. 2. Functional annotation of genes identified in A. assamensis genome. (A) Genes with significant Blast hits, domains and GO term annotations, (B) representation
of top GO terms identified in A. assamensis genome, and (C) shows the gene clusters uniquely present in analyzed Saturniidae species derived from orthology analysis
of 11 insect species (AA- Antheraea assamensis; AM- Antheraea mylitta; AP- Antheraea pernyi; AY- Antheraea yamamai; SR- Samia ricini).

Noting the important role of non-coding RNAs in the regulation of
gene expression and cellular homeostasis, we identified different
ncRNAs such as rRNAs, tRNAs snRNAs, miRNAs, and Signal recognition
particle RNAs (Supplementary Table 9). A total of 713 copies of tRNAs
were detected in A. assamensis genome. We compared the predicted
numbers of tRNA genes in A. assamensis with four other Saturniidae
silkmoths: A. pernyi [34], A. mylitta, A. yamamai [35], and S. ricini [42].
The analysis revealed 705, 725, and 1165 tRNAs in the genomes of
A. mylitta, A. yamamai, and S. ricini respectively. In a prior study, Duan
et al. (2020) reported 766 tRNA genes in A. pernyi. These findings sug-
gest that the anticipated number of tRNA genes among Antheraea species
typically ranges between 700 and 800 copies (Supplementary Table 10).

3.4. Phylogenetic analysis and divergence time estimation

To analyze the taxonomic position of A. assamensis within the Sat-
urniidae family, we constructed a phylogenetic tree based on the 877
conserved one-to-one orthologous genes identified from BUSCO [17]
analysis among the eleven selected genomes. Multiple sequence align-
ment of the 877 genes from the selected species was conducted using
MUSCLE (v3.8.15) [43]. After trimming poorly aligned regions with
trimAl (v1.4) [44], the supermatrix generated for the trimmed align-
ments contained 463,306 amino-acid sites.

The maximum-likelihood species tree generated using the insect+F
+ R4 substitution model showed all the selected organisms from the
Saturniidae family clustered together, confirming the phylogenetic
arrangement of A. assamensis in Saturniidae with other Antheraea spe-
cies. The analyzed Bombycoidae insect species were classified as a sister
clade to Noctuidae (Fig. 3), which further strengthens the grouping of
Lepidoptera. Our analysis showed the divergence of Bombycidae lineage
from the Saturniidae approximately ~64.61 mya, which is close to the
median value of divergence time (~67 mya) reported in the TimeTree
database [48]. The analysis revealed the divergence of A. assamensis
from other Antheraea species approximately ~28.7 mya, (Fig. 3). A
previous study based on the fossil evidence reported that the last com-
mon ancestor of A. pernyi and A. yamamai diverged from the Bomb-
ycidae lineage ~81.5 million years ago, and the divergence time
between sister species A. pernyi and A. yamamai was estimated to be
~30.3 million years ago [34,35]. The placement of A. assamensis in
comparison to other Antheraea species in the inferred species tree
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Fig. 3. Phylogenomic analysis of A. assamensis. The tree shows the estimated
divergence time of A. assamensis with other Antheraea species. The species tree
was calibrated using the estimated divergence times between D. melanogaster-
B. mori (223.8-344.7 mya), A. yamamai-B. mori (39.8-95.1 mya), A. assamensis-
S. ricini (28.6-30.1 mya) and S. litura - H. armigera (50-60 mya). The pie chart
on the branches of each node shows the number of the expanded (green) and
contracted (blue) gene families among the selected species. The numbers of
significantly (p < 0.05) expanded and contracted gene families are given above
the node names. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

suggests that the A. assamensis could be the basal species of the genus
Antheraea.

3.5. Comparative genome analysis

We used the OrthoFinder program [51] to identify orthologous genes
among the eleven genomes i.e., A. assamensis (this study), A. pernyi [34],
A. yamamai [35], A. mylitta (GCA_014332785.1 AM_v1.0), B. mori [36],
D. melanogaster [371, D. plexippus [38], H. armigera [39], P. xuthus [40],
S. litura [41] and S. ricini [42]. Representative protein sequences of these
genomes were aligned against each other using DIAMOND BLAST [27].
A total of 185,092 genes were present in these eleven genomes out of
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which 137,993 (74.52%) genes clustered in 18,683 orthogroups (Sup-
plementary Table 11). Of all the gene clusters only 8.7% (1,626) clusters
were common in all the analyzed genomes. From the total of 18,683
orthogroups we extracted 3,532 gene clusters uniquely shared by the
analyzed Saturniid species (Fig. 2C). In-silico functional GO enrichment
analysis of these gene clusters revealed the majority of genes belonging
to the metabolic process such as cellular metabolic process, macromol-
ecule metabolic process, nitrogen compound metabolic process, organic
cyclic compound metabolic process, heterocyclic metabolic process,
nucleobase-containing compound metabolic process and aromatic
compound metabolic process (Supplementary Table 12a).

Similarly, we analyzed the genes present only in A. assamensis. The
analysis revealed a total of 2,421 genes are uniquely present in this
genome. For the majority of these genes, BLAST hits were not found in
the NCBI-nr database and only 335 genes were functionally annotated.
However, the expression of 935 genes was found in transcriptome data
(Supplementary Table 12b and 12c), suggesting that these are true genes
but their function remains to be elucidated. The 3,532 gene clusters
unique to the studied sericigenous moths of the Saturniidae family, also
contain genes exclusive to particular species. These genes may confer
adaptive advantages, helping these species thrive in their peculiar
habitat.

The comparative CAFE analysis among the selected species showed a
significant expansion of 26 gene families and 7 were significantly con-
tracted (p < 0.05) in A. assamensis (Fig. 3).

3.6. Genome-wide identification of detoxification-related gene families

3.6.1. Identification and phylogeny of CYP450 genes in A. assamensis
The CYP450 gene family is a group of enzymes involved in the
detoxification of xenobiotics and the metabolism of a wide range of
compounds in insects and other organisms. Studies have shown that the
CYP450 gene family has undergone multiple rounds of gene duplication
and divergence in insects, leading to the evolution of multiple sub-
families with distinct functions. For example, some insect CYP450s are
involved in the detoxification of insecticides, while others are involved
in the metabolism of pheromones and other signaling compounds, some
insects have evolved specialized CYP450s that are involved in the
detoxification of plant secondary metabolites [41,65]. This adaptation
has likely contributed to the success of these insects as herbivores and
has shaped the evolution of plant-insect interactions [66]. The CYP450
monooxygenases play a vital role in insect survival and adaptation to
their environment. The increasing availability of insect transcriptomes
and genomes is contributing to our understanding of their diversity and
functional significance [67]. In our study, we identified 130 candidate
CYP450 genes in A. assamensis and compared them to S. litura and
B. mori (Table 3). The phylogenetic analysis of 344 CYP450 proteins
from three insect species (A. assamensis, S. litura and B. mori) showed
that insect CYPs have evolved into several groups over time. The results
showed that CYP450 genes in A. assamensis were grouped into four
clans: CYP2, CYP3, CYP4, and mitochondrial clans (Fig. 4). The CYP3
and CYP4 clades had the majority of these genes, which is consistent
with other insect species [68]. The CYP3 clan is involved in xenobiotic
metabolism and insecticide resistance and gene expression of some of
the members can be induced by various agents such as phenobarbital,
pesticides, and natural products [69]. Therefore, the expansion of genes
in the CYP3 clan can be directly correlated with the survival of insect
under challenging environmental conditions. Since the genes in this
cluster are also involved in the metabolism of natural xenobiotic com-
pounds present in different host plants, the expansion of these genes may
provide an opportunity to broaden the host range. Gene expansions were
also common within the CYP4 clan particularly in the CYP450-4C1-like
clusters (AaP450_83-90), (SIP450 61-81) and CYP450-4 L6 cluster
(AaP450_.105-107, AaP450_115-117) in A. assamensis and S. litura when
compared to B. mori respectively (Fig. 4). Previous studies have sug-
gested that genes from the CYP4L family have a role in odorant
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Table 3
Analysis of detoxification related gene families in A. assamensis and their com-
parison with S. litura and B. mori.

Detoxification Clan A. assamensis 8. litura  B. mori
related gene
families
Clan 2 8 11 7
Cytochrome P450 Clan 3 55 53 28
(CYP450) Clan 4 53 56 35
Mitochondrial 14 11 13
total 130 131 83
Glutathione-S-
transferase (GST) € 15 19 8
8 8 3 4
® 3 3 4
o 5 6 2
0 1 1 1
¢ 2 2 2
Microsomal 5 3 0
Uncharacterized 5 3 2
Metaxin 1 2 0
Total 45 42° 23
ABC transporter ABC-a 10 11 8
ABC-b 12 13 9
ABC-c 13 17 10
ABC-d 2 2 2
ABC-e 1 1 1
ABC-f 3 3 3
ABC-g 18 22 15
ABC-h 3 7 3
Total 62 76 51

? Cheng et al. 2017, reported total 47 GST sequences in S. litura but only 42
unique GST sequence were retrieved from the NCBI database.

degradation in other species [41]. The results of the study are consistent
with previous findings that expansions in CYP3 and CYP4 clans are
involved in xenobiotic metabolism and enhance the insect’s ability to
detoxify various toxic substances allowing the insect to feed on a wide
range of plants and become tolerant to insecticides.

3.6.2. Comparative phylogeny of Glutathione-S transferase of
A. assamensis

The Glutathione S-transferase gene family plays an important role in
detoxification and cellular defense against oxidative stress in insects and
other organisms. The evolution of the GST gene family in insects has
been shaped by a combination of gene duplication, divergence, and loss
events, leading to the diversification of GST functions in different insect
groups [70]. In A. assamensis, a total of 45 genes encoding GSTs proteins
were identified which includes 40 cytosolic GSTs and 5 microsomal
GSTs (Table 3). A comparison of GST sequences among the
A. assamensis, S. litura and B. mori revealed that A. assamensis has an
approximately similar number of GSTs as S. litura [41] and a higher
number than B. mori [71]. Based on the phylogenetic analysis, the GSTs
are classified into delta, epsilon, omega, sigma, theta and zeta, metaxin,
and microsomal. Among them, the largest and most abundant class of
GST in A. assamensis is the epsilon class followed by delta (Fig. 5) The
phylogenetic tree suggested that the epsilon GSTs are further distributed
in 5 different sub-clades, indicating internal variation among these
members. Many studies have recognized the specific functions of epsilon
and delta GSTs regarding insecticide resistance, and they are widely
recognized as important contributors to the development of insecticide
resistance in insects [72,73]. The expansion of the epsilon and delta GST
class in polyphagous insects may provide an adaptive advantage against
the plant secondary metabolites present in a wide variety of host plants
[41].

3.7. Identification and Phylogeny of ABC transporters

The ATP-binding cassette transporter gene family is a large and
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Fig. 4. Phylogenetic analysis of CYP450 gene family among in A. assamensis, S. litura and B. mori genomes. Node names in blue, pink and green colors represent
S. litura, A. assamensis and B. mori sequences respectively. Based on sequence similarity CYP450 sequences have been clustered in 4 major groups, Clan 2, Clan 3, Clan
4 and Mitochondrial CYPs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

diverse group of genes that encode for transmembrane proteins involved
in the transport of a wide variety of molecules across cell membranes.
These transporters utilize ATP as an energy source and play an impor-
tant role in the defense against xenobiotics, including insecticides,
multiple drugs, and allelochemicals [41,74] In A. assamensis, the ABC
transporter genes were annotated and compared with S. litura, and
B. mori. Our analysis showed a total of 62 ABC transporter genes in the
A. assamensis genome, 76 in S. litura, and 51 in B. mori (Table 3), further
these genes were categorized into 8 subfamilies (a to h) (Fig. 6). The
subfamily ABC-g contains half transporters, the genes belonging to this
subfamily either contain NBD-TMD or TMD-NBD domain organization.

Our analysis showed, S. litura contains 22 half transporters while
A. assamensis and B. mori have 18 and 15 copies of half transporters
respectively. The subfamilies ABC-b and ABC-c, that confer multidrug
resistant, showed a higher number in S. litura and A. assamensis. The
majority of the full transporter (NBD-TMD-NBD-TMD) belonging to
subfamilies ABC-a, ABC-b and ABC-c were identified in S. litura [35],
A. assamensis, and B. mori [15] (Fig. 6). The results suggest that the
S. litura and A. assamensis have expansion of subfamilies (ABC-b and
ABC-c) of ABC transporter genes that may contribute towards enhanced
resistance to xenobiotics [60,75]. The presence of full transporters in all
three species suggests that they are capable of active transport of
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Fig. 5. Phylogenetic analysis of GST gene family among in A. assamensis, S. litura and B. mori genomes. Node names in blue, pink and green colors represent S. litura,
A. assamensis and B. mori sequences respectively. Based on the similarity sequences have been clustered in different groups, Epsilon, Delta, Sigma, Omega, Zeta,
Theta, Metaxin and microsomal classes. Three clusters Uc-1, Uc-2 and Uc-3 represents the functionally classified GST sequences. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

molecules across cell membranes. However, the ABC-e and ABC-f sub-
families, which contain two ATP binding domains but lack TMDs, did
not show any expansion. These proteins are not involved in molecule

transport but are active in other functions that are essential for cell
viability [76].

3.8. Collinearity analysis between A. assamensis and A. pernyi genomes

We used MCScanX [52] to search syntenic blocks between
A. assamensis and A. pernyi genomes based on the protein sequence
homology identified through a reciprocal best-hit approach with an e-
value cutoff of 1e !0, We selected the A. pernyi genome for synteny
analysis because it belongs to the same genus (Antheraea) as

A. assamensis and has a chromosomal level assembly [34]. Syntenic
blocks represent the order of homologous genes derived from a common
ancestor shared between the genomes. In our analysis, we found a total
of 592 collinear blocks between 49 chromosomes of A. pernyi and 463
scaffolds of A. assamensis genomes. A total of 7551 (41%) genes of
A. assamensis were present in syntenic blocks with 7536 (35.16%) genes
A. pernyi. Fig. 7 shows the syntenic blocks between A. assamensis scaf-
folds and chromosome 1 of the A. pernyi genome. The functional
annotation of these genes showed that they belong to diverse cellular
processes (Supplementary Table 13a). Further, GO enrichment analysis
showed the over-represented GO terms such as organic cyclic compound
binding, protein binding, nucleoside phosphate binding, and signaling
receptor regulator activity (Supplementary Table 13b).
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3.9. Duplicated gene families in A. assamensis genome

We identified high-similarity homologous genes within the
A. assamensis genome using a self-BLAST search approach using
A. assamensis protein sequences. The obtained results were parsed
through the HSDFinder tool [49] to get gene sequences with a minimum
of 80% sequence identity and 30 amino acid length variation. With this,
we identified 687 paralogous gene families in the A. assamensis genome.
A total of 1,726 paralogous genes were present in these families which is
equivalent to 9.38 % of the total identified genes in this genome. The top
gene families based on the number of sequences present in the family
were neuro-filament medium polypeptide-like (32 copies), chorion class
A protein Ld19-like (24 copies), histone gene family (H2A, H2B, H3, and
H4; 15 copies of each gene), tubulin beta chain-like (13 copies), histone
H1B-like (11 copies). The details of duplicated gene families are given in
Supplementary Table 14a. Out of 687 paralogous gene families, 307
gene families were tandemly duplicated. The majority of tandemly
duplicated gene families were of small size. Since we found a significant
fraction of the total genes (9.38%) present as duplicated genes, to
investigate whether these genes are under selection constraint or not, we
calculated pairwise Ka/Ks values. The Ka/Ks ratio for four gene pairs
was found to be >1 (p-value <0.05) which shows the sign of diversifying
selection on these genes. The functional analysis of these genes showed
their association with insect immunity (Moricin-like and Histidine-rich
glycoprotein-like) and circadian rhythm-related genes (Circadian
clock-controlled protein-like) (Supplementary Table 14b). A large frac-
tion of the paralogous gene families (572 gene pairs) were shown to
have a Ka/Ks ratio of <1 suggesting these genes are under purifying
selection (Supplementary Table 14c). The normal functioning of these
genes may be essential for the silkworm, hence the purifying selection
acts as a guard to remove the deleterious mutations from the genome.

3.10. Silk genes of A. assamensis

A recent report describes the gene coding for silk fibroin-H chain
from muga silkworm along with structurally important motifs respon-
sible for its much sought-after properties. The fibroin-H of A. assamensis
has longer, numerous, and relatively uniform repeat motifs with lower
serine content that assume tighter p-crystals and denser packing, which
are speculated to be responsible for its acclaimed properties of higher
tensile strength and higher refractive index responsible for golden luster
[771.

From the functionally annotated data set, we searched the genes
related to silk proteins such as silk fibroin, sericin, and p25 genes. We
identified a single homolog of a fibroin-heavy chain and two copies of
p25 genes (Table 4). An earlier study on Saturniidae silkworm reported
the presence of only a single fibroin-heavy gene in these insects [42].

Sericin is a group of serine-rich cocoon proteins produced by silk-
worms. It is known as glue protein, which binds fibroin fibers. Three
genes coding for sericin proteins have been identified and characterized

Table 4
Silk and pigment binding related genes in A. assamensis genome.
S. Gene ID Description Protein E-value
no. length
1 WT.00 g049290. Fibroin heavy chain 2423 1.02E-
mO01-vl.0.al 34
2 WT.00 g102360. Sericin 259 2.56E-
mO01-v1.0.al 70
3 WT.00 g081480. Sericinl 1351 0
mO01-v1.0.al
4 WT.00 g099650. Silk protein P25 239 1.25E-
mO01-vl.0.al 82
5 WT.00 g135720. Fibroin P25 969 3.26E-
mO01-v1.0.al 96
6 WT.00 g146160. Carotenoid-binding 296 0
mO01-v1.0.al protein
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in B. mori [78-80]. The most abundant silk sericin of B. mori is encoded
by the single gene Bombyx sericin 1 (Serl) which gives rise to mature
mRNAs through differential splicing of the primary transcript [78,81].
This maturation is a tissue- and developmentally- regulated process and
the corresponding sericin proteins can be visualized as distinct layers
piling up around fibroin in the middle silk gland. The structure of this
gene is characterized by the presence of a large central alternative exon
that encodes an internally repetitive sequence.

Not much is known about the sericin genes of saturniid silkmoths
except for two studies on sericin protein extraction from cocoons
[82,83]. Sequences of Bombyx sericin 1, sericin 2, and sericin 3 were
obtained from the NCBI database and were aligned with the genomes of
saturniid silkmoths ie., A. assamensis (this study), A. pernyi [34],
A. yamamai [35], A. mylitta (GCA_014332785.1 AM_v1.0), and S. ricini
[42] and Bombycidae silkmoth i.e., B. mandarina. A significant number
of hits were obtained against sericin 1 and sericin 2 in all the genomes
analyzed, but no hits were obtained against sericin 3 in saturniid silk-
moth genomes. Hits against sericin 3 were obtained only in the
B. mandarina genome.

4. Discussion

Muga silk produced by A. assamensis is the sole source of natural
golden brown colored silk, and therefore, this species is invaluable to the
silk industry. Muga silk production has an important role in employment
generation and improving rural income. Thus, the development of
A. assamensis sericulture helps the farmers of North-eastern states
economically. However, due to outdoor rearing, A. assamensis crops are
easily affected by disease outbreaks and seasonal fluctuations in weather
conditions, resulting in high annual economic losses. Traditional
breeding methods did not yield satisfactory results for obtaining
A. assamensis breeds resilient to biotic or abiotic stresses. Moreover, the
lack of genomic information has significantly hampered the genetic
research and molecular breeding work on A. assamensis. Considering the
economic importance and lack of genomic resources, here, we report a
high-quality draft genome of A. assamensis. By employing two different
sequencing platforms and implementing three diverse library strategies,
we successfully assembled the genome of A. assamensis. The assembled
genome, spanning 501.8 Mb in 2697 scaffolds with an N50 value of
683.23 Kb and a genome BUSCO score of 98% reflects the positive
outcomes of adopting long-read sequencing along with mate-pair Illu-
mina libraries. This approach enhances resolution in complex genomic
regions and enables the assembly of more contiguous and accurate ge-
nomes. However, it’s worth noting that our current assembly, based on
approximately 4x long-read data, presents an opportunity for further
refinement through the addition of more long-read data to achieve an
even more complete genome assembly. Approximately 49% of the
A. assamensis genome was identified to be composed of repetitive ele-
ments. In contrast to the A. pernyi and B. mori [34,36], we found over
representation of DNA elements (22%) than the LINE elements (7.93%)
in the A. assamensis genome. The genome is predicted to contain 18,385
protein-coding genes with a mean gene length of 9750 bp (Table 2).
Through BLAST homology and domain search, functional annotation of
86.29% of the predicted genes was achieved. We identified a single
homolog of a fibroin-heavy chain (2423 aa) (Table 4) in the
A. assamensis. Unlike the B. mori silk fiber, the saturniid moths contain
only a single fibroin chain (H-fibroin) and the gene for fibroin light chain
is believed to be absent in these moths [34,35,42]. The absence of
fibroin light chain in Saturniidae moths could be a common feature of
sericigenous insects from this family. The liquid silk structural analysis
from the posterior and middle silk gland of A. assamensis showed that o
helical structure is predominant in the posterior silk gland while p-sheet,
random coil, and f-turn structural components are predominant con-
formations in the liquid silk form middle silk gland [84,85]. The genome
annotation also revealed that the A. assamensis genome has two copies of
p25 (Table 4). Further, our analysis identified a single homolog of the
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carotenoid-binding protein responsible for controlling the cocoon colour
trait in B. mori [86]. Although, the homolog of carotenoid-binding
protein is present in the A. assamensis genome, whether this gene is
responsible for the golden colour of the muga silk, requires in-depth
molecular analysis.

The comparative genome analysis of A. assamensis with ten selected
genomes revealed that 78.33% (14,402) of the A. assamensis genes were
clustered with gene sequences from the selected organisms. In the
A. assamensis genome, a total of 140 species-specific clusters (Fig. 2C)
containing 379 genes were identified. Comparative genome analysis
revealed a total of 2421 genes unique to A. assamensis, including those
found in species-specific clusters and singletons. Out of the 2421 genes,
BLAST hits for only 335 genes were found in NCBI-nr insecta sequences.
A large proportion of A. assamensis specific genes are uncharacterized
and do not have homologs in other organisms. Out of the total 2421
genes, expression support for 935 genes was found in RNA-seq data.

We performed synteny analysis between A. assamensis and A. pernyi
genomes based on the protein homology. Although both the organisms
belong to the same genus they show a large variation in chromosome
numbers (A. assamensis n = 15 and A. pernyi n = 49). Our analysis
showed that 41% of A. assamensis genes were present in 592 syntenic
blocks with the A. pernyi genome. The phylogenetic analysis revealed
that A. assamensis diverged before the last common ancestor of
A. mylitta, A. pernyi, and A. yamamai (Fig. 3).

Duplicated genes provide source genetic material for the acquisition
and evolution of new functions in the genome through mutation, drift,
and selection. We analyzed the presence of duplicated gene families in
the A. assamensis genome. A total of 687 duplicated gene families were
identified in the A. assamensis genome (Supplementary Table 14a). The
analysis revealed the highest number of neuro-filament medium
polypeptide-like (32 copies) followed by chorion class A protein Ld19-
like (24 copies), histone gene family (H2A, H2B, H3, and H4; 15
copies of each gene) gene families. Further, to analyze the role of
evolutionary forces acting on these paralogous genes, we calculated the
pairwise Ka/Ks ratio. Our analysis showed a total of 576 gene pairs
where the Ka/Ks ratio was significantly (P-value <0.05) less than one
(Ka/Ks < 1) (Supplementary Table 14c), suggesting that these genes are
under negative selection (purifying selection) and changes in nucleotide
sequences of these genes may be deleterious hence these changes are
removed from the next generation. Out of the total identified paralogous
gene families only four pairs of genes showed signs of diversifying se-
lection (Ka/Ks >1; P-value <0.05) these genes include antimicrobial
peptide gene “Moricin-like”, multifunctional, and immunity-related
gene “Histidine-rich glycoprotein-like” and circadian rhythms related
genes “Circadian clock-controlled protein-like” (Supplementary
Table 14b). The functional divergence of immunity-related genes is
known in many organisms. Divergence in these genes may provide the
host with new functionality for the recognition and removal of the new
pathogen or its sub-variant.

The evolution of the GST, ABC transporter, and CYP450 gene fam-
ilies in insects is associated with their feeding behavior. These gene
families play important roles in the detoxification of toxic compounds,
including plant secondary metabolites and insecticides, which insects
encounter through their diet. Studies have shown that the evolution of
GST, ABC transporter, and CYP450 gene families in insects has been
shaped by a combination of gene duplication, divergence, and loss
events, leading to the diversification of their functions and the adapta-
tion of insects to their diets and toxic environments [41,65,66,69]. For
example, some GSTs in insects have evolved to metabolize specific
classes of compounds, such as glucosinolates in cruciferous plants, while
others are involved in the detoxification of insecticides [72,73]. Simi-
larly, different ABC transporters have evolved to transport different
classes of compounds, such as phospholipids and lipophilic compounds,
while CYP450s are involved in the metabolism of a wide range of
compounds, including plant secondary metabolites and insecticides
[41,65,74]. Overall, the GST, ABC transporter, and CYP450 gene
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families play crucial roles in the feeding behavior of insects, as they help
insects to adapt to their diets and to cope with the toxic compounds
present in them. In A. assamensis a total of 130 CYP450, 45 GST, and 62
ABC transporter gene families were identified (Table 3). Comparative
analysis showed the expansion of these gene families in polyphagous
insects (S. litura and A. assamensis) in comparison to monophagous
(B. mori). The expansion of these gene families in S. litura and
A. assamensis may provide an adaptive advantage to feed on different
host plants.

The genomic resources generated in this study will immensely
benefit the future genomic and molecular intervention for the
improvement of muga silkworm. The analysis of paralogous gene fam-
ilies showed that some gene families are under evolutionary selection
constraints. The unique gene families present in this genome may be
involved in providing adaption abilities to this silkworm in its peculiar
habitat requirements. The draft genome provides a foundation for in-
depth analysis of various genes and genetic loci linked to silk produc-
tion, immune response, insect behavior, and sex determination.

With complete genome sequences now available for five saturniid
silkmoths, A. assamensis, A. mylitta, A. pernyi, A. yamamai, and S. ricini,
future research should focus on comparative genomics, particularly in-
sect behavior. These wild silkmoths exhibit distinct behaviors for
example, A. assamensis demonstrates positive geotropism and negative
phototropism during late larval stages, S. ricini displays crowding
behavior which is an essential factor for indoor rearing of silkworms,
mature larvae of A. mylitta spin cocoon on trees and they produce strong
peduncle to hang the cocoon. Such mutually exclusive behavioral pat-
terns are fascinating to study and the availability of genome sequence
information facilitates such studies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygeno.2024.110841.
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