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EVOLUTIONARY BIOLOGY

Multiple independent origins of the female
W chromosome in moths and butterflies

Min-Jin Han"?t, Chaorui Luo't, Hai Hu'?, Meixing Lin', Kunpeng Lu’, Jianghong Shen',
Jianyu Ren', Yanzhuo Ye', Eric Westhof'3, Xiaoling Tong''**, Fangyin Dai'**

Lepidoptera, the most diverse group of insects, exhibit female heterogamy (Z0 or ZW), which is different from
most other insects (male heterogamy, XY). Previous studies suggest a single origin of the Z chromosome. How-
ever, the origin of the lepidopteran W chromosome remains poorly understood. Here, we assemble the genome
from females down to the chromosome level of a model insect (Bombyx mori) and identify a W chromosome of
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approximately 10.1 megabase using a newly developed tool. In addition, we identify 3593 genes that were not
previously annotated in the genomes of B. mori. Comparisons of 21 lepidopteran species (including 17 ZW and
four Z0 systems) and three trichopteran species (Z0 system) reveal that the formation of Ditrysia W involves mul-
tiple mechanisms, including previously proposed canonical and noncanonical models, as well as a newly pro-
posed mechanism called single-Z turnover. We conclude that there are multiple independent origins of the W
chromosome in the Ditrysia (most moths and all butterflies) of Lepidoptera.

INTRODUCTION

Amphiesmenoptera, which include the Trichoptera and Lepidoptera,
have a different sex chromosome system (Z0/ZW, heterogametic fe-
males) to most other insect orders (XY system, heterogametic males)
(1, 2). A previous study showed that the Z and X chromosomes of
winged insects evolved from independent ancestral chromosomes
(3). Furthermore, the Z chromosomes of Amphiesmenoptera have a
unique origin due to their deep conservation in some distantly
related moths (4, 5). However, the origin of the lepidopteran W chro-
mosome, which is mainly present in Ditrysia, is unclear. The lepi-
dopteran W chromosome is absent in early divergent lineages (such
as Micropterigidae) of the Lepidoptera and their closely related or-
der, the Trichoptera. Consequently, the Z0/ZZ sex chromosomes are
considered the ancestral system of Lepidoptera and Trichoptera
(Caddisfly) with the W chromosome acquired secondarily by Lepi-
doptera (2, 6, 7). Current views on the origin of W are based mainly
on comparisons of Z chromosomes and direct comparisons of the W
chromosomes in a limited number of species. For example, compari-
sons of Z chromosomes in some moths indicate that the W chromo-
some of Cameraria ohridella (family Gracillariidae) is generated by a
canonical process (Z-autosome fusion), whereas the W of Ditrysia is
thought to result from a noncanonical mechanism (recruitment of a
B chromosome, which represents a dispensable chromosome) (5, 8).
Furthermore, a comparative genomics study in two butterflies not
only supports the hypothesis of a B chromosome origin but also sug-
gests that independent origins of the W chromosome have occurred
in butterflies due to the lack of homology between the W sequences
of Danaus iulia and Kallima inachus (9). To better understand the
origin of the W chromosome in Lepidoptera, particularly in Ditrysia,
comparative genomic analyses with a larger number of lepidopteran
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species are needed. Recently, following the development of sequenc-
ing technologies, more and more lepidopteran genomes contain-
ing the W chromosome have been published (10-23). These data
allow the exploration of the origins of the W chromosome through
genomic comparisons.

The silkworm, Bombyx mori, is not only an economically impor-
tant insect but also a model insect species whose importance is sur-
passed only by that of Drosophila melanogaster (24, 25). Over the
past two decades, research on silkworm genomics has made remark-
able progress. Since the publication of the draft silkworm genome in
2004 (26, 27), population-scale resequencing data of the silkworm
genome (28, 29), the chromosome-level reference genome (30, 31),
and the high-resolution pan-genome (30) have been published suc-
cessively. However, the silkworm W sequences have not been de-
scribed in these genomic studies due to their highly repetitive
nature, which poses a great challenge during identification and as-
sembly (31). To date, knowledge of the B. mori W chromosome has
come mainly from a small amount of bacterial artificial chromo-
some sequences (479 fragments with a total size of 1.39 Mb) (32)
and a few short reads (3679 reads with a size of 1.23 Mb) (33). The
identification of additional or complete W chromosome sequences
is crucial for understanding the mechanism of sex determination in
silkworms. A good understanding of this mechanism could eventu-
ally promote sericulture by enabling the rearing of males only by
female-male inversion (rearing male silkworms has many economic
advantages) (34), which also has implication for sex-specific control
of lepidopteran pests (35-37).

In this study, we therefore set out to develop methods for obtain-
ing high-quality W chromosome sequences in B. mori and to inves-
tigate the origin of the W chromosome in Lepidoptera, particularly
in Ditrysia. We developed a pipeline to identify W-linked sequences
based on the chromosome quotient (CQ). We also assembled the ge-
nome of females of B. mori at the chromosome level by combining
PacBio long reads and Hi-C data. Last, we performed comparative
genomic analyses on 24 species, including 21 lepidopterans (includ-
ing 17 ZW/ZZ systems and 4 Z0/ZZ systems) and three trichopteran
samples (Z0/ZZ system), to investigate the origin and evolution of
the W. Our study provides a useful tool for identifying highly
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repetitive sex chromosome sequences in other species. In addition,
we characterize the W chromosome and many newly identified
genes, which will promote functional genomics studies and help to
understand the mechanism of sex determination in silkworms. Last,
our results provide new information on the origin and evolution of
the W chromosome.

RESULTS

Genome assembly and identification of the W chromosome
To assemble a high-quality genome of females of B. mori, we gener-
ated a total of 41.20-Gb-long reads (~88-fold coverage) using the
PacBio Sequel platform. The first assembled genome was refined us-
ing our previously released Illumina reads (38). We obtained a
contig-level assembly with a genome size of ~467.7 Mb, consisting of
366 contigs with an N50 length of 13.6 Mb and one longest contig
length of 20.3 Mb (table S1). This indicates that the assembled ge-
nome is highly continuous. The size of the assembled genome of
females is larger than that of the previously released B. mori genome
derived from males (~460.3 Mb in SilkDB3.0 and ~454.7 Mb in Silk-
Base), which is expected with the addition of the W chromosome in
the assembly of the genome from females. We then anchored the as-
sembled contigs along the 29 chromosomes (n =27 + Z + W) using
63.70 Gb (~136-fold coverage) Hi-C reads. The results anchored 176
contigs (constituting 48% of all contigs and ~98% of the whole-
genome nucleotide bases) on the 29 chromosomes (fig. S1 and ta-
ble S2). Next, we assessed the quality of the assembled genome at
chromosome-level using the coverage rate of BUSCO genes (lepi-
doptera_odb10), the mapping rate of next-generation sequencing
(NGS) reads of the female genome, and the synteny analysis between
the female genome assembled here and previously released genomes
derived from males. For the BUSCO assessment, 98.5% of complete
BUSCOs, including 97.9% single-copy and 0.6% duplicated, were
detected in the assembled genome (table S3). Besides, 99.79% of the
NGS reads were successfully mapped to the chromosome-level ge-
nome. Last, 28 chromosomes (27 autosomes and 1 Z chromosome)
display conserved synteny between the three versions of the ge-
nome (Fig. 1A). The results of these assessments indicate that the
assembled genome has high quality and completeness.

To identify the W chromosome from the assembled genome, we
designed a pipeline to calculate CQ and identify the sex chromo-
some (see Materials and Methods for details). The CQ value repre-
sents the ratio of male (ZZ) to female (ZW) read coverage in a
genome region (39). Theoretically, the CQ values obtained for the Z
and W chromosomes should be close to two and zero, respectively.
With our method, the CQ values of chromosome 1 (known Z chro-
mosome) and chromosome 29 were approximately two and zero,
respectively, while the CQ values of the other chromosomes were
all consistently around one, indicating that chromosome 29 is the
candidate W chromosome with a size of ~10.1 Mb (Fig. 1B and
table S2). To test whether chromosome 29 is the W chromosome of
B. mori, 15 specific fragments of chromosome 29 were selected for
polymerase chain reaction (PCR) verification in six individuals rep-
resenting three male and three female samples from the same strain
(P50). All 15 fragments were detected only in the females but absent
in the males (fig. S2). In addition, the Fem [a Piwi-interacting RNA
(piRNA)] precursor sequence, which had been identified on the
W chromosome as a primary signal for B. mori sex determination
(40), was used as query in BLASTN search against chromosome 29.
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This detected 137 copies of the Fem precursor with most copies oc-
curring in tandem repeats (Fig. 1C and table S4), close to the Fem
copy number estimated previously by quantitative PCR (41). These
data suggest that chromosome 29 is indeed the W chromosome of
B. mori. To validate the broad applicability of the pipeline in identi-
fying sex chromosomes across different species, we tested the meth-
od on five additional species, including three moths and two birds.
Encouragingly, we successfully identified the sex chromosomes in
all these species (fig. S3).

Genome annotation and description of the W chromosome
We used RepeatModeler2 and RepeatMasker to annotate the trans-
posable elements (TEs). We estimated that TEs account for ~57% of
the whole genome of females of B. mori (fig. S4A and table S5),
which is higher than previously reported in genomes from males
(42, 43). This suggests that the W chromosome is rich in repetitive
sequences. TEs constitute ~87% of the W chromosome nucleotides,
a value much higher than found in autosomes and Z chromosome
(Fig. 2A, fig. S4B, and table S6). Among TEs on the W chromosome,
the most abundant transposons (~54% of the W) are long inter-
spersed nuclear elements (LINEs), followed by the long terminal
repeat (LTR), DNA transposon, Rolling-circles/Helitron, and short
interspersed nuclear elements (fig. S4A and table S6). LTR transpo-
sons form ~20% of the W chromosome, a value ~10-fold higher
value than on the autosomal (~3%) and Z (~2%) chromosomes
(Fig. 2B). These trends are similar in other lepidopteran species
where the W chromosome has been released (fig. S5).

To annotate protein-coding genes, we used evidence from
ab initio predictions, homology-based searches and alignment of
full-length transcripts from entire individuals at multiple developmental
stages. A total of 15,950 genes were identified in the B. mori genome
derived from females (Fig. 2C and table S7). This is unexpected,
since this value is lower than that of the genome from males (16,069
predicted genes in SilkDB3.0 and 16,880 genes in SilkBase). Com-
pared to the previous two gene sets from the male reference ge-
nomes (details in Materials and Methods), we were surprised to find
differences in the predicted gene sets of the same strain genome
(Fig. 2C). For instance, in our predicted gene set, a total of 7681
previously predicted genes were missed, including 3380 unique
genes from SilkBase, 2738 unique genes from the SilkDB3.0, and
1563 genes that were found specifically in both SilkBase and Silk-
DB3.0. These discrepancies could be due to the absence or incom-
plete filtering of transposon-encoded genes in previous analyses.
Transposon-encoded genes are often highly repetitive and typically
mobile in the genome, which can greatly affect gene prediction re-
sults. Approximately 52% (3976 of 7681) of the genes that appear in
SilkDB3.0 and SilkBase but are absent in our gene set are transposon-
encoded genes (Fig. 2C). Furthermore, the process of whole-genome
gene prediction relies heavily on transcriptome evidence, which can
also lead to different gene sets. In the genome from females, we used
full-length transcriptome data from entire individuals at multiple
developmental stages for gene prediction. Whereas the previous
gene predictions in two genomes derived from males were based on
short-read transcriptome data of different tissues and developmen-
tal stages. Among the remaining 3705 non-transposon-encoded
genes specific to SilkDB3.0 and SilkBase, approximately 83% (3048)
genes lack evidence of full-length transcripts (Fig. 2C), which can
be the result of low expression levels (fig. S6A). Consequently, the
main reasons why genes are missing from our predicted gene set,
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Fig. 1. The assembled chromosomes and identification of the W chromosome in B. mori. (A) The syntenic relationships between chromosomes of three genomes
(light green), including female P50 genome assembled in this study (dilute purple) and two male P50 genomes released in the database of SilkDB (https://silkdb.bioin-
fotoolkits.net/) (green) and Silkbase (https://silkbase.ab.a.u-tokyo.ac.jp/) (purple). Chromosome 29 has no homolog chromosome in the male genomes. (B) The identifica-
tion of B. mori sex chromosomes using the CQ method. The CQ value represents the ratio of male (ZZ) to female (ZW) coverage reads on a chromosome. Theoretically, the
CQ values of Z and W should be equal to two and zero, respectively. (C) The distribution of Fem (a Piwi-interacting RNA) precursor on the W chromosome. Each black
vertical line indicates a Fem precursor, and the numbers show the copy number of Fem.

compared to published data, are incomplete filtering of transposases
and bias in transcriptomes resulting from the methodology used for
obtaining the previous data.

Ofnote,wehavenewlyidentified 3593 non-transposon-encoding
genes in the silkworm genome (Fig. 2C and table S7), all with full-
length transcript or evidence of expression, with over 82% (2930)
of them having either gene ontology (GO) terms or homologous
genes in the National Center for Biotechnology Information
(NCBI) nonredundant (NR) protein database (table S7) and with
~73% (2604) of them having homologous genes in other insects
(table S8). This suggests that these newly identified genes are actu-
ally present in the silkworm genome. We also found that the ex-
pression levels of these genes are significantly lower than those of
genes present in the three versions of the gene sets (fig. S6A). This
could explain the absence of these newly identified genes in the
previously published two gene sets (42, 43). In addition, 3517 of the
newly identified genes are found on the 27 autosomes and the Z
chromosome, suggesting that these genes were overlooked in the
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previous annotation of genomes from males (fig. S6B). We found
76 genes on the W chromosome (fig. S6B and table S7). The gene
density (~8 genes/Mb in average) on the W is much lower than on
the autosomes and Z chromosome (Fig. 2A and fig. S4B), support-
ing the view of a gene-poor sex-specific chromosome (2, 3I).
Among the 76 protein-coding genes identified on the W chromo-
some, 23 proteins corresponded to no known proteins in NCBI NR
protein databases, 18 proteins corresponded to proteins whose
functions are described as uncharacterized or hypothetical, and 35
corresponded to proteins whose function is precisely described
(table S7). To determine whether these genes are specific to the W
chromosome, we used the W chromosome genes as a query to per-
form BLAST searches on autosomes and Z chromosome genes. We
found that 65 genes (86%) have very similar homologous genes
(with identity >80% and coverage >80%) on the autosomes or Z
chromosome (fig. S7 and table S9), indicating that these genes
could have been acquired through translocation from other parts of
the genome.
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Fig. 2. TEs and protein-coding genes in the silkworm. (A) The distribution of protein-coding genes and the different types of TEs on different chromosomes of female
B. mori (in 1-Mb windows). The vertical coordinate of the gene distribution is the number of genes. The vertical coordinate of the TEs distribution is the number of bases
in kilobase (kb). (B) Stacked bar charts with the proportion of different TEs on the autosomal (A), Z, and W chromosomes. LINEs and LTRs content on the W chromosome
are much higher than that on autosomal and Z chromosomes. (C) The Venn diagram at the right represents the comparison results of three different predicted gene sets
from the genomes of the same strain. The red circle represents the female silkworm gene set identified in this study, while the green and blue circles represent the previ-
ously predicted male silkworm gene sets in SilkDB and Silkbase. The top and bottom pie charts in the right panel represent the proportions of transposase-encoding
genes and genes without evidence of full-length transcripts in specific genes from Silkbase and SilkDB, respectively. The middle pie chart represents the proportions of
transposase-encoding genes and genes without evidence of full-length transcripts in genes that are simultaneously present in both Silkbase and SilkDB but are missing
in the predicted gene set of the female silkworm genome.

Next, we analyzed the expression characteristics of genes on the 14 genes show higher levels of expression in eggs within 24 hours of
W and found that the expression level of these genes was signifi- laying. However, the fact that 10 of these 14 genes also show rela-
cantly lower than that of genes on autosomes and Z chromosome tively higher expression levels in male eggs (fig. S8B and table S7) is
(fig. S8A and table S7). Among the 76 genes, 54 genes virtually perplexing. One possible explanation is that the RNA from these 10
showed no expression [transcripts per million (TPM) values <2]. Of  genes may be of maternal origin, given that their expression occurs
the remaining 22 genes showing relatively higher expression levels, ~during early embryonic development. Another explanation could
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be that the RNA detected in male eggs may come from genes paralo-
gous to the 10 genes on the Z and autosomal chromosomes. Of the
22 genes, 4 are primarily expressed in female eggs or ovaries. Of
these four genes, the functions of three of them (DFBMO015880,
DFBMO015927, and DFBM015926) remain unknown, while one
gene (DFBM015912) has been annotated as a gene close to the angel
homolog 2-like gene, but its biological function remains uncertain
in insects (table S7). Therefore, on the basis of the above informa-
tion concerning the W chromosome genes, we cannot currently de-
termine their biological functions in female silkworms. However, it
will be interesting to determine their function in the context of
female-specific biology in the future.

The origin and evolution of W chromosome in Lepidoptera
Among Lepidoptera, W chromosomes are found mainly in Ditrysia,
which includes most moths and all butterflies, with a few occurrences
in non-Ditrysia, such as Tischeria ekebladella (family Tischeriidae)
(Fig. 3A). An earlier study suggested that the independent origins of
the W chromosomes in Ditrysia and Tischeriidae, as well as the
W of Ditrysia, reflect secondary origins early in Ditrysia evolution
(8). At present, three models for the origin of the W chromosome
have been proposed (Fig. 3B). These are two canonical models (Z-
autosome fusion and sex chromosome turnover) and one noncanoni-
cal (recruitment of a B chromosome). In the canonical models, the
Z and W chromosomes contain the same pair of ancestral autosomes
(2, 44). In the noncanonical model, W is derived from a B chromo-
some, which represents a dispensable chromosome that arises mainly
through rearrangements or duplications from standard chromo-
somes (45, 46). At present, most studies support the view that W in
Ditrysia was generated by the noncanonical model (5, 8, 9). How-
ever, it remains unclear whether the W chromosomes in various spe-
cies of Ditrysia all derive from a common ancestor or reflect multiple
independent origins.

To investigate the origin of the W chromosome in Ditrysia, we
first performed synteny analyses between the Z chromosomes of
24 species, including 21 species (17 ZW systems and 4 Z0 systems)
of Lepidoptera and 3 samples (Z0 systems) of Trichoptera using the
locations of orthologous genes. The genes linked to the Z chromo-
some in 13 species among the 17 ZW systems show synteny across
the entire Z chromosome (Fig. 3C). Strong synteny between the Z
chromosomes of Lepidoptera and Trichoptera is also observed, sup-
porting the notion the that Z chromosome of Amphiesmenoptera has
a unique origin (4, 5). The Z chromosomes in four species of Ditrysia,
Boloria selene, Melinaea menophilus, Pieris brassicae, and Cydia
pomonella appeared as a result of Z-autosome fusions (Fig. 3C), in-
dicating that these Z chromosomes acquired a neo-Z and suggesting
that these four species could generate a neo-W by Z-autosome fu-
sion. Regarding the neo-Z chromosomes in these four species, our
results are consistent with previous findings (11, 47, 48). However,
these earlier studies did not provide evidence for the presence of
neo-W in these four species.

To determine whether the W chromosomes of species with neo-
Z chromosomes were generated by Z-autosome fusion, we per-
formed synteny analysis to examine sequence homology between
the W and other chromosomes (Z and autosomes) in each species of
the 17 ZW systems. Considering the gene-poor nature and high re-
peat sequence content in the W chromosome, the repeat-masked W
chromosome sequence was used as query to perform a homology
search against the repeat-masked Z and autosome chromosomes
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and to identify synteny blocks between the W and other chromo-
somes using Satsuma2synteny with a minimum alignment length of
the default value (0), 100, and 500 base pairs (bp), respectively. Un-
der the Z-autosome fusion hypothesis, W chromosome should be
more similar to the Z chromosome than to the autosomes in the same
genome (Fig. 3B). Among the four species with neo-Z chromosome,
namely B. selene, M. menophilus, P. brassicae, and C. pomonella, we
found that, in the genome of C. pomonella, the number of synteny
blocks and the total length of synteny blocks between the W and
Z chromosomes were substantially higher than those between the
W chromosome and autosomes (Fig. 3D and fig. S9). This provides
further evidence that C. pomonella generated a neo-W chromosome by
Z-autosome fusion. In P. brassicae, we found that the W chromosome
also exhibits a higher level of homology with its Z chromosome,
although it is not as prominent (fig. S9). In the other two species
(B. selene and M. menophilus) with a neo-Z chromosome, we found
no evidence of a neo-W chromosome. The W chromosomes of these
two species show the greatest number and the longest total length of
synteny blocks with the autosomes rather than with the Z chromo-
some (fig. S9). We speculate that in B. selene and M. menophilus, one
chromosome of an autosomal pair fused with the Z chromosome to
form the neo-Z, while the second chromosome of the autosomal
pair may have been lost without fusing with the W chromosome to
form a neo-W. This resulted in two species retaining only the ances-
tral W chromosome. Alternatively, we cannot formally exclude the
possibility that the neo-W could persist but diverged sufficiently to
lose detectable homology to the neo-Z.

Unexpectedly, in the three species Maniola jurtina, Anthocharis
cardamines, and Phlogophora meticulosa, we found that the number
and total length of synteny blocks are highest between the W and Z
chromosomes (Fig. 3D and figs. S10 to S12). According to the three
possible hypotheses proposed for the origin of the W chromosome
(Fig. 3B), the W chromosome will exhibit the highest homology
with the Z chromosome when generated by canonical models, Z-
autosome fusion and sex chromosome turnover. Under the Z-
autosome fusion hypothesis, we would expect to observe Z-autosome
fusion events, but no such events were observed in these three spe-
cies (Fig. 3C), rejecting the possibility that the W chromosomes in
these three species are generated through Z-autosome fusion. Fur-
thermore, according to the sex chromosome turnover hypothesis,
the Z chromosome in a species would transform into an autosome,
and a pair of autosomes would then transform into Z and W chro-
mosomes, respectively (Fig. 3B). If this were the case, the Z chromo-
some generated through sex chromosome turnover would show no
homology with the Z chromosomes generated through non-sex
chromosome turnover in other species. However, we observed a
high degree of homology among the Z chromosomes of the entire
order Lepidoptera (Fig. 3C), which also rejects the possibility that
these three species generate their W chromosomes via sex chromo-
some turnover. Therefore, the origin of the W chromosome in these
three species may be due to a new mechanism that we name single-Z
turnover, in which one of the Z chromosomes in a pair acquires a
female-determining factor, creating a new W chromosome that
shares homology only with the Z chromosome (Fig. 4).

It is probable that the W chromosomes in these three species
formed recently because some of their closely related species have
ancestral W chromosomes that share a common origin. It is further
possible that the ancestral W chromosomes of these three species
have been lost. For example, B. selene, D. iulia, K. inachus, Vanessa
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Fig. 3. The deduced origins of the W chromosomes are based both on the gene synteny within the Z chromosomes and on the sequence homology between Z
and W chromosomes in the same species. (A) The species distribution of sex chromosome systems, containing female Z0 and ZW systems in Lepidoptera and Trichop-
tera based on prior studies. The W chromosome is mainly found in Ditrysia (Lepidoptera). (B) The three possible mechanisms of W chromosome formation. The ancestral
female Z0 system has a Z chromosome (in red) and pairs of autosomes (A;, in blue). For the canonical models, the W and Z chromosomes are descended from a single
autosome pair and should be more similar than the W and autosomes in a ZW system. In the noncanonical model, the W is derived from a B chromosome that arose
by rearrangements or duplications from one or more autosomes. The white regions with blue dotted lines represent the further degradation of the neo-W chromosome.
(C) The tree on the left represents the phylogenetic relationships of the species. The topological structure of the tree and the divergence times between the species were
estimated by maximum likelihood (ML) based on single-copy genes of lepidopteran BUSCO set. On the right, the female karyotype of each female is presented after the
corresponding species name. In the middle (in green) are shown the results of the gene synteny for the Z chromosomes. The red five-pointed stars indicate the species
with Z-autosome fusion. (D) The scatter plots represent the number (x axis) and total length (y axis, in unit of kilobase) of synteny blocks between the W (masked repetitive

sequence) and autosomes (in gray) and Z (in yellow), respectively, in four ZW systems.
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Fig. 4. The single-Z turnover model, a newly proposed mechanism of W origin.
Three conditions would be required for the occurrence of this mechanism. First, the
W chromosome of a species has high homology with its own Z chromosome. Sec-
ond, no Z-autosome fusion has occurred. Third, there is no homology between the
W of this species and the W chromosomes generated through other mechanisms
in closely related species. In such a situation, we suggest that the W chromosome
of this species has been generated through a single-Z turnover mechanism.

cardui, and M. jurtina all belong to the Nymphalidae family. The W
chromosomes in the first four species share a common origin. Only
M. jurtina has a W chromosome formed through single-Z turnover,
and it does not show any homology with the W chromosomes of the
other species of Nymphalidae. Therefore, we speculate that the
ancestral W chromosome in M. jurtina has been lost.

In the case of the abovementioned species with a neo-W or in
which occurred single-Z turnover, we expect to observe that the W
chromosomes may have no (or fewer) homologous sequences with
the W produced by the nonclassical model (recruitment of a B chro-
mosome) in closely related species. On the other hand, W chromo-
somes derived from a common ancestor may have greater homology
between each other. We therefore studied the homology (indicated
by the number and total length of synteny blocks) between the
repeat-masked W of each species and the repeat-masked genome of
its closely related species using reciprocal comparisons (details in
Materials and Methods). Among the species of Nymphalidae, we
observed maximum bidirectional homology between the W chro-
mosomes of three pairwise comparisons, K. inachus versus V. cardui,
B. selene versus V. cardui, and B. selene versus K. inachus, irrespec-
tive of the minimum alignment length (0), 100, or 500 bp (Fig. 5A
and figs. S13 and S14). For instance, when the W of V. cardui was used
as query for homology search in each chromosome of K. inachus,
the number and total length of synteny blocks between the W chro-
mosomes were the highest. In the reverse comparison, when we
used the W of K. inachus as the query to search for homology se-
quences in each chromosome of V. cardui, the W chromosomes
of both species always showed the highest level of homology, sug-
gesting that the W chromosomes of these two species originated
from a common ancestor. In contrast, in two closely related species
(B. selene and D. iulia), no homology was detected between the W
chromosomes, which is consistent with the results of earlier work
(9). In addition, it is worth noting the occasional absence of reci-
procity in some cases. For example, when the minimum alignment
length was set to the default value (0) or 100 bp, using D. iulia W as
the query for homology against each chromosome of K. inachus, we
found the highest homology between the W chromosomes of the
two species (Fig. 5A and fig. S13). However, in the reverse compari-
son, using K. inachus W for homology search against the D. iulia
genome, we found the highest homology between K. inachus W and
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two autosomes (M25 and M10) of D. iulia (Fig. 5A). This inconsis-
tency in the reciprocal comparisons should be traced to the differ-
ences in the length of W chromosome sequences between the
different species. For example, the W chromosome in K. inachus is
~9.4 Mb in length and, in D. iulia, it is only about 2.2 Mb (table S10).
The relatively longer sequence length of the W in K. inachus may
have acquired many autosomal sequences during the evolution,
since its W chromosome shares more synteny blocks with auto-
somes (Fig. 5A). Therefore, in a reciprocal comparison, if one direc-
tion of comparison shows the highest numbers and the greatest total
length of synteny blocks between W chromosomes, we consider
those two W chromosomes to be homologous.

In addition, when the minimum alignment length is set to 500 bp,
there are a few cases where results differ from those obtained when
the minimum alignment length is set to the default (0) or 100 bp, al-
though most results are consistent (Fig. 5 and figs. S13 and S14). For
example, when the minimum alignment length is set to 500 and
D. iulia W is used as a query for homology search against the
K. inachus genome, we found the highest homology between D. iulia
W and an autosome (M5) of K. inachus. This is not consistent with
the description above where the minimum alignment length was set
to the default parameter or 100 bp (Fig. 5A and fig. S13). However,
we found that when the minimum alignment length is set to 500,
there are only two synteny blocks between D. iulia W and the auto-
some of K. inachus (fig. S14), which is not sufficient to determine
whether the two chromosomes are homologous. Consequently, in
reciprocal comparisons between D. iulia and K. inachus, we relied
on the results obtained with the minimum alignment length set to
the default value and 100 bp.

On the evidence of the above, the W chromosomes of four spe-
cies in the Nymphalidae family, B. selene, D. iulia, K. inachus, and
V. cardui, probably derive from a common ancestral chromosome.
Although there is no evidence of homology between B. selene W and
D. iulia W, they both show homology with V. cardui W (Fig. 5A).
This could be due to rapid degeneration in B. selene W and D. iulia
W, which results, for each W, in the retention of homologous se-
quences from different regions of V. cardui W (fig. S15). Here, we
would like to emphasize that M. jurtina W shows the highest ho-
mology with Z chromosomes of other closely related species (Fig. 5A
and figs. S13 and S14), which is consistent with the finding that
M. jurtina W shows the greatest homology with its own Z chromo-
some (Fig. 3D). This confirms the hypothesis that M. jurtina W was
generated through single-Z turnover. Last, we found no homology
between M. menophilus W and the W chromosomes of the other
five species in the Nymphalidae. However, on the basis of the pres-
ent results, we cannot determine whether M. menophilus W has an
independent origin or whether the loss of homology is due to a lon-
ger divergence time (>60 Ma) between M. menophilus and the other
five Nymphalidae species (Fig. 5A).

In the two species of Pieridae, A. cardamines and P. brassicae,
we found that the W chromosomes have little or no homology
(fig. S16). For instance, when we set the minimum alignment length
to 100 bp and used the A. cardamines W as a query to search for
synteny blocks in the entire genome of P. brassicae, the total length
of synteny blocks between the two W chromosomes was only
around 4 kb, and the total number of synteny blocks was only 10.
Furthermore, by analyzing the possible of generation of the two W
chromosomes, we found that the A. cardamines W chromosome
showed the highest homology with its own Z chromosome, but no
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Fig. 5. The homology between the W of each species and each chromosome of a closely related species. The synteny blocks between chromosomes serve as indica-
tors of chromosome homology. They were estimated using Satsuma2synteny with the minimum alignment length set to the default value (0). The homology between the
W of a species and each chromosome of its closely related species in (A) Nymphalidae, (B) Noctuidae and Bombycidae, and (C) two species including one Tortricidae and
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tween two species. For example, in the comparison between B. selene and D. julia, one direction of comparison involves using the B. selene W as the query to search against
each chromosome of D. iulia, while the other direction involves using the D. iulia W as the query to search against each chromosome of B. selene. The color code for the
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W chromosomes in reciprocal comparisons (black). The scatter plots with a light green background represent the W chromosomes between the two species with the
highest number and total length of synteny blocks. The tree on the left is from Fig. 3C.
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Z-autosome fusion occurred in the A. cardamines genome (Fig. 3, C
and D). This rejects the possibility that the A. cardamines W chro-
mosome is generated by the Z-autosome fusion model. Therefore,
we assume that the A. cardamines W can also be generated through
the single-Z turnover mechanism. In P. brassicae, we observed a
relatively higher homology between the W and Z chromosomes
(fig. S9) and a neo-Z chromosome formation (Fig. 3D). The synteny
blocks between the W and Z of P. brassicae are mainly located on
the neo-Z chromosome of P. brassicae (fig. S17). However, there is
only one specific region of synteny between the neo-Z and W chro-
mosome (fig. S17). This pattern is definitely more consistent with a
recent segmental duplication from the neo-Z onto the W. If homol-
ogy between neo-Z and W reflect shared ancestry as chromosomal
homologs, then one would expect a broad, interspersed pattern of
homology detected along the length of the neoZ and W. To investi-
gate whether the synteny blocks between P. brassicae W and its neo-
Z are due to a recent segmental duplication from the neo-Z onto the
W, we analyzed the sequence identity of these synteny blocks. If
these were caused by a recent segmental duplication, we would ex-
pect these synteny blocks to exhibit high sequence identity. The re-
sults indeed showed that these synteny blocks have a high sequence
identity (with an average sequence identity of about 93%) (fig. S17),
suggesting that the synteny blocks between P. brassicae W and its
neo-Z are indeed due to a recent segmental duplication from the
neo-Z onto the W. We considered the recent finding that the closely
related species of P. brassicae, Pieris mannii, and Pieris rapae, gener-
ated neo-W (49) and explored whether P. brassicae W and its neo-Z
do not show other synteny blocks besides the segmental duplication
because of high divergence between P. brassicae W and its neo-Z
leading to the loss of synteny blocks. We analyzed the distribution
of synteny blocks between P. brassicae W and P. brassicae neo-Z,
respectively, with the chromosome M25 of the closely related species
A. cardamines. This analysis was prompted by the observation that
the protein-coding gene synteny revealed a Z-M25 chromosome fu-
sion event in the P. brassicae (Fig. 3C). If P. brassicae generated a
neo-W from M25, one would expect to observe numerous synteny
blocks still retained between P. brassicae W and A. cardamines M25.
The results revealed that synteny blocks between P. brassicae W and
A. cardamines M25 are scattered throughout the entire P. brassicae
W chromosome, indicating that P. brassicae W is indeed a neo-W
formed from the M25 chromosome (fig. S17). Moreover, we found
that the synteny blocks between P. brassicae W and A. cardamines
M25, as well as the synteny blocks between P. brassicae neo-Z and
A. cardamines M25, are located in different regions of the A. cardamines
M25 chromosome (fig. S17), suggesting that P. brassicae neo-W and
P, brassicae neo-Z have retained different regions of the M25 chro-
mosome. Moreover, considering the lack of notable homology be-
tween the W chromosomes of A. cardamines and P. brassicae and
their generation through different mechanisms, we presume that
the W chromosomes of these two species have independently
originated.

Among the three species of the Noctuidae, the W chromosomes
of Spodoptera exigua and Spodoptera frugiperda show the highest
homology. Whether using the W chromosome of S. exigua or
S. frugiperda as the query sequence, the number and total length of
synteny blocks between the W chromosomes of these two species
are the highest (Fig. 5B and figs. S13 and S14). In addition, in the
single-direction comparison (P meticulosa W versus S. exigua ge-
nome), the W of P. meticulosa also exhibits the highest homology
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with the W of S. exigua (Fig. 5B and fig. S13). The above results in-
dicate that the W chromosomes of S. exigua, S. frugiperda, and
P. meticulosa may have originated from a common ancestor. Neither
Z-autosome fusion event nor homology between the Z and W chro-
mosomes was observed in the genomes of S. exigua and S. frugiperda
(Fig. 3C and fig. S9), which suggests that the W chromosomes of
these two species may originate from a common ancestral B chro-
mosome. However, the W of P. meticulosa shows the highest homol-
ogy with its own Z chromosome (Fig. 3D), and the W chromosomes
of two Spodoptera species show the highest homology with an auto-
some (M23) and the Z of P. meticulosa (Fig. 5B and figs. S13 and
S14). We speculate that these results are due to the integration of
varying levels of W chromosome sequences into the M23 autosome
and Z chromosome in the P. meticulosa genome. This is supported
by our observation that the Z of P. meticulosa has undergone signifi-
cant variation compared to Z chromosomes of the two Spodoptera
species (Fig. 3C). For example, from the analysis of gene collinearity
between Z chromosomes, it is evident that the Z chromosome of
P. meticulosa exhibits a large deletion at the left end compared to
Z chromosomes of the two Spodoptera species. Furthermore, the
total length of the P. meticulosa Z (~30 Mb) is obviously higher than
that of S. frugiperda (~22 Mb) and S. exigua (~20 Mb) Z chromo-
somes, which indicates that the Z chromosome in P. meticulosa has
undergone extensive gain and loss events.

To check whether the Z and autosomal M23 of P. meticulosa
have acquired W chromosome sequences, we investigated first the
distribution of homologous blocks between Spodopteran W and
P. meticulosa Z on the Z chromosome of P. meticulosa and, second,
the distribution of homologous blocks between Spodoptera Z and
P. meticulosa Z on the Z of P. meticulosa. We then compared the dif-
ferences between these two distributions. Since the Z chromosomes
of Spodoptera and P. meticulosa are homologous, if the P. meticulosa
Z chromosome has acquired a portion of its own W sequence, we
would expect to observe that the locations of homologous blocks
between Spodoptera Z versus P meticulosa Z and Spodoptera W
versus P. meticulosa Z on the Z chromosome of P. meticulosa are
nonoverlapping. We found that the homologous blocks between
Spodoptera W and P. meticulosa Z were primarily located outside
the homologous blocks between the Spodoptera Z and P. meticulosa
Z in the Z of P. meticulosa (fig. S18A). Similarly, we also observed
that the homologous blocks between Spodoptera W and P. meticulosa
M23 were mainly located outside the homologous blocks between
Spodoptera M23 and P. meticulosa M23 in the M23 of P. meticulosa
(fig. S18B). These results also suggest that the M23 and Z of
P. meticulosa has integrated some W sequences. Therefore, the high-
est homology observed between the W and Z of P. meticulosa is
likely not related to the formation of the P. meticulosa W but rather
due to the integration of some W sequences in the Z chromosome.
Considering the relatively high homology between the W chromo-
somes of the three Noctuidae species, we propose that the W
chromosomes of these three species have a common origin.

A question remains: Why does the W of P. meticulosa show the
highest homology with its Z, while the W chromosomes of the two
Spodopteran species exhibit the highest homology with P. meticulosa
M23? A possible explanation is that the W chromosomes of differ-
ent species have lost varying degrees of blocks with homology with
P meticulosa M23. For instance, compared to the homologous
blocks between the Spodoptera W and the P. meticulosa M23, the
number of homologous blocks between the P. meticulosa W and its
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own M23 chromosome is relatively low (fig. S18C). This could be
due to the loss of a larger number of blocks in P. meticulosa W than
the homologous blocks in its own M23 chromosome during the
evolutionary process. In addition, no homology was observed be-
tween the W chromosome of B. mori, a sister branch of the family
Noctuidae in the phylogenetic tree, and the W chromosomes of
Noctuidae (Fig. 5B). This does not mean that the W chromosome
of the silkworm originated independently because the divergence
time between the silkworm and these other species is relatively long
(>70 Ma). Thus, the lack of homology between the W chromosomes
of the silkworm and other species is probably due to the rapid
degeneration of its W chromosome.

In the two species of Crambidae, the W chromosomes show a
very high homology (fig. S19). In addition, neither Z-autosome fu-
sion nor any homology between the W and Z chromosomes within
the genome was observed (Fig. 3C and fig. §9), which suggests that
the W chromosomes in these two species may have originated from
a common ancestral B chromosome. In the remaining three species,
C. pomonella, Zygaena filipendulae, and Yponomeuta cagnagella, no
homology was observed between their W chromosomes and be-
tween those of other species. This is probably due to a longer diver-
gence time (>90 Ma) leading to a complete loss of homologous
sequences. We found that the W of C. pomonella shows a very high
homology with the Chr3 chromosome of Z. filipendulae (Fig. 5C
and fig. S13) and that the neo-Z chromosome of C. pomonella also
shows homology with the Chr3 of Z. filipendulae (Fig. 3C). These
results provide strong evidence that C. pomonella acquired a neo-W
through Z-autosome fusion. Further, if C. pomonella is entirely com-
posed of a neo-W chromosome, one would expect to observe that
the homologous blocks between C. pomonella W and C. pomonella
Z are primarily distributed on the neo-Z chromosome and that there
would be almost no homology between the ancestral Z chromosome
and the neo-W chromosome. However, we observe an almost equal
distribution of synteny blocks in the W along ancestral and neo-Z
(fig. S20). We speculate that the W chromosome of C. pomonella may
also contain both the ancestral W and the neo-W, like the Z chro-
mosome of C. pomonella, after a fusion event between the ancestral
W and the neo-W. The ancestral W chromosome of C. pomonella
may have originated from the ancestral Z through the single-Z turn-
over mechanism, since the number of homologous blocks occurring
between the ancestral W and ancestral Z chromosomes is higher
than the number of homologous blocks between C. pomonella W
and C. pomonella autosomes (fig. S21).

DISCUSSION

Here, we describe comparative genomic analyses of 24 insects, con-
taining 7 Z0/ZZ (female/male) systems and 17 ZW/ZZ (female/
male) of lepidopteran species that throw light on the origin and evo-
lution of the W chromosome of Lepidoptera. First, the study reveals
the multiple independent origins of the W chromosome in Ditrysia
(Fig. 6). This conclusion is contrary to the findings of a recently pub-
lished work where the authors used the number of collinear genes of
W chromosomes from different species to infer their origins (50).
The use of collinear genes to determine the homology between auto-
somes or Z chromosomes is a generally accepted method. However,
it may not be appropriate for the W chromosomes because they are
rich in repetitive sequences and gene-poor (2, 31). Unexpectedly,
many genes on the W chromosomes of different species were found
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in the previous study, with an average of approximately 1287 genes
per W chromosome (86,241 genes on 67 Ws) (50). The measured
gene counts are much higher than the numbers of genes on auto-
somes (an average of ~667 genes) and Z chromosomes (an average
of ~915 genes) (fig. S22). Such large numbers of genes may indicate
that the whole genome predicted gene sets used in the previous
study may not have been filtered out from genes derived from trans-
posons. According to our analysis of 17 lepidopteran ZW systems,
the W chromosomes are all enriched with many LTR and LINE
transposons (fig. S5). Autonomous LTR and LINE retrotransposons
usually encode genes such as gag and pol. The repeated occurrence
of these protein-coding genes derived from LTR and LINE ret-
rotransposons on W chromosomes can lead to results with many
false-positive collinearity signals between different W chromo-
somes. To verify this, we annotated the predicted genes of the W
chromosomes from 16 ZW systems of the present analysis (exclud-
ing the silkworm) to determine how many protein-coding genes on
the W chromosomes belong to transposon-related genes. The results
show that most predicted genes on the W chromosomes (an average
of approximately 68%) belong to transposon-related genes (fig. S23A
and table S11) and that these genes are mainly composed of gag and
pol proteins from LINE and LTR (fig. $23, B and C, and table S12).
To further verify whether the large number of collinear genes de-
tected between W chromosomes was due to the incomplete filtering
of transposon-related genes, we used the same method as that used
in the previous study (50) to identify candidate collinear genes be-
tween W chromosomes before and after filtering transposon-related
genes. The results show that before filtering transposon-related
genes, there were indeed some collinear genes between some W
chromosomes (fig. S24). However, after filtering transposon-related
genes, no collinear genes were detected between the W chromo-
somes (fig. S24). Further annotation of the proteins detected in the
collinear genes before filtering transposon-related genes revealed that
approximately 97% of these collinear genes belong to transposon-
related genes, with most being pol and gag (fig. S24 and table S13).
The above results suggest that it is not appropriate to use the number
of collinear genes between W chromosomes, especially the number
of collinear genes without filtering transposon-related proteins, to
infer the homology of W chromosomes.

In addition, previous works have suggested that the W chromo-
some in Ditrysia is generated through noncanonical mechanisms
(5, 9). Here, we present a new mechanism for the generation of the
W chromosome, which we named single-Z turnover. For example,
in M. jurtina, we found a high homology between the W and Z
chromosome but no neo-Z chromosome formation, which ex-
cludes the possibility that M. jurtina W occurred through one of
the three previously proposed models (Fig. 3, C and D). We also
found a lack of homology between M. jurtina W and chromosomes
W of other closely related species (Fig. 5A), which suggests that the
W of M. jurtina has probably originated independently. We thus
propose that the W in M. jurtina may have appeared after one of the
two Z chromosomes acquired a female-determining factor that
leads to the direct transformation of that Z chromosome into the
W chromosome (Fig. 4). Among the 17 ZW/ZZ systems, three spe-
cies appear to have evolved their W chromosomes through this
mechanism (Fig. 6).

We show also that the formation of the W chromosome in
C. pomonella and P. brassicae involves a neo-W generated by Z-
autosome fusion. This is supported by the high sequence homology
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Fig. 6. Summary of the inferred origins of W chromosomes in species of Ditrysia. The color code for the triangles under each branch of the phylogenetic tree repre-
sent the mechanism by which the W chromosome is generated. The blue rectangles under each branch represent the generation of neo-Z through Z-autosome fusion
events. The composition of the sex chromosomes for each species is displayed above each branch. The W of C. pomonella is derived from Z-autosome fusion and single Z
turnover. The W2 of M. jurtina and the W3 of A. cardamines were formed by single Z turnover. The W4 of P. brassicae were generated through Z-autosome fusion mecha-
nism. The Ws of the other 13 ZW systems are likely the result of recruitment of a B chromosome or an unclear mechanism. The W chromosomes of B. selene, D. iulia,
K. inachus, and V. cardui are named W1 (green rectangle), a single origin for W chromosomes of the species. Similarly, the W chromosomes named W5 (gray rectangle) in
three species of Noctuidae evolved from a single ancestor, and the W chromosomes, named W6 (purple rectangle), from the two species of Crambidae are also derived
from a common ancestor. The W chromosomes of the remaining four species are named Wi (black rectangle) to indicate that we are unsure whether their W chromosomes
are derived from a common ancestor due to their lack of homology. In addition, we are uncertain whether the W chromosomes, including W1, W5, W6, and Wi, generated
by the noncanonical model are derived from a single ancestor because of lack of homology between them. The right side of the phylogenetic tree displays the sex
chromosome composition of each species, whether Z-autosome fusion has occurred, and whether the W and Z chromosomes within the genome are homologous. The
phylogenetic tree is from Fig. 3C.
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observed between the W and Z chromosomes, occurred Z-autosome
fusion, as well as higher number of synteny blocks between neo-W
and neo-Z in C. pomonella and P. brassicae. A previous study at-
tempted to detect sequence homology between the W and Z chro-
mosomes in C. pomonella but did not find evidence of homology
between these two chromosomes (11). Some possible reasons for
the lack of evidence for homology between the W and Z chromo-
somes are the following. First, repetitive sequences present in the W
chromosome were not masked before the synteny analysis, which
results in the identification of predominantly short repetitive se-
quences as the homologous sequences between the W and Z chromo-
somes in the previous study (11). Transposons, the major components
of repeat sequences of a genome, are mobile elements in the genome
and constitute a major portion of the W chromosome, and their
transposition and amplification between chromosomes can affect the
determination of homology between the W chromosome and other
chromosomes. Second, the authors relied on dot plot visualization to
assess the collinearity between the W and Z chromosomes. However,
dot plot graphs are typically used to depict collinearity relationships
between highly conserved homologous chromosomes within or
between closely related species. Last, the previous study only reported
whether there is collinearity relationship between the W and Z
chromosomes in C. pomonella but did not compare the degree of
homology between the W chromosome and the other chromosomes.
Nevertheless, our study conducted synteny analysis between the W
chromosome excluding of repetitive sequences and other repeat-
masked chromosomes using the number and total length of synteny
blocks as indicators of homology between the W chromosome and
other chromosomes. This ultimately revealed that C. pomonella W
and Z chromosomes exhibit the highest homology compared to the
homology between W and autosomes.

Furthermore, the W chromosome in Lepidoptera undergoes
rapid evolution or degeneration, which leads to a lack of sequence
homology between W chromosomes of distantly related species.
Among the 17 ZW systems, we only observed obvious homology in
three pairs of W chromosomes (K. inachus versus V. cardui, S. exigua
versus S. frugiperda, and Cnaphalocrocis exigua versus Cnaphalocrocis
medinalis), with each pair having a divergence time of less than
30 million years (fig. S25). Therefore, it is almost impossible to de-
termine the mechanism of the origin of early W chromosomes in
Ditrysia. Given the rapid evolution of W chromosomes, the ob-
served single-Z turnover or neo-W likely represents recent events.
Nonetheless, our results support that the existing W chromosomes in
Ditrysia species have multiple independent origins through multiple
mechanisms.

Last, we emphasize the importance of determining the origin of
lepidopteran W based on an analysis of homology and potential
generating mechanisms among W chromosomes of different species
in the phylogenetic context rather than relying solely on compari-
sons between a few species or on the homology between W and Z
chromosomes. For example, when comparing the W chromosomes
of D. iulia and B. selene, we found no homology between them.
However, within the Nymphalidae family, we found that the W
chromosomes of D. iulia and B. selene share a high homology with
the W of V. cardui. We then can conclude that the W chromosomes
of D. iulia and B. selene originated from a common ancestor but
have lost their homologous blocks during rapid evolution. Another
example is observed in the Noctuidae family where the P. meticulosa
W exhibits a high homology with its own Z chromosome. However,
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we have demonstrated that this is unrelated to the formation of the
P. meticulosa W. Instead, the P. meticulosa W chromosome displays
a high homology with two Spodoptera species, pointing to a possi-
ble shared origin. The primary reason for the high homology be-
tween P. meticulosa W and its own Z chromosome is likely due to
the acquisition of W chromosome fragments by its Z chromosome
during evolution.

MATERIALS AND METHODS

Sample source and DNA extraction

The B. mori strain Dazao/P50 used in this study was derived by in-
breeding and obtained from the Silkworm Gene Bank, Southwest
University, China. Previously, the male of this strain was used to
generate the reference genome (26, 42). The sample was grown at
25°C under 12 hour-light/12 hour-dark photoperiods. The whole
genomic DNA of the female pupa was obtained by phenol-chloroform
extraction.

DNA library construction and genome sequencing

DNA library and genome sequencing were performed by Bio-
Marker Technologies Corporation, China. PacBio RS platform
was used to obtain long-read sequence. A 20-kb DNA library
was constructed and seven single-molecule real-time cells were
used for PacBio sequencing. For Hi-C sequencing, a Hi-C library
was constructed using the previous protocol (51). Paired-end
(2 x 150) Hi-C reads were obtained using the Illumina HiSeq
X platform.

Contig-level genome assembly

The genome was assembled by the following pipeline: (a) The ini-
tial contig-level assembly was performed using CANU v2.2 (52)
with the parameter corOutCoverage = 1000. (b) The contigs were
corrected three times with PacBio reads by racon v1.523 (53). We
used minimap2 v2.24 (54) to map PacBio reads to the contigs. (c)
NGS data were further used to polish and improve the genome as-
sembly using Burrow-Wheeler Aligner (BWA) v0.7.17 (55) and
Pilon v1.24 (56).

Chromosome-level genome assembly and evaluation

The raw Hi-C paired reads were removed from adapter sequences
and low-quality paired-end reads using FASTP v0.23.2 (57). To
avoid mismatches and nonspecific alignments, Hi-C reads were first
aligned with the post-Polish PacBio Contigs using BWA. Only
uniquely aligned paired reads were considered for further analy-
sis. The ALLHIC pipeline (58) (https://github.com/tangerzhang/
ALLHiC) was used to perform duplicate deletion, sorting, and
quality assessment. Hi-C reads were then specifically compared to
the corrected post-contig, clustered, sorted, and aligned contigs
to chromosome-level sequences. The completeness of the genome
assembly was assessed using BUSCO (Benchmarking Universal
Single-Copy Orthologs) v5.12 with the lepidoptera_odb10 database.
RNA sequencing (RNA-seq) and NGS short reads of B. mori ge-
nome were used to assess the integrity of the assembly quality. We
performed whole-genome synteny analyses for the female genome
assembled in this study and two male genomes downloaded from
silkdb3.0 (https://silkdb.bioinfotoolkits.net/main/species-info/-1)
and Silkbase (https://silkbase.ab.a.u-tokyo.ac.jp/cgi-bin/index.cgi).
First, nucmer of MUMmer v3.23 package was used to conduct

120f 16


https://github.com/tangerzhang/ALLHiC
https://github.com/tangerzhang/ALLHiC
https://silkdb.bioinfotoolkits.net/main/species-info/-1
https://silkbase.ab.a.u-tokyo.ac.jp/cgi-bin/index.cgi

SCIENCE ADVANCES | RESEARCH ARTICLE

whole-genome alignments. We then used RectChr v1.34 (https://
github.com/BGI-shenzhen/RectChr) to visualize the synteny rela-
tionships among chromosomes.

Identification of W chromosome sequences and

PCR validation

We developed a specific pipeline to identify sex chromosomes based
on CQ value as follows: (a) Illumina short reads (pair-end) from a
single male and female of the Dazao strain were mapped to the ini-
tial contigs separately using the BWA-MEM. (b) We used samtools
v1.9 (59) with parameter -bq 1 to process the sam format file gener-
ated in step (a) and generated a bam format file that included only
uniquely mapping reads. (c) The bam file was transformed to a bed
file using bedtools bamtobed v2.26.0 (60). Perl scripts were written
to scan the bed file to calculate CQ values for each chromosome.
Last, the newly pipeline was submitted to GitHub (https://github.
com/ruio-7/CQ-package) and Zenodo (https://sandbox.zenodo.org/
records/24111).

To validate the B. mori candidate W-linked sequences, we as-
sayed 15 candidate W specific fragments in three male and three
female individuals of P50 strain using PCR. Because the W chromo-
some is rich in repetitive sequences, these 15 primer pairs were de-
signed on the nonrepetitive sequences of the W chromosome. The
primers used for these assays are listed in table S14. In addition, a
previous report (40) on W-linked Fem precursor sequences was
used as query in BLASTN (e value <1 X 107, identity >90%) search
against the candidate W chromosome.

Identification of repetitive elements and

protein-coding genes

RepeatModeler v2.0.2 (61) with -LTRStruct parameter was used to
generate a de novo library of repetitive sequences. We then used
RepeatMasker v4.1.2 and the de novo library to annotate and mask re-
petitive elements in the genome. We then combined three approach-
es including ab initio, homology-based, and transcriptome-based
predictions to identify protein-coding genes and their arrangements
in the female genome of B. mori. For the ab initio prediction, we used
augustus v3.3 (62) with default parameters to predict genes based on
the training set obtained from previous full-length transcriptome
(63). For the homology-based prediction, we used GeMoMa v1.7.1
(64) with default parameters to perform homology-based prediction
based on protein sequence of male B. mori, D. melanogaster, Apis
mellifera, and Danaus plexippus. Protein sequences of male B. mori
were downloaded from SilkDB3.0 (https://silkdb.bioinfotoolkits.net/
main/species-info/-1) and SilkBase (https://silkbase.ab.a.u-tokyo.
ac.jp/cgi-bin/index.cgi). Protein sequences of D. melanogaster,
A. mellifera, and D. plexippus were downloaded from the NCBI. For
the transcriptome-based prediction, our previously released full-
length NR transcripts obtained from almost all developmental stages
of Dazao strain were aligned to the B. mori female genome using
GMAP v1.0.0 (65) (https://github.com/EagleGenomics-cookbooks/
GMAP/releases/tag/1.0.0) with --cross-species --allow-close-indels
0 parameters. The cDNA_Cupcake (https://github.com/Magdoll/
c¢DNA_Cupcake/wiki) was used to remove redundancy and filter se-
quences with less than 0.9 identity and less than 0.85 coverage. Open
reading frames in the transcripts were predicted using PASA v2.4.1
(66). Last, gene structures from the above three approaches were
merged to generate a comprehensive NR gene set using EVidence-
Modeler (EVM) v1.1.1 (67) with the ab initio prediction weight of “1,”
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the homology-based prediction weight of “5,” and the transcriptome-
based prediction weight of “10”

Filtering transposon-coding genes

To filter transposon-coding genes, we first used hmmscan with e value
<1 x 107 to search against the hidden Karkov model (HMM) pro-
files associated with each known transposon family (class-I and
class-II RNA transposons) in the Pfam database and filtered the
matched proteins. For either class, the detailed HMM models of
transposon were listed in table S15. For both classes, we used the
known transposon-coding genes from the repbase database (v2018)
as query to perform a BlastP search with E value threshold of
1 x 107> against the predicted proteins of the female B. mori genome
and discarded the hits. Last, we took all predicted proteins as query
to conduct Diamond blast search with E value <1 X 107 against the
NCBI NR proteins database and filtered transposon-coding genes.

Comparative analysis of the predicted genes from different
genomes of the same strain

To determine the correspondence between genes in the different sets,
we first used minimap2 with parameters -ax splice --secondary = no
to align the coding DNA sequences (CDSs) of the prior male ge-
nomes with our assembled female genome. This allowed us to deter-
mine the locus of each gene from the three predicted gene sets.
Subsequently, we used cd-hit with the parameters of -c 0.9 -G 0 -aS
0.5 to cluster the predicted proteins from the three gene sets. Last, we
established the correlation between predicted genes by comparing
their genomic loci and the results of clustering. Briefly, we define
genes as the same if they are located at the same genomic locus and
belong to the same cluster. If the genomic locus of our predicted gene
excluded any of the previously predicted genes, we defined our pre-
dicted gene as a newly identified one. In addition, if genes predicted
from different genomes were located at the same genomic locus or
overlap but belong to the different clusters, we classify these genes as
different.

Gene function annotation and expression

For gene function annotation, we aligned all protein-coding sequences
to the NCBI NR proteins database using Diamond blastp with E value
<1 x 107, For GO and pathway annotations (Kyoto Encyclopedia of
Genes and Genomes), we used Diamond with E value <1 X 10~ to
align eggNOG database v5.0. To predict conserved domains of each
gene, we used hmmscan with E value <1 X 10~ and Pfam-A models
(as of 11 August 2022) to search all protein sequences.

To characterize gene expression, we downloaded previous released
RNA-seq data of B. mori from NCBI sequence read archive (acces-
sion no. DRR013821.1-DRR030438.1, SRR10035581-SRR10035833,
and SRR5602461.1-SRR5602472.1) and used STAR v2.7.10 (68) to
align RNA-seq reads to the Dazao female genome. We then used
Stringtie v1.3.0 (69) to calculate expression level (TPM) of each gene.
We considered genes to be transcribed if the expression level more
than 0.5 TPM in at least one sample.

Phylogenetic analysis

In addition to B. mori, the genomes and proteins of 23 species,
including 3 trichopteran and 20 lepidopteran species, were down-
loaded from NCBI and InsectBase database (table S10). The single-
copy BUSCOs of each species were identified using BUSCO v5.12
with the insect_odb10. A total of 833 single-copy BUSCOs shared
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by the detected 24 species were aligned using MAFFT v7.487 with
default parameters. We then used IQ-TREE v2.0.3 (70) with the pa-
rameters of alrt 1000 -bb 1000 to construct the maximum likelihood
(ML) tree. Last, the ML tree was used to estimate the divergence
times among 24 genomes by r8s v1.81. The phylogenetic tree was
visualized in ITOL (https://itol.embl.de/).

Synteny analysis among Z chromosomes and autosomes

We analyzed the synteny relationships among Z chromosomes and
autosomes of the 24 samples based on orthologous genes. Ten of the
24 species did not have genome-wide gene annotations. Thus, we
used homology-based methods to predict protein-coding genes in
these genomes. We used GeMoMa with the default parameters to
predict genes based on protein sequences of four species with high
BUSCO scores, including M. jurtina, P. brassicae, S. frugiperda, and
B. mori. We then used OrthoFinder v2.5.4 (71) with default param-
eters to identify orthologous genes in all 24 species. The jcvi package
v1.2.7 (https://github.com/tanghaibao/jcvi) was used to display the
synteny relationships among the Z chromosomes and autosomes
based on the locations of orthologous genes. In addition, the origi-
nal chromosome numbering of each species used in this study does
not have a correspondence between species. To facilitate compara-
tive analysis of chromosomes in subsequent analyses, we adopted a
unified nomenclature for the chromosomes of these species based
on recently reported Merian elements (48). The original chromo-
some numbering for each species and their corresponding Merian
elements are presented in table S16.

Comparisons between W chromosomes and
other chromosomes
We used Satsuma2synteny to identify synteny blocks between chro-
mosomes. Because of the scarcity of genes in the W chromosome, we
conducted synteny analysis based on the nucleotide sequence com-
parisons between the W chromosome and other chromosomes. In
addition, the mobility of TEs may have an impact on the detection of
sequence homology and arrangement between chromosomes, par-
ticularly between W chromosomes that are rich in transposons. To
eliminate the influence of TEs on the results of synteny analyses, we
identified synteny blocks between chromosomes after filtering out
repetitive sequences. Considering the variation in the length of W
chromosomes among different species, ranging from 1.87 to 15.17 Mb
(table S10), we conducted reciprocal comparisons for identification
of synteny blocks between W chromosomes. For instance, in the
comparison between species A and species B, one direction of com-
parison involved using the W chromosome sequence of species A as
a query sequence to search for homologous sequences in each chro-
mosome of species B. The other direction of comparison involved
using the W of species B as a query to search for homologous regions
in each chromosome of species A. The synteny blocks between chro-
mosomes were identified using Satsuma2synteny (https://github.
com/bioinfologics/satsuma2) with the minimum alignment length
set to the default value (0), 100, and 500 bp, respectively. Considering
that when the minimum alignment length is set to the default param-
eter, there are many very short synteny (<50 bp) blocks between dif-
ferent chromosomes (fig. S26), this study also analyzed the number
and total length of homology blocks between different chromosomes
when the minimum alignment length was set to 100 and 500 bp.

To investigate the effectiveness of Satsuma2synteny in detecting
homology between chromosomes of different species, we also used
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this tool to identify homology between autosomes and between Z
chromosomes of different species as positive control. We found that
Satsuma2Synteny was effective in identifying homology between Z
chromosomes or autosomes of different species, regardless of
whether the minimum alignment length was set to the default value
or 1000 bp (figs. S27 to S30). Last, the LINKVIEW v2 (https://
yangjianshun.github.io/LINKVIEW2/) was used to display the syn-
teny relationships between chromosomes based on the locations of
synteny blocks.

Supplementary Materials
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Figs. S1to S30
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