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Abstract
Background: While most adult butter�ies are nectarivores, some brush-footed species evolved
saprophagy. High-quality genomes will provide a backbone for untangling this unique feeding strategy's
genetic mechanism and evolutionary history.

Results: We assembled a chromosome-level genome for a typical saprophagous butter�y species,
Hestina assimilis (Lepidoptera: Nymphalidae). The assembled genome was 423.87 Mb long with the
scaffold N50 of 15.84 Mb, and 96.2% scaffolds were anchored onto 30 chromosomes. The BUSCO
(version 5.2.2, lineage insecta) completeness was 99.3%. We predicted 16,815 coding genes and found
that 46.37% of the genome were repetitive sequences. The populations of H. assimilis increased
dramatically after the last interglacial period of the Pleistocene. Comparative genomics analysis showed
that H. assimilis clustered with another saprophagous species, Vanessa tameamea, and they diverged
from a nectarivorous butter�y species, Heliconius erato, approximately 78.4 million years ago, suggesting
that the transition to saprophagy was an ancient evolutionary event. The unique and signi�cantly
expanded gene families were relevant to feeding strategies and food intake functions, such as digestion,
detoxi�cation, chemoreception, immunity, nerves and development. The expansion events were also
involved in processes of acid chemical response and alcohol biosynthesis. Furthermore, we detected 23
odorant-binding protein (OBP) genes-- two key antennal OBP genes, PBP-A and PBP-B, were absent.

Conclusions: Our results provided insights into the genetic mechanism of feeding habits as well as
provides an important resource for future butter�y genome sequencing projects.

Background
Most adult butter�ies are �ower visitors and nectarivorous with their strong dependence on �ower nectar,
but a considerable number of butter�ies forage for various non-nectar foods, such as rotting fruit,
honeydew, tree sap, mud, carrion, and dung [1-3]. These species have signi�cant morphological variation
in their proboscis, which appears to be related to their specialization and adaptation with respect to the
physical properties of non-nectar foods [4]. Compared with nectar foods, non-nectar foods are
signi�cantly different from �ower nectar in their chemical properties, including low sugar
concentrations and the presence of fermentation products (ethanol and acetic acid) [1, 5]. Saprophagous
butter�y could adapt to the compositional characteristics of such rotting foods and showed feeding
responsiveness to the low sugars with the fermentative products [1, 6]. Although such feeding habits are
intriguing from the ecological and evolutionary aspects of food utilisation in adult butter�ies, the
saprophagous mechanism at the genetic level is still not clari�ed. 

Hestina assimilis Linnaeus, 1758 (Lepidoptera) is a larger species of Nymphidae with strong adaptability
and wide distribution, which occurs in all provinces of China and mostly in forest areas [7]. It �ies quickly
and has a beautiful appearance. It is marked by 4-5 Red spots on the outer edge of its rear wing, so it has
another name Red Ring skirt [8]. It is a typical saprophagous butter�y and the adults could utilize the
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diluted liquid of humus such as tree sap, rotting fruits even feces. Due to this trait, H. assimilis have
increased suitability, with their successful range expansion and growth population [9]. Therefore, H.
assimilis can be used as ideal model for exploring the mechanisms of saprophagy [10]. However, the
absence of genomic information about H. assimilis has limited further study into the molecular
mechanisms of its eating habits and evolutionary characteristics [11].

With the development of new sequencing technologies, the increasing species’ genome has been
acquired [12-16]. Deep sequencing data can provide comprehensive information about genomes and
gene expression pro�les [17]. High-quality genomes of some butter�ies have provided new insights into
the molecular mechanisms of their ecological and evolutionary characteristics [18-23]. For instance, the
analyses of the pigmentary genes based on the genome of Kallima inachus, revealed the mechanism
underlying protective resemblance and insights into the molecular basis of protective coloration [24].
Heliconius melpomene genome reveals promiscuous exchange of mimicry adaptations among
species [25]. The Danaus plexippus genome enhances our ability to better understand the genetic and
molecular basis of long-distance migration [26]. 

To unravel the genomic signatures behind the saprophagy in butter�y, we �rst performed a high-quality
chromosome-level reference genome assembly of H. assimilis. Then, we conducted a genomic
comparative approach and performed a phylogenomic reconstruction to identify gene families related to
feeding dietary. Finally, we identi�ed the key genes associated with the diet. 

Results
Genome sequencing and de novo assembly 

We obtained 62.39 Gb (150×) of nanopore long-reads and 49.65 Gb (120×) of Illumina paired-end reads
to construct the contig-level genome for this butter�y. We �rst used nanopore long-reads for de novo
assembly. Due to the high error rate of the nanopore reads, the assembly was then polished three times
using Illumina short reads. Our result indicate that 95.27% Illumina reads were mapped to the initially
assembled genome with a near normal distribution. For completeness assessment, the Nanopore reads
were mapped back to the assembly. After above steps, a 423.87 Mb assembly (scaffold:53, N50: 14.32
Mb) was yielded, which is consistent with the genome size estimated based on the k-mer analysis
(421.41 Mb) (Fig. S1). The BUSCO completeness value in assembly was 99.1%. 

Chromosome-level assembly and synteny analysis

Combined with 24.7 Gb (50×) of Hi-C fragment libraries sequencing, 96.2% scaffolds from H. assimilis
were anchored onto 30 chromosomes, ranging from 1.48 Mb to 34.8 Mb in length, and 2 small unplaced
scaffolds (Fig. S2). The karyotype of H. assimilis (n=30) was suggested. Finally, a 423.87 Mb (scaffold
N50: 15.84 Mb, GC content: 35.4%) of haplotype genome assembly without heterozygous sequence was
yielded. The BUSCO completeness value in the assembly was 99.3%. We also applied BUSCO analysis to
other published Nymphalidae genomes using the same parameters and subsequently compared the
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completeness of each genome assembly. The results showed that genome assembly integrity of H.
assimilis is comparable to, or higher than, the others and is therefore adequate for further analysis (Table.
S1, Fig. S3). 

Using D. plexippus as reference, which is a kind of nectarivorous butter�y, synteny analysis revealed that
H. assimilis and D. plexippus have highly consistent and extensive gene collinearity, which suggests that
the close relationship between these two species at the gene level and the similarity of chromosome
structure (Fig. 1). Compared with D. plexippus, H. assimilis has no large-scale chromosome
rearrangement. Our results preliminarily excluded the in�uence of the chromosome rearrangement on the
feeding habits of butter�ies.

Synteny alignment of the H. assimilis and D. plexippus. The tagged HA01 to HA30 refer to the
chromosomes of the sequenced H. assimilis and the black columns refers to the chromosomes of D.
plexippus. The densities of GC contents, DNA variations in H. assimilis are shown in the outer rims in
orders.

Gene prediction and functional annotation

Using EDTA, we identi�ed ~ 46.37% of the assembled genome as repetitive sequences (Table S2). Among
them, the repetitive sequences were dominated by DNA transposons (25.75%) and long terminal repeats
(LTRs, 15.68%). By integrating the methods of ab initio, homology-based and transcriptome-based
prediction, a total of 16,815 protein-coding genes were identi�ed and the BUSCO value was 98.0% in the
H. assimilis genome. In total, 13,747 (81.8%), 15,084 (89.7%) and 9,807 (58.3%) predicted genes were
supported by functional annotation from the eggNOG-mapper, Interproscan and UniProt/SwissProt
databases (Table S3-5). The average lengths of gene and CDS were 1,447 bp and 8,678 bp, which was
comprehensive in the comparison of 14 other lepidoptera species (Fig. S4). Pfam motif results show that
the most abundant three classes of motif were RVT_1, Exo_endo_phos_2 and rve (Fig. S5), which were
important proteins closely related to transcription.

Demographic history reconstruction 

H. assimilis is highly adaptable and widely distributed. This species adapts to the present distribution
environment, showing rich genetic polymorphism. PSMC analysis showed that after the last interglacial
period of pleistocene, the effective population size of H. assimilis increased dramatically and reached to
millions (Fig. 2). During this period, the climate changed warm and wet, with the widely distributed tree
residues or pollen, which provided an indispensable material basis for saprophagous butter�y.

Comparative genomic analysis

Comparative genomic analyses were performed between H. assimilis and 14 other lepidopteran species
(Aricia agestis, Danaus plexippus, Heliconius erato, Leptidea sinapis, Manduca sexta, Papilio polytes,
Papilio xuthus, Papilio bianor, Pararge aegeria, Parnassius apollo, Pieris rapae, Spodoptera frugiperda,
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Vanessa tameamea and Zerene cesonia). We found 112 unique gene families in H. assimilis (Fig. 3A).
Among the common gene families, H. assimilis has 1000 expansion and 513 contraction gene families.

By reconstructing the phylogenetic tree, H. assimilis and the same saprophagous butter�y V. tameamea
formed a branch, and diverged approximately 55.69 million years ago (Mya). They diverged from
nectarivorous butter�y H. erato about 78.4 Mya, suggesting that the change of feeding habits was
caused by early evolutionary events (Fig. 3B). In addition, 93 gene families were expanded and 426 were
contracted at H. assimilis and V. tameamea’s common nodes, among which 11 and 8 were signi�cant
(p<0.01). The signi�cant expansion gene families were involved in the activation of immune cells and
process for oligosaccharide metabolic, but this branch also showed the contraction events were engaged
in regulation of gonad development (Table S6).

A Venn diagram of H. assimilis and 14 other lepidopteran species gene family. The petals represent the
number of unique gene families to each species. B Phylogenetic analysis of H. assimilis. The number
beside each node denotes the estimated divergence time (million years ago) of two connected clades.
The arrow indicates the gene family that signi�cantly expanded (+) and contracted (-) at this node. The
red pentagram indicates the gene families: immune cells activation (leukocyte GO:0045321, B cell
GO:0042113 and lymphocyte GO:0046649), oligosaccharide catabolic process (GO:0009313), mannose
metabolic process (GO:0006013) and RNA splicing (GO:0008380), etc., expand at this node.

Positive selection analysis

The values of Ka, Ks and Ka/Ks reveals patterns of functional gene evolution. Compared with V.
tameamea and H. erato, we searched for the rapid evolution of genes associated with dietary habits in H.
assimilis. Positive selection analysis showed that the rapidly evolving genes could not be found (Ka/Ks
ratios< 1), due to too long differentiation time in these three species (Fig. 4). The result also indicated that
the genetic background of the three butter�y species had been changed along with differentiation, and
most of the gene functions were mainly related to the collateral origin specialized genes (speci�c genes
and gene families) (Fig. S6).

Functional enrichment of target gene family

To understand and trace changes associated with saprophagous dietary, functional analysis was
performed on the horizontal transfer gene family, unique gene family and expansion gene family of H.
assimilis. Among them, 32 gene families were horizontal transfer gene family and the function were
mainly associated with chromosome assembly, cellular component biogenesis and other structural
functions (Fig. 5A, Table S7). For 112 unique gene families, the signi�cant gene family enrichment
functions were related to macromolecule metabolism, response to external stimulus, cell development
and differentiation, locomotion and immune cell activation (Fig. 5B, Table S8). Furthermore, 186 gene
families across H. assimilis exhibited expansions, and the signi�cant gain on gene families was involved
in process for organonitrogen compound, carbohydrate and lipid metabolic, the cellular response to
external stimulus and detoxi�cation, etc. And we also found expansion events involved in the response to
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acid chemical and regulation of alcohol biosynthetic process (Fig. 5C, Table. 1). In H. assimilis, most of
the enzymes analysed involved in nitrogen compound and lipid metabolic pathways such as trypsin-like
serine protease, acyltransferase and enoyl reductase might re�ect the diversity of its diet (Table S9). 

A GO enrichment of horizontal transfer gene family. B GO enrichment of unique gene family. C GO
enrichment of expansion gene family. 

Table. 1 GO enrichment for signi�cant gene families of habit food.

Species and nodes  

Function and metabolic pathway

 

GO

 

P-value <
0.01

H. assimilis 

Expansions

+ response to extracellular stimulus

+ response to acid chemical

+ response to nutrient

+ response to starvation

+ fucose metabolic process

+ immune system process

GO:0009991

GO:0001101

GO:0007584

GO:0042594

GO:0006004

GO:0002376

0.0028

0.0032

4.34E-04

0.0025

6.64E-08

0.0021

       

H. assimilis 

 

Unique

+ leukocyte activation

+ B cell activation

+ locomotion

+ nitrogen compound metabolic
process

+ lymphocyte activation

+ heterocycle metabolic process

GO:0045321

GO:0042113

GO:0040011 

GO:0006807 

GO:0046649

GO:0046483

9.13E-04

8.53E-09 

4.52E-04 

0.0030

1.47E-06

0.0085

       

H. assimilis and V. tameamea
node

 

Expansions

 

+ leukocyte activation

+ B cell activation

+ oligosaccharide catabolic process

+ mannose metabolic process

+ lymphocyte activation

GO:0045321

GO:0042113

GO:0009313

GO:0006013

GO:0046649

9.13E-04

0.0010

0.0035

0.0045

0.0059
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Note: “+”: expansion.

Key gene screening

The successful capture of food is attributed to the ability of H. assimilis to effectively perceive
information in the environment. The results of comparative genomic analysis showed that the OBP gene
family was contracted. Here, we have comprehensively screened the genome of H. assimilis and
determined 23 putative odorant binding proteins (OBPs), including 2 General Odorant-Binding Proteins
(GOBPs), 2 Pheromone-Binding Proteins (PBPs) and 19 OBPs. These genes were distributed across 12
scaffolds and some of the H. assimilis OBP genes were located within the same cluster. For example,
Hass-OBP10, Hass-OBP11, Hass-OBP12, Hass-OBP13 and Hass-OBP14 were located on the region of
scaffold 17. Another four OBP genes (Hass-GOBP1, Hass-GOBP2, Hass-PBP-C and Hass-PBP-D) resided
in the scaffold 16 (Table S8). Among them, 10 OBPs belonged to minus-C subfamily and others were
classi�ed as classic subfamily (Fig. 6A Table S10). We also found that GOBP1, GOBP2, PBP-C and PBP-D
of H. assimilis de�ned a unique clade, which was species-speci�c and related to host location.
Interestingly, compared with other species of lepidopteran, PBP-A and PBP-B were absent in H. assimilis
(Fig. 6B, 6C). We speculate that the change of feeding habits of H. assimilis may be related to the loss of
OBP gene. Future studies could evaluate the expression levels for OBP genes, and their regulation. 

Discussion
Sap-feeding and saprophagous habits are observed in a number of butter�y species, as well as in beetles,
hornets and �ies [1]. However, little is currently known about related genetic mechanisms. Our study
provides unprecedented knowledge of the genomic signatures behind the saprophagy in butter�y. We
assembled a high-quality chromosome-level reference genome of H. assimilis, which is the representative
of saprophagous butter�ies in China. The �nal assembled genome was 423.87 Mb, and approximately
96.2% of the scaffolds were ordered onto 30 chromosomes. The scaffold N50 is 15.84 Mb and BUSCO
completeness values is 99.3%, which set a new paradigm for future butter�y genome assemblies, and
even a model to investigate gene function and evolution.

Feeding is a complex behavior, including at least food intake itself and foraging or appetite behavior [27].
Surprisingly, we found that feeding habits have little to do with the overall structure of the genome. For
instance, compared H. assimilis with D. plexippus, which is the nectarivorous butter�y of the same family,
we could not �nd the large-scale chromosome rearrangements. The gene interval, intron length and
genome size were not much different from other butter�ies (Fig. S7).

Then, we found H. assimilis’s unique gene family has characteristics associated with the ability to
consume humus [1, 2], including gene families which were related to non-sugar (nitrogen compound,
heterocycle, and aromatic compound), carbohydrate (oligosaccharide, mannose, hexose and
monosaccharide) metabolic process (Table. 1). The result showed that although the sugar pro�les of
rotten food was signi�cantly lower than that of nectar, saprophagous butter�y species could still use
them [1]. On the other hand, we detected the signi�cant expansion in gene families for the dietary
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digestion (organonitrogen compound, carbohydrate and lipid metabolism) and signaling processes
(response to acid chemical, starvation, nutrient and external stimulus) (Table. 1). These are associated
with the strong ability of feeding, suggesting that this species is more adaptive to rotting foods (lower
sugar concentrations and fermentative products including alcohols and carboxylic acids). Our analyses
also found the expansion of genes involved in immune response (leukocyte, lymphocyte, B cell) and
detoxi�cation (cytochrome P450), which could help to explain how butter�ies that feed on non-nectar can
avoid the potentially adverse effects of their peculiar diet. These differences are likely associated with
lineage-speci�c aspects of physiology, ecology (e.g., niche resources, immune system, interactions), and
microbiomes.

We predicted that the changes in key genes may affect eating habits. To support our prediction, we have
comprehensively screened the genes which were related to eating habits in H. assimilis. We found OBP
genes were shown contraction. In this study, we have identi�ed 23 OBP genes for the �rst time in H.
assimilis genome. The number was less than D. plexippus, which has 32 OBP genes. Compared with M.
sexta, B. mori and D. plexippus of lepidopteran, PBP-A and PBP-B were absent in H. assimilis. Previous
studies have found that PBP transcripts were abundantly expressed in antennae, which appear to
contribute to the activation of odorant receptor neurons in the Antheraea polyphemus and B. mori [28,
29]. Moreover, PBP-A genes were shown to be closely associated with pheromone recognition in M. sexta
and Drosophila melanogaster [30]. Loss of the PBP-A genes was also proposed to be correlated with the
olfactory-visual shift in D. plexippus [16], while the function of PBP-B gene has not yet been reliably
veri�ed. Olfactory is the �rst step in food acquisition [3]. We consider that the loss PBP genes reduce the
sensitivity of sensory neurons to their odor ligands, which allows H. assimilis to perceive the odours of
rotting foods as attractive odors, even as attractive tastes. The next step is to evaluate the expression
level and regulation of this gene.

Conclusions
In conclusion, we provided a high-quality a chromosomal-level genome for H. assimilis which has been a
typical saprophagous butter�y in China. Comparative genomic analysis provided novel insights into the
genomic mechanisms of the feeding habit. Our results could not only serve as the genetic basis for in-
depth investigations of butter�y evolution and biological functions but also offers a valuable genetic
resource for future butter�y genome sequencing project.

Materials And Methods
Sample collection and sequencing

Ten female adult H. assimilis individuals (NCBI txid 378390) were collected from Hu County, Shaanxi
Province, China, in June 2021. Genomic DNA was extracted from both individuals using a DNAeasy
Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. Using the retrieved
genomic DNA, two DNA libraries were constructed for DNA sequencing on Illumina X-ten (Illumina HiSeq
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XTen, San Diego, USA) and Nanopore PromethION (Oxford Nanopore Technologies, Oxford, UK) platforms
[31]. A short-read Illumina sequencing library was obtained using approximately 1.5 ug of DNA according
to the standard sequencing kit protocol (NEBNext Ultra DNA Library Prep Kit for Illumina). A long-read
nanopore sequencing library was constructed using approximately 10 ug of DNA and the SQK-LSK109
Ligation Sequencing Kit, following the manufacturer’s instructions. The retrieved library had a mean DNA
fragment length of approximately 20 kb. Hi-C library was constructed, including cross-linking of
formaldehyde, restriction enzyme digestion, ends repair of fragments, DNA cyclization, DNA puri�cation
and other steps with MboI as the restriction enzyme.

Genome assembly and assessment

Before assembly, strict quality control was performed on the raw Illumina and Nanopore sequencing data
using Trimmomatic v0.39 [32] and Nano�lt v2.3.0[33], respectively. Low quality reads (Q30<90%) or those
that contained more than 5% unknown bases were removed. Environmental microbial contaminants were
removed by deleting sequences with hits in the GenBank Env_nt database
(ftp://ftp.ncbi.nlm.nih.gov/blast/db/). Approximately 62.39 Gb of raw reads were generated on the
Nanopore platform. A k-mer based analysis was performed to approximate genome size using genome
characteristics estimation [34, 35] using all short-read DNA sequences. This estimated genome size then
guided further assembly by assisting with software parameter adjustments.

NextDenovo (https://github.com/Nextomics/NextDenovo) was then used for the assembly of the genome
sequencing data with the recommended parameters. To improve the assembly accuracy, the generated
Nanopore sequence data assembly was polished using Pilon [36] with all Illumina data. For
completeness assessment, the Illumina reads and Nanopore reads were mapped back to the assembly
using Minimap2 [37], checking the correctness. ALLHiC pipeline [38] was used to conduct chromosome
anchoring based on the Hi-C sequences. The paramerters were adopted from the software’s manu.
Synteny analysis was conducted with the reference genome of Danaus plexippus (GCA_009731565.1)
using MCscanX [39]. The graphical view of the consensus map and other genome basic information,
including GC content and DNA variations, was displayed by CIRCOS [40]. Whole genome completeness
was assessed using BUSCO v 5.2.2 which benchmarks universal single-copy orthologs [41].

Repetitive elements and gene prediction

Repetitive elements were identi�ed using the EDTA pipeline [42]. The parameters were set as “--sensitive 1
--anno 1”. The divergence time of transposons for H. assimilis was estimated using parseRM using a
script ParsingRM.pl (https://github.com/4ureliek/Parsing-RepeatMasker-Outputs). We used the integrated
methods of ab initio and homology-based predictions to obtain a high-quality gene set. PASA (PASA,
RRID:SCR_014656) [43] and Augustus (Augustus: Gene Prediction, RRID:SCR 008417) [44] were used to
search for gene models. Species-speci�c transcript evidences were downloaded from NCBI SRA database
(SRR11149958, SRR11149959, SRR11149960, SRR11149961, SRR11149962, SRR11149963). For the
homology-based method, we downloaded gene sets for three related species in the same family: Vanessa
tameamea (GenBank accession: GCA_002938995), Heliconius erato (GenBank accession:
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GCA_018249695), and Danaus plexippus (GenBank accession: GCA_009731565). These homologous
protein sequences were concatenated and imported into GeneWise [45] to search for genes. Pseudogenes
were �ltered based on correct translation and the presence of mature stop codons. In addition, a
concatenated ab initio and homology-based gene prediction pipeline identi�ed genes using BRAKER[46].
Finally, all gene prediction results were merged using the Evidence Modeler [47].

Gene functional annotation

The gene set, along with their corresponding protein sequence, was extracted and inserted into functional
annotations. Functional annotation was performed by an integrated software Eggnog-Mapper (eggNOG,
RRID:SCR_002456, Version 2) [48]. The protein sequences of the H. assimilis genome were searched for
UniProt/SwissProt databases [49]. Interproscan software version 4.8 [50] was used for searching known
motifs and domains in the H. assimilis genome. The structural domain of interesting proteins was
searched in the Pfam 32.0 website. All these annotations can be found in supplementary Table. S3-5.

Phylogenetic reconstruction and gene family analyses

Gene families were identi�ed using the OrthoFinder software[51]. The protein sequences of H. assimilis,
along with the other 14 species,including Aricia agestis, Danaus plexippus, Heliconius erato, Leptidea
sinapis, Manduca sexta, Papilio polytes, Papilio xuthus, Papilio bianor, Pararge aegeria, Parnassius
apollo, Pieris rapae, Spodoptera frugiperda, Vanessa tameamea and Zerene cesonia,were used to search
for orthologous gene families. The coding sequences of the single-copy genes in these 15 species were
identi�ed, extracted, and aligned using the Multiple Alignment using Fast Fourier Transform program [52]
to construct a super-matrix. The r8s software[53] was used to build the phylogenetic tree and estimate the
divergence time. The calibration time was queried at www.time-tree.org. According to divergence times
and phylogenetic relationships,café [54] was used to determine the expansion and constriction of
orthologous gene families. Horizontal transfer, unique and signi�cant expansion (P<0.01) gene families
were also used for GO enrichment analysis (supplementary Table. S7-9). The enrichment of GO terms
was conducted using KOBAS 3.0[55].

Positive selection analysis

The non-synonymous substitutions (Ka) and synonymous substitutions (Ks) rate values were calculated
using the pipeline WGD (https://github.com/arzwa/wgd) and the results were further �ltered according to
the following parameters: Alignment Coverage > 0.6, Alignment Identity > 0.7, both Ka and Ks < 10.

The OBP identi�cation and analysis

We collected the published OBP sequences of insects from GenBank, and used this dataset to search for
OBP genes in the H. assimilis genome by using tblastn [56]. The resulting genomic regions containing
OBP genes were predicted using FGENESH [57]. Each predicted OBP protein was double-checked by the
common standard: a conserved cysteine pattern, a predicted size of 14 kDa and a signal peptide located
in the N-terminal [3]. For the phylogenetic analyses, we also collected GOBP/PBPs in 10 other

http://ftp//ftp.ncbi.nlm.nih.gov/blast/db/
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lepidopteran species, including Danaus plexippus, Heliconius Melpomene, Bombyx mori, Helicoverpa
armigera, Manduca sexta, Grapholita molesta, Chilo suppressalis, Plutella xylostella, Spodoptera littoralis
and Pieris rapae were used as queries [16, 58]. All the output sequences were manually checked, and
duplicate and redundant candidates were removed. Sequences were aligned using Clustal Omega
(http://www.ebi.ac.uk/tools/msa/clustalo/). Phylogenetic trees were constructed in MEGA7 software [59]
using the neighbor-joining method with 500-fold bootstrap resampling. Tree images were saved as nwk
and edited in ITOL (https://itol.embl.de/) [60]. All branches were manually collapsed to > 50% bootstrap
support.

Abbreviations
OBP: Odorant Binding Protein; GO: Gene ontology; LTR: Long Terminal Repeated; Ka: nonsynonymous
substitution rate. Ks: synonymous substitution rate. 
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Figures

Figure 1

Chromosome-level genome assembly of the H. assimilis.

Synteny alignment of the H. assimilis and D. plexippus. The tagged HA01 to HA30 refer to the
chromosomes of the sequenced H. assimilis and the black columns refers to the chromosomes of D.
plexippus. The densities of GC contents, DNA variations in H. assimilis are shown in the outer rims in
orders.
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Figure 2

Historical effective population size of H. assimilis with bootstrap results indicated with thin lines. The
unit of the x-coordinate is time (years).
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Figure 3

Comparative genomics analysis of H. assimilis.

A Venn diagram of H. assimilis and 14 other lepidopteran species gene family. The petals represent the
number of unique gene families to each species. B Phylogenetic analysis of H. assimilis. The number
beside each node denotes the estimated divergence time (million years ago) of two connected clades.
The arrow indicates the gene family that signi�cantly expanded (+) and contracted (-) at this node. The
red pentagram indicates the gene families: immune cells activation (leukocyte GO:0045321, B cell
GO:0042113 and lymphocyte GO:0046649), oligosaccharide catabolic process (GO:0009313), mannose
metabolic process (GO:0006013) and RNA splicing (GO:0008380), etc., expand at this node.
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Figure 4

Distributions Ka/Ks ratio for paralogs in H. assimilis.
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Figure 5

GO enrichment analysis summarized and visualized as a scatter plot.

A GO enrichment of horizontal transfer gene family. B GO enrichment of unique gene family. C GO
enrichment of expansion gene family. 
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Figure 6

The odorant-binding proteins (OBPs) identi�cation and analysis.

A Alignment of deduced protein sequences of OBPs identi�ed in H. assimilis. Six positionally conserved
cysteine residues are highlighted in red box. B GOBP/PBP gene clusters in H. assimilis and 10 other
lepidopteran species, including D. plexippus, H. melpomene, B. mori, H. armigera, M. sexta, G. molesta, C.
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suppressalis, P. xylostella, S. littoralis and P. rapae. C Structures of GOBP/PBP gene clusters from M.
sexta, B. mori, D. plexippus and H. assimilis.
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