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Abstract

In butterflies and moths, which exhibit highly variable sex determination mechanisms, the homogametic Z chromosome is deeply

conservedand is featured inmanygenomeassemblies.Theevolutionandoriginof thefemaleWsexchromosome,however, remains

mostly unknown. Previous studies have proposed that a ZZ/Z0 sex determination system is ancestral to Lepidoptera, and that W

chromosomes may originate from sex-linked B chromosomes. Here, we sequence and assemble the female Dryas iulia genome into

32 highly contiguous ordered and oriented chromosomes, including the Z and W sex chromosomes. We then use sex-specific Hi-C,

ATAC-seq,PRO-seq,andwhole-genomeDNAsequencedatasets to test if featuresof theD. iuliaWchromosomeareconsistentwith

a hypothesized B chromosome origin. We show that the putative W chromosome displays female-associated DNA sequence, gene

expression, and chromatin accessibility to confirm the sex-linked function of the W sequence. In contrast with expectations from

studies of homologous sex chromosomes, highly repetitive DNA content on the W chromosome, the sole presence of domesticated

repetitiveelements in functionalDNA, and lackof sequence homology with theZchromosomeor autosomes ismost consistentwith

a B chromosome origin for the W, although it remains challenging to rule out extensive sequence divergence. Synteny analysis of the

D. iulia W chromosome with other female lepidopteran genome assemblies shows no homology between W chromosomes and

suggests multiple, independent origins of the W chromosome from a B chromosome likely occurred in butterflies.
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Significance

Assembled sex chromosomes are important for studies on the evolution of sex, sex-linked traits, and sex-biased gene

expression. Yet most of our knowledge of sex chromosome pairs comes from a few model organisms. ZZ/ZW sex

determination, where females carry the heterogametic sex chromosome, is common outside of these models. The

Dryas iulia genome provides an important case study on the origin and evolution of ZZ/ZW sex determination systems

from a ZZ/Z0 ancestral state. Our findings support a B chromosome origin for the W chromosome and provide

evidence that W chromosomes may have originated from B chromosomes multiple times in butterflies. These results

indicate that sex determination mechanisms and sex chromosomes may turnover rapidly when sex chromosome pairs

have nonhomologous origins.
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Introduction

Lepidopteran sex chromosomes, and particularly Z chromo-

somes, are increasingly being used to gain novel insights into

sex-chromosome evolution (Van Belleghem et al. 2018),

mechanisms and systems of dosage compensation (Walters

et al. 2015; Gu et al. 2019), and the role of neosex chromo-

somes (Gu et al. 2019; Martin et al. 2020). Few genome as-

semblies, however, have identified and validated clear

candidates for the W chromosome in Lepidoptera and even

fewer have been proposed for butterflies. Despite the overall

lack of well-assembled W chromosomes, study of the Z and

W chromosomes in moths has proposed a noncanonical ori-

gin for lepidopteran W chromosomes from a B chromosome

(Dal�ıkov�a et al. 2017; Fraı̈sse et al. 2017), which are generally

nonessential chromosomes found variably within populations

and species. Phylogenetic analysis of sex bodies in Trichoptera

and Lepidoptera indicate that W chromosomes may have

been absent from lepidopteran ancestors, whereas the Z

chromosome is deeply conserved. Thus, the Z chromosome

appears to have a single origin and W sequences are unlikely

to be homologous to the Z (Lukhtanov 2000). The potential

gain of a W chromosome from a B chromosome is a surprising

contrast to the more commonly observed shared evolutionary

origin with the homogametic sex chromosome (Furman et al.

2020). Evidence for a B chromosome origin of a lepidopteran

W chromosome remains scarce, however, and additional

study of DNA sequence and functional elements, such as W

genes and cis-regulatory loci, is needed to test this hypothesis

and determine the extent to which B chromosomes may drive

W chromosome evolution in butterflies and moths.

High-quality genome assemblies characterized by com-

pleteness, contiguity, and well-ordered construction are es-

sential for the study of sex chromosome evolution, given the

technical challenges of sex chromosome biology. Sex chromo-

somes are often repetitive (Abe et al. 2005; Hobza et al.

2015), may display a high degree of copy number variation

(Bachtrog 2013; Massaia and Xue 2017; Lucotte et al. 2018),

and can be substantially degenerate relative to autosomes

(Bachtrog 2013; Furman et al. 2020; Lenormand et al.

2020). There is, therefore, a critical need for additional

high-quality lepidopteran genome assemblies to understand

the processes of sex chromosome evolution in butterflies and

moths. Heliconius butterflies have emerged as a key study

system in lepidopteran genomics. Within the butterfly tribe

Heliconiini, which includes the mimetic genera Heliconius and

Eueides, reference quality assemblies exist for several

Heliconius species ( Davey et al. 2016; Van Belleghem et al.

2017). Although a number of additional Heliconius genomes

have been assembled (Edelman et al. 2019; Massardo et al.

2020), there are currently few high-quality resources for

members of the heliconiine genera that split at the base of

the phylogeny and, to date, only the Z chromosome has been

assembled, with no evidence of a W chromosome in any

assembly. Multiple ecologically significant traits in Heliconiini

butterflies show evidence of a sex-linked genetic architecture

(Haag et al. 1993; Martin et al. 2014; Li et al. 2017; Lewis et

al. 2020; ). The lack of complete, high-quality assemblies,

however, limits the ability to test macroevolutionary hypoth-

eses on the origin and evolution of diversity within helico-

niines, despite a continued interest in phylogenetic

(Edelman et al. 2019), developmental (Martin et al. 2014;

Lewis et al. 2019; 2020; ), and population genetic (Supple

et al. 2015; Martin et al. 2016) studies in this group.

To increase the breadth of phylogenetic coverage for hel-

iconiine genomes, we sequenced and assembled a

chromosome-level genome assembly for the butterfly Dryas

iulia, which represents the sister clade to the remainder of the

Heliconiini group (Kozak et al. 2015). Dryas iulia is a common

member of the orange mimicry ring of heliconiine butterflies

found throughout much of the neotropics and diverged from

the remainder of the Heliconiini tribe approximately 26 Ma

(fig. 1A) (Kozak et al. 2015). Here we identify and validate the

Z and W sex chromosomes in the D. iulia genome assembly,

then assess the potential role of B chromosomes as a source

for the W chromosome in butterflies.

Materials and Methods

See supplementary methods, Supplementary Material online

for detailed information on library preparation, genome as-

sembly, genome annotation, and data analysis. Abbreviated

methods are as follows:

Butterfly Stocks and Tissue Samples

Tissue samples for PacBio, Hi-C, RNA-seq, and PRO-seq assays

were collected from a D. iulia laboratory colony derived from

Costa Rican D. iulia butterflies. Larval individuals were reared

in greenhouses on Passiflora biflora at approximately 28 �C.

Adults were kept in cages at 28 �C with Lantana camara

flowers for nectar and P. biflora for oviposition. Pupal wing

tissues were dissected in cold PBS before following assay-

specific protocols. Sample sex for sex-specific assays was de-

termined as described in Beebe et al. (1960). All butterflies

were reared following institutional guidelines.

Library Preparation

Library preparations for PacBio (Lewis et al. 2016), Hi-C (Lewis

et al. 2019), and ATAC-seq (Lewis and Reed 2018) libraries

were performed as described previously. RNA-seq libraries

were prepared using the NEB Ultra II Directional RNA library

preparation kit. PRO-seq libraries were performed following a

low-cost protocol with minor modifications for insect cells

(Chu et al. 2018). Libraries were sequenced at either 2 �
150 bp, 1 � 75 bp (PRO-seq), or 2 � 37 bp (ATAC-seq) on

a HiSeq400 or NextSeq500 (ATAC-seq and PRO-seq).
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Genome Assembly and Annotation

Approximately 44� PacBio Sequel2 long reads from female

D. iulia DNA were used for the initial genome assembly with

CANU (Koren et al. 2017). The resulting contigs were cleaned

and polished, then scaffolded using two 10� linked reads

libraries. Synteny maps were used to delete putative dupli-

cated regions from the scaffolded sequences.

Chromosomes were assembled using Hi-C data aligned to

the final scaffold sequences with the 3D-DNA pipeline

(Dudchenko et al. 2017). The resulting chromosome sequen-

ces were manually curated using the Hi-C alignment maps to

produce the frozen genome assembly. Sixteen strand-specific

RNA-seq libraries were compiled for gene annotations. Gene

predictions were then produced using RNA-seq alignments

and protein predictions from multiple lepidopteran and dip-

teran genomes with BRAKER (Hoff et al. 2019). Assessment

of completeness was performed with BUSCO (Seppey et al.

2019).

DNA Sequence Analysis

In addition to comparison of male- and female-specific Hi-C

data sets, we also used short-read data to detect female-

associated sequences. Two male and two female whole-

genome DNA sequence data sets from adult D. iulia individ-

uals collected in Key Largo, FL were aligned to the D. iulia

genome assembly to test for female-associated DNA sequen-

ces on the W chromosome. Female-specific DNA sequences

were identified as regions of the W chromosome for which

female, but not male, reads mapped uniquely to the W se-

quence. To determine female bias in read alignments, the W

chromosome was segmented into 100 bp windows and read

depth for each window was calculated. Outlier windows for
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FIG. 1.—A putative W chromosome in the chromosome-level D. iulia genome assembly. (A) A phylogeny of Heliconiini butterflies shows Dryas as the

sister taxa to the remainder of the Heliconiini genera (phylogeny and divergences times from Kozak et al. [2015]). (B) Synteny and chromosome composition

of the D. iulia genome assembly shows the D. iulia assembly is composed of highly contiguous, ordered, and oriented chromosomes that map back to the

expected H. erato chromosomes. (C) The putative W chromosome is validated by a substantial degree of female-specific chromatin contacts in sex-specific

Hi-C data.
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female–male and female–female DNA alignments were clas-

sified using windows at or exceeding the fourth standard

deviation of the studentized residuals from the least-squares

regression of the male–male sample comparison, using the

male–male regression equation. More simply, purple points in

this analysis identify windows with<0.05% chance of occur-

ring at random in the male–male sample comparison. Analysis

of repetitive element content was performed with

RepeatMasker (Tarailo-Graovac and Chen 2009) and the pre-

viously produced D. iulia repeat library (Ray et al. 2019).

W Chromosome Functional Annotations

Short-read alignments for ATAC-seq and PRO-seq data sets

were performed as described previously (Chu et al. 2018;

Lewis and Reed 2018). Uniquely mapped read files were

then converted to BigWig format and functional elements

on the W chromosome were manually curated. Paralogs to

manually annotated genes were determined using BLAST at

LepBase (Challi et al. 2016).

W Chromosome Synteny Analysis

Synteny analysis within the D. iulia genome assembly and

between species was performed using Satsuma2 Synteny

(Grabherr et al. 2010). A permissive synteny analysis was per-

formed by testing for sequence similarity between only the W

chromosome and the entirety of the target genome assembly,

using Satsuma2 Synteny and considering a minimum synteny

score of 0.7. This analysis will report secondary or tertiary hits

from the W chromosome to the target genome assembly at

the cost of a higher false-positive synteny rate. To further

increase the sensitivity of our analyses, we used BLAST (blastn)

to search for Wct transcript sequences in the D. iulia and

Kallima inachus genome assemblies.

Results and Discussion

Assembly and Annotation of the D. iulia Genome

To assemble the D. iulia genome, we generated �44� cov-

erage PacBio long-read sequences from a single female indi-

vidual, two 10� linked-read data sets from separate

individuals, and chromatin conformation capture libraries

(Hi-C). The assembled genome had a total length of

440 Mb in 762 scaffolds. Scaffold N50 and N95 values were

15.23 Mb and 7.4 Mb, respectively, with 98.5% of the assem-

bly ordered and oriented into single chromosomes (table 1).

We then annotated the D. iulia assembly using 16 head and

wing tissue mRNA-seq libraries from four developmental

stages of larval and pupal development along with protein

predictions from Heliconius melpomene and Drosophila mel-

anogaster. We annotated approximately 18,000 coding

genes with about 36,000 transcripts, which is similar to pre-

vious lepidopteran genomes ( Heliconius Genome

Consortium 2012; Davey et al. 2016; Lewis et al. 2016; van

der Burg et al. 2019).

To verify the D. iulia genome assembly quality, we ob-

served Hi-C signal within versus between assembled chromo-

somes, which showed clean clustering of chromosomes with

greatly reduced signal between chromosomes (supplemen-

tary fig. S1, Supplementary Material online). Within chromo-

somes, we observed no signatures of misassembly due to

misplacement or misorientation of contigs, whereas 45 large

haplotype duplications (off diagonal horizontal lines in Hi-C

data) were reduced to a single copy based on our Hi-C signal

to produce the final genome assembly. In total, unsupervised

assembly of the D. iulia scaffolds produced 32 chromosomes

corresponding to the expected chromosome number in fe-

male individuals (assuming a ZW sex determination system)

(Davey et al. 2016).

We next determined synteny between our assembled D.

iulia chromosomes and chromosomes of Heliconius erato,

which was assembled into chromosomes using a high-

quality linkage map (Van Belleghem et al. 2017). The 30 D.

iulia autosomal chromosomes and the Z chromosome

showed greater contiguity than the H. erato genome assem-

bly and a high degree of ordered synteny with the expected

chromosomes in H. erato, including correctly placing the 10

chromosomal fusion events that occurred between the diver-

gence of Heliconius and Eueides (15, Cicconardi et al. 2021)

(fig. 1B). We then used BUSCO (Seppey et al. 2019) analysis of

gene ortholog presence and copy number as an orthogonal

test of the completeness and single-haplotype composition of

the D. iulia genome assembly (table 1). Of the 1658 Insecta

BUSCOs, 99.3% were found to be complete within our as-

sembly, 98.7% were single copy sequences, and 0.6% were

duplicated. An additional two BUSCO genes (0.1%) were

present, but fragmented, and only ten BUSCO genes

(0.6%) were missing. Taken together, the contiguity, com-

pleteness, and single-copy composition of the D. iulia genome

assembly places it easily on par with the best lepidopteran

genome assemblies to date (supplementary table S1,

Supplementary Material online).

Identification of a Putative W Chromosome in D. iulia

In addition to the expected conserved 30 autosomes and Z

chromosome, we also assembled a short 2.2-Mb sequence

that displayed no robust evidence of physical connection to

any of the 31 assembled chromosomes previously described

within heliconiines—a result consistent with this sequence

being a 32nd chromosome. Synteny analysis of this sequence

showed no homology with any chromosome within either the

H. melpomene or H. erato genome assemblies (fig. 1B and

supplementary fig. S2, Supplementary Material online). This

result, the female sex of our DNA donor, and the small as-

sembled fragment size, which is similar to the expected W

chromosome size of Heliconius (Jiggins et al. 2005), together

Lewis et al. GBE
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suggest that this sequence may represent the D. iulia W chro-

mosome. If so, a W chromosome should show a female-

specific enrichment in genomic samples. To test the female

specificity of the candidate W chromosome, we compared Hi-

C data sets produced from male only and female only tissue

samples. Alignment rates between male and female samples

were very similar and indicated no significant loss of read

alignment in female samples. Consistent with our hypothesis

that this sequence represented the D. iulia female sex chro-

mosome, sex-specific Hi-C alignments indeed showed a

female-specific presence of chromatin interactions for the

candidate W sequence (fig. 1C), leading us to label this the

putative W.

High DNA Copy Number and Unique Repeat Content of

the W Chromosome

We next sought to understand how the DNA sequence of the

W chromosome may differ from the Z sex chromosome and

autosomes. Previously assembled heterogametic sex chromo-

somes have sometimes shown unusual DNA sequence con-

tent, such as high copy number sequences (Lohe et al. 1993)

and a greater accumulation of transposable element content

than found on the autosomes or homogametic sex chromo-

some (Erlandsson et al. 2000). This atypical DNA sequence

evolution is likely due to the combination of reduced effective

population size (Van Belleghem et al. 2018) and the lack of

recombination in much or all of the heterogametic sex chro-

mosome (Charlesworth 1978; Furman et al. 2020). In butter-

flies, where recombination appears to be male limited (Jiggins

et al. 2005), the Z chromosome should experience crossover

events at roughly the same frequency per meiosis as auto-

somes (Martin et al. 2019), whereas the W should not recom-

bine at all.

To understand the effects this might have on the putative

W chromosome in D. iulia, we aligned two male and two

female whole-genome short-read DNA sequence data sets

to the female D. iulia genome assembly to test for differences

in sequence and DNA copy number between sexes.

Consistent with a highly repetitive DNA composition, very lit-

tle (�6%) of the W chromosome mapped uniquely in a

completely female-specific manner in our short-read analysis.

Nonetheless, DNA sequence alignments showed a moderate

female-specific bias. Analysis of mean read depth for 100 bp

windows along the W chromosome for male and female

samples found that a significant fraction of windows were

overrepresented in female DNA and a large number of win-

dows were found only in female DNA (fig. 2). Much of this

DNA was found to have high copy number, and the high DNA

copy number on the putative W is a clear contrast with auto-

somes and the Z chromosome (fig. 2 and supplementary S3,

Supplementary Material online). Realignment of our PacBio

reads to the D. iulia genome showed a distinct peak of read

enrichment for the W chromosome at one-half of the auto-

somal depth and similar to the Z. This suggests that the W

sequence is mostly complete, and the long tail of the W read

depth is consistent with a highly repetitive sequence (supple-

mentary fig. S4, Supplementary Material online).

Consistent with evidence for high DNA copy number on

the W chromosome, observation of alignment rates in female

DNA found that the W chromosome is substantially less

uniquely alignable with 74 bp reads than either of the other

two chromosome classes (fig. 3A). Although nucleotide diver-

sity is expected to decrease in heterogametic sex chromo-

somes due to their reduced recombination and lower

effective population sizes, we would expect any nucleotide

and repeat diversity to be specific to a W chromosome line-

age, and thus show nonuniform dispersion between lineages.

This is indeed what we observed. Pairwise comparisons of our

male and female samples indicated that sequence copy num-

ber appeared more dispersed for female samples (fig. 2), likely

due to the clonal nature of W chromosomes in D. iulia line-

ages and consistent with what we would expect for any non-

recombining heterogametic sex chromosome segment. The

increased read depth for female windows suggests a high

degree of divergence in simple and complex repeat number

between lineages, though the possibility of additional unas-

sembled W sequence would complicate this analysis. These

results suggest that a lack of recombination of the W has

been a primary driver of nucleotide composition on the D.

iulia W chromosome.

We next aimed to better understand the sequence com-

position of the putative W chromosome. We ran

RepeatMasker (Tarailo-Graovac and Chen 2009) on the D.

iulia genome assembly to test whether repetitive element con-

tent could explain some of the sequence differences between

the W and the Z or autosomal chromosomes. The results

revealed a notable shift in relative repetitive element class

Table 1

Assembly and Annotation Statistics for the Dryas iulia Genome Assembly

Genome Assembly and Annotation Statistics

Assembly length Scaffolds Contigs Scaffold N50 Scaffold N95 % Order/oriented

440.278 Mb 762 927 15.23 Mb 7.4 Mb 98.50%

Complete BUSCOs Single copy Duplicated Fragmented Missing

99.3% (1,646) 98.7% (1,636) 0.6% (10) 0.1% (2) 0.6% (10)

Dryas iulia Genome GBE
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frequency, with a strong reduction in shorter repetitive ele-

ments (e.g., SINEs) and a substantial increase in the presence

of longer repeat classes (e.g., LINEs, LTRs) when compared

with the Z and autosomal chromosomes (fig. 3B and supple-

mentary S5, Supplementary Material online). Given the

shared landscape of active repetitive elements between chro-

mosomes, this suggests that longer repeats are actively re-

moved from the Z and autosomal chromosomes, whereas

selection less effectively purges these elements from the W.

To test this hypothesis, we analyzed the distribution of repeat

element similarity to the consensus sequence for both LINE

and LTR elements (fig. 3C and D). For elements in both classes,

W chromosome elements saw a shift in repeat sequence con-

servation away from the consensus. This could reflect either a

greater age for W chromosome repeats or the rapid accumu-

lation of nucleotide polymorphisms due to a reduced fre-

quency of purifying selection on the W (Charlesworth et al.

1993). This suggests 1) that evolution of the W chromosome

may have been heavily driven by repetitive elements, and 2)

that purifying selection may be an important factor for ge-

nome evolution via reduction of long repeat content in auto-

somes (e.g., Lockton et al. 2008), but less effective in

nonrecombining sex chromosomes. A reduced frequency of

essential loci, such as genes, on a heterogametic sex
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chromosome (see below) could further decrease the effect of

selection on these chromosomes as fewer purifying events are

likely in this case.

Our observation of substantially increased LINE insertions

raises the question: what limits the expansion of the W chro-

mosome sequence length in the absence of recombination

and reduced purifying selection? Because there is no recom-

bination on the W chromosome, extant W lineages that in-

crease in sequence length may be unable to reduce this length

without loss of the lineage—a process similar to Muller’s

Rachet. Indeed, W sequence variation within D. iulia is con-

sistent with lineage-specific sequence accumulation and some

Ws in D. iulia may be larger than the reference sequence (fig.

2). One potential mechanism to avoid runaway W chromo-

some expansion is reduced repetitive element insertion affin-

ity, as previous reports have shown that LINE elements

preferentially insert in regions with low GC content

(Ovchinnikov et al. 2001). Analysis of GC content found

that the D. iulia W chromosome sequence is about 15%

more GC rich than autosomes or the Z (fig. 3E), a result

more similar to vertebrate GC content than what is observed

in Lepidoptera (Fujita et al. 2011). Although analysis of other

lepidopteran W chromosomes will be necessary to validate

this result, this suggests that an increased density of GC bases

in the W might limit chromosome expansion without the

need for selective size-limiting processes.

Repetitive Elements Drive Functional Evolution of the W

Chromosome

Our finding that certain repeat classes are preferentially found

in the putative W sequence suggests that repetitive elements

may also contribute to the functional evolution of the D. iulia

W chromosome. Most known heterogametic sex chromo-

somes originate from the same ancestral chromosome as

the homogametic sex chromosome, and subsequent
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evolution after recombination suppression results in much of

the novel functional DNA content of the heterogametic chro-

mosome (Furman et al. 2020). In this case, counterparts to

some genes on the homogametic chromosome may remain

(gametologs). The proposed noncanonical origin of the lepi-

dopteran W chromosomes from a B chromosome, however,

predicts that most of the W chromosome’s functional DNA

content is gained via novel gene birth rather than modifica-

tion of tandem gene duplications or gametologues.

Alignments of RNA-seq reads to the W chromosome were

difficult to interpret due to the highly repetitive DNA compo-

sition. Instead, we used male and female PRO-seq (which

assays nascent transcription over the entire gene body) and

ATAC-seq (which assays accessible regulatory elements) data

sets to identify putative genes and cis-regulatory elements to

investigate the functional DNA content of the W chromo-

some and to test the hypothesis that these sequences repre-

sent de novo gain of function evolution. In general, actively
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1885713 - 1893831 - uncharacterized protein RT domain
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1367243 - 1480537 - RNA-directed DNA polymerase from jockey-like Integrase, RT domain
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evidence of domesticated repetitive elements.
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transcribed regions on the W chromosome were rare com-

pared with the autosomes or the Z chromosome, consistent

with a limited functional role of the W in Dryas development

(Furman et al. 2020). Manual annotation of the W chromo-

some identified six regions with pupal wing PRO-seq align-

ment profiles characteristic of gene bodies, which we labeled

W chromosome transcript 1–6 (fig. 4A). Transcript length and

sequence mappability suggest these transcripts represent cod-

ing or noncoding genes, rather than active transposable ele-

ments. Similarly, ATAC-seq profiles showed three loci defined

by accessible chromatin, all of which were at the 50 end of

annotated transcripts, suggesting that limited or no use of

distal regulatory elements occurs on the W chromosome.

PRO-seq data at the 50 end of several putative gene bodies

displayed a characteristic “pause” peak where polymerase

elongation is halted after initiation (Adelman and Lis 2012),

confirming that some mechanisms that regulate transcription

remain constant across the D. iulia sex chromosomes and

autosomes (e.g., fig. 4A, Wct4/Wct5). Although nonspecific

alignment of short-read data sets remains a challenge, all

annotated transcripts and putative CREs showed a strong fe-

male bias in read count that supports these loci being female-

specific genes (fig. 4B).

Analysis of sequence homology found that none of the

putative W genes were homologous to known proteins in

previously annotated Lepidoptera. In contrast, many Z chro-

mosome genes have been found conserved between species.

All Wcts, however, were potential paralogs to a series of pre-

dicted protein coding genes with integrase and reverse tran-

scriptase domains, several of which were confirmed repeat-

derived genes (fig. 4C). True paralogy via duplication is unlikely

in this case, because sequence similarity is likely derived from

the active repetitive element landscape shared across chromo-

somes. Instead, sequence similarity likely reflects the potential

role of domesticated repetitive elements in driving gene birth

on the W chromosome (Jangam et al. 2017).

A Potential B Chromosome Origin for the D. iulia W Sex
Chromosome

If the D. iulia W chromosome is derived from the same ances-

tral autosomal pair as the Z chromosome, we would expect to

find at least some sequence similarity between Z genes and

transcripts on the W (Bachtrog 2013; Furman et al. 2020).

Although alignment of our PRO-seq and ATAC-seq data sets

was limited by the high copy number and repetitive element

content of the W chromosome, our gene set is consistent with

a noncanonical B chromosome origin for the D. iulia W chro-

mosome. Indeed, we found no evidence of gene homology

with genes or nonrepetitive DNA sequences from the Z or

autosomal chromosomes, despite a substantial degree of

gene expression on the Z chromosome in the same data

sets—a result suggesting a nonautosomal origin for the W

chromosome sequence (fig. 4C and supplementary fig. S6

and table S2, Supplementary Material online). Repetitive se-

quence alignments of D. iulia W chromosome transcripts to

the Z chromosome did not cluster on the Z and no serial se-

quence homology was observed (supplementary table S2,

Supplementary Material online). Multiple lines of evidence,

from chromosome size and number to functional DNA content

and lack of sequence homology within heliconiines, are there-

fore most consistent with a B chromosome origin for the Dryas

W chromosome sequence, albeit providing indirect evidence.

Although a few examples of B chromosome-derived hetero-

gametic sex chromosomes are known outside of Lepidoptera

(e.g., Yoshida et al. 2011), it has been commonly found that a

pair of autosomal chromosomes differentiate into the two sex

chromosomes, as determined by shared sequence similarity

between the sex chromosomes. To explicitly test the hypothesis

that the Dryas W chromosome is derived from a B chromo-

some, we used synteny analysis to test for sequence homology

between the assembled W chromosome and all 31 additional

chromosomes within the D. iulia genome assembly. Although

some similarity was found between the W and the remaining

chromosomes due to a shared landscape of active repetitive

elements, no chromosome showed substantially more homol-

ogy to the W than any other. Importantly, this was especially

true for the Z chromosome, which was found to have almost

exactly the mean degree of sequence similarity with the W

chromosome when normalized by target sequence length

(fig. 5A). This result is consistent with similar findings in K.

inachus (Yang et al. 2020), Danaus plexippus (Mongue et al.

2017), and Spodoptera exigua (Zhang et al. 2019), which all

possess a W chromosome that lacks sequence homology to the

Z or autosomes. To our knowledge, cytogenic and PCR-based

studies have only shown clear homology between derived or

neosex chromosomes, and never to putatively ancestral sex

chromosomes in Lepidoptera (e.g., Yoshido et al. 2020).

W chromosomes have, however, been shown to evolve

rapidly in Lepidoptera (e.g., V�ıtkov�a et al. 2007; Yoshido et

al. 2013; ), and we cannot formally rule out the possibility that

the W has simply diverged to the point that ancestral se-

quence homology has been lost. However, several examples

of sex chromosome divergence shows that some homology is

expected across the time scales we are considering. For ex-

ample, gene sequence homology between the X and Y chro-

mosomes of mammals has been maintained for more than

180 Myr (Hughes and Page 2015), and sufficient synteny

remains between the autosomally derived segments of two

neosex chromosomes in tortricid moths to easily determine

sequence homology, even after 75 Myr of divergence

(�S�ıchov�a et al. 2013), which exceeds divergence estimates

between Dryas and Kallima (Kawahara et al. 2019).

Similarly, the lepidopteran Z chromosome is deeply conserved,

and the ancestral Z0 sex determination remains present in

many clades (Sahara et al. 2012; Dal�ıkov�a et al. 2017). The

ultra-rapid degradation of a Z-homologous W chromosome

that originated at the base of the lepidopteran phylogeny and

Dryas iulia Genome GBE
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underwent incomplete lineage sorting, or was convergently

lost in multiple lineages, remains formally possible. Our find-

ings, however, appear more consistent with an independently

evolved W chromosome from a nonhomologous sequence,

and therefore support a noncanonical origin of the W chro-

mosome in butterflies as has been previously hypothesized

(Fraı̈sse et al. 2017).

Synteny and Gene Homology Support Multiple
Independent Origins of a W Chromosome in Butterflies

Evidence supporting the unusual origin of lepidopteran W

chromosomes led us to investigate the degree of sequence

turnover between the D. iulia W chromosome and those of

other lepidopteran genome assemblies. Sex chromosomes,

and specifically heterogametic sex chromosomes, are known
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to evolve more quickly than autosomes due to a variety of

population genetic processes including reduced population

size, limited recombination, and various forms of selection

(Charlesworth et al. 1987). Nonetheless, we would expect

some degree of sequence similarity between homologous

sex chromosomes despite this increased rate of evolution

(�S�ıchov�a et al. 2013; Hughes and Page 2015).

To assess W chromosome homology between species, we

used synteny analysis to identify the degree of sequence sim-

ilarity between the W chromosome of D. iulia and the ge-

nome assembly of the nymphaline butterfly K. inachus (Yang

et al. 2020)—the only additional high-quality nymphalid ge-

nome with a proposed W chromosome, based on synteny

and short-read alignments (fig. 5B and C). Unexpectedly,

we found no similarity between the D. iulia W chromosome

and the K. inachus chromosome assembly. In contrast, the

autosomes were reasonably homologous between the two

assemblies, as was the Z chromosome, which showed a de-

gree of synteny similar to that of the autosomes despite a

known increased rate of evolution (fig. 5B). A more permissive

analysis, where we tested for synteny between only the D.

iulia W chromosome and the remainder of the K. inachus

assembly, also failed to identify syntenous sequences between

the two W chromosomes (supplementary fig. S5,

Supplementary Material online). Danaus iulia W transcripts

were similarly absent from the K. inachus W chromosome

when aligned with BLAST (supplementary table S2,

Supplementary Material online). Taken together, these results

suggest that D. iulia and K. inachus do not share an ancestral

W chromosome.

To provide additional support for the rapid evolution of W

chromosomes in nymphalid butterflies, we replicated our syn-

teny analysis with W-associated scaffolds from the D. plexip-

pus genome assembly (Mongue et al. 2017), as well as the

complete S. exigua genome assembly (Zhang et al. 2019). Our

additional synteny analyses mirrored our results against K.

inachus, with highly conserved autosomes and Z chromo-

some, but no synteny between the D. iulia W sequence and

Spodoptera or Danaus W sequences (fig. 5B and supplemen-

tary fig. S5, Supplementary Material online). No synteny was

identified between the D. iulia and S. exigua W chromosomes

in whole-genome comparisons, and permissive analyses indi-

cated that the D. iulia W is no more homologous with other

nonnymphalid or noctuid W chromosomes than with the

autosomes. In contrast, W synteny between two noctuid

moths (Trichoplusia ni [Fu et al. 2018] and S. exigua) indicated

that the noctuid W chromosome has been conserved over 60

Myr of evolution (supplementary fig. S5, Supplementary

Material online). Again, we cannot formally reject the possi-

bility of rapid W sequence evolution such that W homology

cannot be detected within nymphalids as an explanation for

this lack of synteny. This scenario would, however, be a stark

contrast to results from noctuid and tortricid moths (�S�ıchov�a

et al. 2013). Thus, despite a common sex determination

system, our results suggest an evolutionary scenario where

W chromosomes have independently evolved from a B chro-

mosome multiple times in the lepidopteran phylogeny (fig. 5C

and supplementary S6, Supplementary Material online).

Conclusions

Our findings are most consistent with a B chromosome origin

for the D. iulia W chromosome, as has been proposed for

some moths (Fraı̈sse et al. 2017). Although conclusive data

for a negative claim is unfeasible, we find no evidence that

favors the alternative hypothesis—that the Z and W chromo-

somes share a homologous origin, even when using permis-

sive homology detection methods. We considered two

alternative origins for the D. iulia W. It remains possible that

the D. iulia W shows no sequence homology with the Z, or

any other chromosome, due to rapid divergence of the W

sequence such that DNA sequence similarity cannot be

detected. The lack of sequence homology between D. iulia

sex chromosomes suggests evolution from a shared ancestral

chromosome would have to have occurred more than 60–80

Ma. This is the range at which W or neo-W sex chromosomes

have been shown to be homologous and is well beyond the

period during which the D. iulia W likely evolved based on our

phylogenetic analyses within nymphalids. It is also possible for

a homogametic sex chromosome to gain heterogametic func-

tion (Meisel et al. 2017). We would expect in this case that an

Z origin for the W sequence would be common to most nym-

phalid butterflies, yet we see no evidence of W and Z se-

quence homology within or between species. Evidence for a

B chromosome origin for the D. iulia W chromosome certainly

raises questions about the mechanisms and processes that

gave rise to the W. Yet despite the incomplete evolutionary

history of the D. iulia W, our evidence matches many of the

expectations of a B chromosome-derived W sequence and,

importantly, none of those for an alternative origin.

Synteny analysis between species also suggests that W

chromosomes may have independently evolved multiple

times through co-option of a B chromosome in Lepidoptera.

This raises the question, how rapidly do W chromosomes

turnover in butterflies? Sequence comparison of the D. iulia

W chromosome against multiple Heliconius genomes

(Edelman et al. 2019) with BLAST found no evidence of sub-

stantial sequence homology within other heliconiines.

Although this could be due to missing W chromosomes in

these genome assemblies, our results also raise the possibility

that sex determination is not uniform within the Heliconiini

tribe. In addition to the ZZ/ZW sex determination system, a ZZ/

Z0 system where dosage of a Z allele determines sex has been

proposed for multiple lepidopteran species and this could be

the case in some Heliconiini species as well (Traut et al. 2007).

The results here could provide an important set of functional

elements to test for sequence homology of the W

Dryas iulia Genome GBE
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chromosome in other heliconiines to address this question in

the future.

Much of our knowledge of sex determination within moths

and butterflies is dependent on only a few case studies, and

more high-quality assemblies will be needed to accurately

estimate the frequency of sex determination mechanisms

and sex chromosome turnover in Lepidoptera. Yet despite

limited genome assemblies for comparison, our results sug-

gest that entirely new sex chromosomes may evolve more

often or rapidly than previously thought—a result at odds

with many vertebrate models, though sex determination sys-

tems have been known to evolve rapidly in some fish species

(Gammerdinger and Kocher 2018; Clark and Kocher 2019;

Darolti et al. 2019). If this is supported in future studies, it will

ultimately become important to also determine the precise

mechanisms of sex determination and how these mechanisms

have convergently evolved.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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