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Abstract

Sex chromosomes play an outsized role in adaptation and speciation, and thus de-
serve particular attention in evolutionary genomics. In particular, fusions between
sex chromosomes and autosomes can produce neo-sex chromosomes, which offer
important insights into the evolutionary dynamics of sex chromosomes. Here, we in-
vestigate the evolutionary origin of the previously reported Danaus neo-sex chromo-
some within the tribe Danaini. We assembled and annotated genomes of Tirumala
septentrionis (subtribe Danaina), Ideopsis similis (Amaurina), Idea leuconoe (Euploeina)
and Lycorea halia (Itunina) and identified their Z-linked scaffolds. We found that the
Danaus neo-sex chromosome resulting from the fusion between a Z chromosome and
an autosome corresponding to the Melitaea cinxia chromosome (McChr) 21 arose in
a common ancestor of Danaina, Amaurina and Euploina. We also identified two ad-
ditional fusions as the W chromosome further fused with the synteny block McChr31
in 1. similis and independent fusion occurred between ancestral Z chromosome and
McChr12 in L. halia. We further tested a possible role of sexually antagonistic se-
lection in sex chromosome turnover by analysing the genomic distribution of sex-
biased genes in I. leuconoe and L. halia. The autosomes corresponding to McChr21
and McChr31 involved in the fusions are significantly enriched in female- and male-
biased genes, respectively, which could have hypothetically facilitated fixation of the
neo-sex chromosomes. This suggests a role of sexual antagonism in sex chromosome
turnover in Lepidoptera. The neo-Z chromosomes of both I. leuconoe and L. halia ap-
pear fully compensated in somatic tissues, but the extent of dosage compensation for

the ancestral Z varies across tissues and species.
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1 | INTRODUCTION

Sex chromosomes are a dynamic part of many genomes, often distin-
guished from autosomes by a wide range of features resulting from
distinct evolutionary processes. Typical X and Y chromosomes (and
comparably, the Z and W in female-heterogametic taxa) each differ
from autosomes, sometimes dramatically, in their gene content, se-
guence composition, recombination rates, population sizes and sex-
specific inheritance (Vicoso & Charlesworth, 2006). Accordingly, sex
chromosomes do not just determine sex (Furman et al., 2020; Kiuchi
et al., 2014), but play an outsized role in major biological processes
such as sexual conflict (Lund-Hansen et al., 2021; Mank et al., 2014),
adaptation (Lasne et al., 2017; McAllister et al., 2008) and speciation
(Payseur et al., 2018). Therefore, discovering and describing the sex
chromosome content in diverse taxa is a long-standing objective for
both genomics and evolutionary biology alike.

Importantly, such efforts may identify turnovers in sex chromo-
somes, which present excellent opportunities to investigate their
evolutionary dynamics (Bachtrog, 2013; Palmer et al., 2019; Pan
et al.,, 2021; Sigeman et al., 2019). Often such transitions involve
a fusion of an autosome with a sex chromosome, resulting in so-
called neo-sex chromosomes that recapitulate the X and Y (or Z
and W) differentiation through restriction of recombination and
pseudogenization and accumulation of repetitive sequences in non-
recombining region (Wright et al., 2016). As such, they offer novel
insights into this complex evolutionary process. Moreover, the neo-
sex chromosomes are suggested to promote species diversifica-
tion (Filatov, 2018; Graves, 2016; Kitano & Peichel, 2012; Yoshido
et al., 2020).

Sex chromosome-autosome fusions can spread in popula-
tions due to genetic drift, meiotic drive or selective advantage
(Charlesworth & Charlesworth, 1980; Lucek et al., 2023). Selective
advantage may be conferred by new linkage between sex and
sexually dimorphic traits (Provaznikova et al., 2023; Rice, 1984;
Sigeman et al.,, 2019). These traits have different fitness optima
in males and females and thus are likely to evolve under sexually
antagonistic selection, which is also a cornerstone of the classical
model of sex chromosome evolution. The model postulates that dif-
ferentiation of sex chromosomes results from selection for linkage
between the sex determining locus and sexually antagonistic mu-
tations, which can mitigate the sexual conflict (Rice, 1987, Wright
et al., 2016, Furman et al., 2020; but cf. Perrin, 2021). An intrigu-
ing corollary to this theory is that certain autosomes might also be
preferentially involved in forming neo-sex chromosomes if they har-
bour an excess of genes experiencing sexually antagonistic selection
(Charlesworth & Charlesworth, 1980; Kitano et al., 2009; O'Meally
et al., 2012; Ross et al., 2009; Sigeman et al., 2019). Robustly as-
sessing which loci are sexually antagonistic is challenging, as doing
so would ultimately require assessing sex-specific fitness in a wide
range of contexts (Cheng & Kirkpatrick, 2016; Dagilis et al., 2022;
Innocenti & Morrow, 2010; Kirkpatrick & Guerrero, 2014; Mank
& Ellegren, 2009; Veltsos et al., 2020). However, since sexual di-
morphism results from sex-biased genes, i.e., genes differentially

expressed between sexes, these are regularly used as a tractable,
if admittedly imperfect, indicator of sexual antagonism (Grath &
Parsch, 2016; Mank, 2017). Thus, this corollary prediction could be
investigated by examining the relative degree of sex-biased expres-
sion for autosomes known to be involved with fused neo-sex chro-
mosome (cf. Lichilin et al., 2021).

Studies of sex chromosomes, and especially neo-sex chromo-
somes, have historically been concentrated in male-heterogametic
taxa (@XX/@XY system and its variants) (Ellegren, 2011).
Furthermore, until recently, neo-sex chromosomes formed by au-
tosomal fusion were thought to be scarce in taxa with female het-
erogamety (3ZZ/QZW system and its variants) (Pennell et al., 2015;
Pokorna et al., 2014). Also, a null model of sex chromosome-auto-
some fusions assuming all chromosomes fuse with equal probabil-
ity predicts that sex chromosome-autosome fusions should be rare
in clades with high chromosome numbers (Anderson et al., 2020).
For these reasons, sex chromosome fusion events may be expected
to be rare among Lepidoptera (moths and butterflies), a female-
heterogametic taxon with chromosome count n=31 being both
most frequent and ancestral (Ahola et al., 2014; Wright et al., 2023).
Yet, there have been numerous reports of lepidopteran neo-sex
chromosomes (Fraisse et al., 2017; Mongue et al., 2017; Nguyen
et al., 2013; Sichova et al., 2015; Yoshido et al., 2020) and in some
taxa, repeated sex chromosome-autosome fusions have been ob-
served (Carabajal Paladino et al., 2019; Mongue et al., 2017; Smith
et al., 2016; Yoshido et al., 2020). Notably, a recent comparative
analysis of karyotypes in >200 lepidopteran species identified
distinctly more fusions for the Z chromosome than any autosome
(Wright et al., 2023). This suggests that fused neo-sex chromo-
somes may well be favoured by selection (Anderson et al., 2020) and
that Lepidoptera presents a rich taxon for further investigations of
sex chromosome evolution.

Among Lepidoptera, the butterfly genus Danaus stands out
for containing two prominent examples of fused neo-sex chro-
mosomes, one quite young neo-W and another much older neo-Z.
The neo-W occurs in a population of the African queen, D. chry-
sippus, which harbours a recently arisen W-autosome fusion that
is linked with sexually antagonistic phenotypes: wing colour pat-
tern and susceptibility to a maternally inherited, male-killing bac-
terium, Spiroplasma ixodeti (Martin et al., 2020; Smith et al., 2016).
Additionally, D. chrysippus and all other Danaus species share a fu-
sion between the Z and another autosome that is sufficiently old to
have lost any readily detectable sequence similarity between the
neo-Z and the corresponding neo-W region, if the latter was not
lost completely in this species (Gu et al., 2019; Mongue et al., 2017).
Indeed, it remains an outstanding question how old this Danaus
neo-Z is, and whether it occurs outside the genus, in other mem-
bers of the tribe Danaini.

Identifying the age of the Danaus neo-Z would be valuable for
contextualizing some notable differences between the new and an-
cestral segments of the neo-Z chromosome, particularly in regard
to their masculinization and dosage compensation. Examined in the
monarch butterfly, D. plexippus, both the ancestral and new neo-Z
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segments exhibit gene expression that is balanced between sexes.
However, expression from the ancestral segment is reduced rela-
tive to autosomes (i.e. incompletely compensated), while expression
from the new segment is comparable to autosomes (i.e. completely
compensated) (Gu et al., 2019; Ranz et al., 2021). Also, the ances-
tral segment exhibits an excess of male-biased genes in agreement
with the sexual antagonism hypothesis predicting masculinization
of Z chromosome, while the new segment does not (Mongue &
Walters, 2018), perhaps because it is not yet sufficiently old to have
been strongly impacted by this process.

Here, we report our efforts to further elucidate the evolutionary
origin of the Danaus neo-Z chromosome. We sequenced, de novo
assembled, and annotated genomes of Tirumala septentrionis (sub-
tribe Danaina), Ideopsis similis (Amaurina), Idea leuconoe (Euploeina)
and Lycorea halia (Itunina) (Figure 1) and identified Z-linked scaffolds
by comparison of read-depth between sexes. While these genomes
are not assembled to chromosomes, we could nonetheless assign
scaffolds to ancestral linkage groups, based on orthology with the
butterfly Melitaea cinxia, which retains the ancestral karyotype of
n=31 (Ahola et al., 2014; Smolander et al., 2022). Doing so not only
resolved the phylogenetic origin of the Danaus neo-Z but also re-
vealed two additional sex chromosome-autosome fusions to have
evolved among Danaini butterflies. This presented the opportunity
to examine the role of sexually antagonistic selection in fixation of
neo-sex chromosomes by analysing genomic distributions of sex-
biased genes, which we did in I. leuconoe and L. halia, indeed finding
that autosomes involved in sex chromosome fusions were enriched
for sex-biased genes. Since dosage effects and idiosyncrasies of mei-
otic gene regulation complicate empirical testing of sex linkage and
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sexual antagonism using sex-bias gene expression, we further ana-
lysed patterns of sex chromosome dosage compensation and bal-
ance in these two species. Dosage compensation patterns were very
similar to monarch butterfly, even in the case of an independently
evolved neo-Z chromosome.

2 | MATERIALS AND METHODS

2.1 | Sample collection, DNA extraction and
genome sequencing

Pupae of T. septentrionis, I. similis, I. leuconoe and L. halia were ob-
tained from Stratford Butterfly Farm (Stratford-upon-Avon, UK).
The material was barcoded as described by Herbert et al. (2004).

A thorax of a single specimen, female in I. leuconoe and T. septen-
trionis and male in . similis and L. halia, was used for high-molecular-
weight DNA extraction using the Nanobind Tissue Big DNA Kit with
supplemental buffers for insects (PacBio, Menlo Park, USA) fol-
lowing the supplier protocol optimized for insects. The Short Read
Eliminator Kit (PacBio) was used according to the manufacturer's in-
structions to dispose of the short fragments. The resulting DNA was
quantified and quality checked using the Qubit dsSDNA BR Assay Kit
(Invitrogen, Eugene, USA). Library preparation and Oxford Nanopore
(ONT) sequencing on the PromethION platform were performed by
Novogene (Hong Kong, China). Moreover, three males and females,
including specimens used for ONT sequencing, were sequenced
separately by the lllumina technology by Novogene to produce short
reads for correction of ONT reads and coverage analyses.

Danaus

Tirumala

Ideopsis ' o
L Tirumala septentrionis

Miriamica

Parantica

Amauris

Euploea
Idea

Anetia

Lycorea

Idea leuconoe

Lycorea halia

FIGURE 1 A genus-level dated phylogeny for the tribe Danaini, with inferred transitions in sex chromosome content, as explained in
Results and Discussion. Fusions of the ancestral chromosome Z designated as chromosome 1 with autosomes 21 and 12 are indicated as
F(1;21) (blue) or F(1;12) (orange), respectively, and placed above the branches indicating our current inference of where they arose. We
propose that the observed transition of chromosome 31 into a neo-sex chromosome resulted from a fusion of its homologue with the W.
The timing of this event is currently ambiguous, so a dotted line is used to indicate possible lineages carrying this change, and we placed
“F(W;31)" on the earliest possible branch given our sampling. Genera containing species assayed in this study are in bold. Phylogeny and

dating taken from Chazot et al. (2019).
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2.2 | Read control quality and genome size
estimation using GenomeScope and flow cytometry

Raw data from lllumina sequencing were inspected with FastQC
v0.11 (Anderson et al., 2020) and trimmed using Trimmomatic v0.39
(Bolger et al., 2014). The ONT reads were quality checked using the
NanoPack tool (De Coster et al., 2018), more specifically NanoPlot
was used for the quality check and NanoFilt for filtering and trim-
ming. Briefly, reads <10kb and of quality <10 were filtered out. The
Ratatosk v0.1 tool (Holley et al., 2021) was used with default setting
to correct the ONT reads using the accurate Illumina reads from the
same specimen.

For genome size estimate, GenomeScope (Vurture et al., 2017)
with the Jellyfish v2.1.3k-mer counting tool (Marcais &
Kingsford, 2011) was used. K-mers ranging from 11 to 33 were tried
with k=21 selected for its best model fit value.

Genome size was also determined by flow cytometry using fro-
zen heads (N=3) from the sequenced specimens, females for both
I. leuconoe and T. septentrionis and males for both I. similis and L.
halia. A linden bug Pyrrhocoris apterus with 1C=1.34pg (this study,
based on calibration against E. kuehniella males with 1C=440 Mbp,
Buntrock et al., 2012) was used as an internal standard. The tissues
were shredded in 500puL of the nuclear isolation buffer (Buntrock
etal,, 2012; 0.1M Tris-HCl pH=7.5, 2mM MgCl,, 1% Triton X-100)
with a razor blade to release nuclei. The resulting suspension was
filtered and another 500 uL of isolation buffer was added. The nu-
clei were then stained for 20min with 50 ug/mL propidium iodide
(Sigma-Aldrich, St. Louis, USA). The samples were measured with
the Sysmex CyFlow Space flow cytometer (Sysmex Partec, Munster,
Germany) equipped with a 100mW 532 nm (green) solid-state laser.
The side scattered light (SSC) and the fluorescence of about 8000
nuclei or more were analysed using FlowJo 10 software (TreeStar,
Inc., Ashland, OR, USA). Mean, coefficient of variation and number
of nuclei were documented for 2C peaks of both the standard and
the sample. Finally, the ratio standard/sample of mean fluorescence
was calculated.

2.3 | Genome de novo assembly and its
quality evaluation

The corrected ONT reads were assembled by Flye v2.8 (Kolmogorov
et al., 2019) using the “--nano-raw” option and an appropriate ge-
nome size estimated by GenomeScope. The assemblies were sub-
jected to one round of long-read polishing using medaka (https://
github.com/nanoporetech/medaka) and then one round of short-
read polishing using NextPolish (Hu et al., 2020). The purge_dups
v1.0.1 tool was used to remove haplotypic duplicates (Guan
et al., 2020). The assemblies were evaluated by BUSCO v5 using
the Lepidoptera database (odb_10) (Manni et al., 2021). BlobTools
v1.0 (Laetsch & Blaxter, 2017) was used to check for contamination.
Contigs belonging to non-target organisms were removed using the
“seqgfilter” function.

2.4 | Genome annotation

Both functional and structural annotations were done through
GenSAS v6.0 pipeline (Humann et al., 2019). Repetitive sequences
were identified by RepeatModeler2 (Flynn et al., 2020) with the
RMBIast search engine and the TFR v4.09, RECON, and RepeatScout
v1.0.5 modules. Moreover, we used TAREAN (Novak et al., 2017) for
the satDNA annotation. All consensus sequences annotated as sat-
ellites by TAREAN (both high and low confidence) were included in
a custom database as dimers in order to get a better annotation of
satellite DNA. RepeatMasker v4.1.1 (Smit et al., 2013-2015, availa-
ble at http://www.repeatmasker.org) with the NCBI/RMBlast search
engine was used for the annotation of repeats using a combination
of the new repeats retrieved by RepeatModeler2 and the custom
database with the satDNA sequences from TAREAN. For L. halia and
I. leuconoe, total RNA from gonads (testes or ovaries), head and tho-
rax dissected from 1-day-old imagoes of both sexes were extracted
by TRI Reagent (Sigma-Aldrich) and used to produce Illumina RNA-
Seq libraries (Novogene) with 450bp inserts. The 150-bp Illumina
reads were mapped to the genomes using STAR v2.7.7 (Dobin &
Gingeras, 2015). First, the genome index was generated with op-
tions “--runMode genomeGenerate --genomeSAindexNbases 13”. Then,
the mapping was carried out with the basic options as listed in the
manual. The resulting SAM file was transformed into BAM format
using SAMtools suite (v1.11) (Li et al., 2009). The BAM file was used
for gene prediction using BRAKER2 with default options which in-
clude Augustus and GeneMark-EP (Brina et al., 2021; Lomsadze
et al.,, 2014). The T. septentrionis and . similis assembled genomes
were used as input for Augustus v3.3.1 (Stanke & Morgenstern, 2005)
and GeneMark-ES directly with no RNA-Seq evidence to guide the
annotation. Both tRNA and rRNA sequences were identified in all
the assemblies using tRNAscan-SE v2.0.7 (Chan & Lowe, 2019) and
RNAmmer v1.2 (Lagesen et al., 2007) respectively.

2.5 | Coverage analyses to identify sex linkage

Well-differentiated sex chromosomes should produce diagnosable
differences in sequencing coverage that can be used to assess sex
linkage in genome assemblies (Palmer et al., 2019). To this end, for
each species, we aligned lllumina short reads from three male and
female samples to the reference assembly using Bowtie2 (v2.3.5.1)
(Langmead & Salzberg, 2012) with the “--very-sensitive-local”,
“--no-mixed” and “--no-discordant” options, compressing the output
to BAM format using SAMtools suite (v1.11) (Li et al., 2009). The
resulting BAM files were then parsed using the “genomecov” and
“groupby” utilities from the Bedtools suite (v2.25.0) (Quinlan &
Hall, 2010) to obtain the median coverage depth for each scaffold;
reads mapping to regions corresponding to repetitive sequences
annotated by RepeatModeler2 were excluded using the Bedtools
“subtract” utility. In each sample, coverage depths for each scaffold
were normalized by median coverage across scaffolds, averaged
within sex and compared between sexes, formulated as the Log, of
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the male:female (M:F) coverage ratio. An alternative, window-based,
coverage analysis conducted using IndexCov (Pedersen et al., 2017)
was also employed (without masking of repeats) to support visualiza-
tions in comparative analyses, with coverage in windows averaged
and compared between sexes as noted above. Autosomal scaffolds
should present a Log,(M:F)=0 as they are expected to be present
in equal proportion in both sexes, while the Z-linked scaffolds
should ideally present a Log,(M:F)=1 due to its double representa-
tion in males. We considered scaffolds or regions of assembly with
Log,(M:F)>0.5 to be Z-linked.

2.6 | Differential expression analysis

RNA-Seq libraries of L. halia and I. leuconoe were used also for the
differential expression analysis, with three (single individual) repli-
cates from each sex for head, thorax and gonads. The lllumina reads
were quality checked with FastQC (Andrews, 2010) and filtered
with “--nextseq-trim = 20" option using cutadapt v1.15 (Martin, 2011)
and trimmed with Trimmomatic v0.36 (Bolger et al., 2014) with
following parameters: “SLIDINGWINDOW:5:20", “MINLEN:50",
“HEADCROP:14" and “CROP:134". The rRNA was filtered out using
SortMeRNA v4.3.6 (Kopylova et al., 2012). The trimmed and filtered
reads were mapped to the reference genome of the given species
using STAR v2.5.2b (Dobin & Gingeras, 2015). The annotation gff

file was used with the option “--sdjbGTFtagExonParentTranscript
Parent”. The maximum intron length was specified at 130,000bp
(“--alignintronMax 130,000"). The alignments were sorted by coordi-
nate and output directly in binary BAM format (“--outSAMtype BAM
SortedByCoordinate”).

Read counts were generated with R/Rsubread featureCounts
package v2.8.2 (Liao et al., 2014) using an annotation created with
the easyRNASeq package v2.30.0 (Delhomme et al., 2012) that con-
tained synthetic transcripts, i.e., a transcript combining every sin-
gle exon of a gene into a single abiological splice variant to avoid
counting unique mRNA fragments multiple times. Differential ex-
pression analysis between males and females (in different tissue
types separately) was performed with R/Bioconductor DESeq2
package v1.34.0 (Love et al., 2014). For visual exploration of sam-
ple relationship, we transformed counts with the implemented
variance-stabilizing transformation (VST). The differentially ex-
pressed genes were filtered following Schurch et al. (2016) recom-
mendations by lowering the false discovery rate threshold to 0.01
(“alpha=0.01") and by raising the Log, fold change threshold to 0.5
(“IfcTreshold =0.5").

2.7 | Dosage compensation analysis

Read counts were transformed to FPKM-normalized expression val-
ues using library sizes calculated via the TMM algorithm (Oshlack
et al., 2010; Robinson & Oshlack, 2010). For each tissue, expression
values were then averaged within sex to produce a mean FPKM

value for each gene in each sex. Genes with a sex-specific aver-
age FPKM value <0.01 were considered unexpressed and were
removed from analysis in that sex. Distributions of FPKM values
were compared among chromosomes within sex, contrasting three
partitions: genes found on the ancestral Z, neo-Z or autosomes. A
similar comparison was made among chromosomal groupings using
the Log, transformed male:female ratios of expression, considering
only genes expressed in both sexes. Significant variation among the
chromosomal partitions was statistically evaluated with a Kruskal-
Wallis non-parametric test, followed by post-hoc pairwise con-
trasts via Dunn's test as warranted, implemented in the R package
PMCMRplus (Pohlert, 2022).

2.8 | Chromosomal distribution of
sex-biased genes

To support comparative analyses across species, scaffolds in each
species were assigned to homeologous chromosomes in the Glanville
fritillary, Melitaea cinxia (Nymphalidae), which represent the ances-
tral lepidopteran genome organization with n=31 chromosomes
(Smolander et al., 2022) (We adopt the term “homeologous” here
to indicate evolutionarily homologous chromosomes derived from
separate species and to avoid ambiguity when referring to geneti-
cally homologous chromosomes, i.e., those that pair during meio-
sis). Chromosomal assignments were based on maximum count per
scaffold of orthologous genes identified by BUSCO (v5) using the
Lepidoptera database (odb_10) (Manni et al., 2021). For the scaffold
that bridged the transition between neo- and ancestral Z, we used
PROmer (Kurtz et al., 2004) to align the scaffold with the two cor-
responding M. cinxia chromosomes, manually inspected the results
to estimate the breakpoint between neo-Z and anc-Z chromosomal
segments and assigned genes accordingly.

With most genes assigned to ancestral linkage group, we could
then investigate the chromosomal distribution of sex-biased genes
in Idea leuconoe and Lycorea halia. We used a chi-squared test with
Bonferroni correction to assess each chromosome for significant
differences in the proportion of male-biased or female-biased
genes relative to the combined count from the remainder of the
genome. Because this assessment of sex-biased expression is in-
tended to serve as a proxy to indicate which genes experience
sexually antagonistic evolution, we performed this analysis twice,
once considering all genes with significant differential expression
(DE) between sexes, and again excluding genes which were ex-
pressed in only one sex, based on the criteria of FPKM >0.01 ap-
plied during dosage compensation analysis (see above). By default,
significant DE genes may include genes with expression only in
one sex. Such sex-limited expression may reflect the resolution
of prior sexually antagonistic evolution, and so it is reasonable to
include sex-limited genes in an assay of sexual antagonism. But we
cannot exclude the possibility that such genes were always sex
limited and thus did not experience further sexually antagonistic
evolution. So, a more conservative version of the analysis can be
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accomplished by considering only DE genes with evidence for ex-
pression in both sexes. We primarily present the analysis exclud-
ing sex-specific genes and report the analysis with all DE genes in

the supplement.

2.9 | Genomicin situ hybridization

For I. leuconoe, T. septentrionis and L. halia, spread chromosome
preparations were made from ovaries of female pupae following
Mediouni et al. (2004) with slight modifications detailed in Sichova
et al. (2013). The preparations were dehydrated in an ethanol se-
ries (70, 80 and 100%, 30s each) and stored at -80°C till further
use.

Genomic DNA (gDNA) was isolated separately from thora-
ces of both sexes by MagAttract HMW DNA Kit (Qiagen, Hilden,
Germany). Due to the obtained small gDNA yield in all males and L.
halia female, we amplified their gDNA by illustra GenomiPhi HY DNA
Amplification Kit (GE Healthcare, Milwaukee, WI). Hybridization
probes were prepared by Nick Translation from female gDNA
and labelled by fluorochrome Cy3-dUTP (Jenna Bioscience, Jena,
Germany). The 20-pL reaction contained 1 pg of DNA, 1x nick trans-
lation buffer (5mM Tris-HCI, 0.5mM MgCl,, 0.0005% BSA; pH7.5),
10mM B-mercaptoethanol, 50pM dATP, dCTP and dGTP, 10uM
dTTP, 20pM Cy3-dUTP, 20U DNA polymerase | (Thermo Fisher
Scientific, Waltham, MA, USA) and 0.005U DNase | (RNase-free,
Thermo Fisher Scientific). The reaction was incubated at 15°C for
3h and finally stopped by adding 1x loading buffer (50% glycerol,
250mM EDTA, 5.9 mM bromophenol blue).

To detect W sex chromosomes, genomic in situ hybridiza-
tion (GISH) was carried out following the procedure of Sahara
et al. (1999) with slight modifications. Chromosomal preparations
were removed from the freezer, passed through the ethanol series
and air-dried. The chromosomal preparations were pre-treated with
100pg/mL RNase A for 1h at 37°C and washed twice for 5min in
2x SSC. Afterwards, chromosomes were denatured for 3min 30s in
70% formamide in 2x SSC and then immediately dehydrated in cold
ethanol series. For one slide, 10pL of hybridization mix contained
300 ng labelled female genomic DNA, 3 pg unlabelled competitor
DNA, 25 pg sonicated salmon sperm DNA (Sigma-Aldrich, Munich,
Germany), 50% formamide and 10% dextran sulphate in 2x SSC.
The fragmented competitor DNA was prepared from male genomic
DNA by heating (99°C for 20 min). Hybridization was carried out for
3days at 37°C in a moist chamber. Then, the slides were washed at
62°C for 5min in 1% Triton X-100 in 0.1x SSC and 2min in lIfotol
(lIford) at room temperature. Finally, the slides were counterstained
with 0.5mg/mL DAPI (4',6-diamidino-2-phenylindole; Sigma-Aldrich,
Munich, Germany) in antifade based on DABCO (1,4-diazabicyclo(2.
2.2)-octane; Sigma-Aldrich, Munich, Germany).

Results were documented using a Leica DMé B Fluorescence
Microscope (Pragolab, Prag, Czech Republic) equipped with the
appropriate filter set. Images were captured with a Leica sCMOS
Monochrome Camera DFC9000GT equipped with the Leica

Application Suite X (LAS X) imaging software v3.7.3.23245. The
images were pseudocoloured and superimposed with Adobe
Photoshop CC 2019.

3 | RESULTS
3.1 | Genome size estimation

Genome sizes were estimated bioinformatically using GenomeScope
as well as cytologically using flow cytometry. Size estimates from
GenomeScope ranged between 301 and 338 Mbp, with estimated
heterozygosity ranging between 1 and 1.75%, and repeat content
between 24 and 32% (Table 1, Figure S1). Size estimates from flow
cytometry (Table 1, Figure S2) were about 30-50% greater than
those from GenomeScope in all species. For both methods, T. sep-
tentrionis was estimated to have the largest genome size, consistent
with having the largest portion of repetitive content as estimated by

GenomeScope.

3.2 | Genome assemblies and annotation

Details of raw read counts and lengths for genome sequencing sam-
ples are given in Text S1 and Table S1. A summary of genome as-
sembly results for each species is presented in Table 1. Assemblies
from three species had N50 values >2 Mbp, but the T. septentrionis
assembly was notably less contiguous, perhaps due to greater repeat
content and heterozygosity in this species. Nonetheless, BUSCO
analysis showed that >95% of conserved orthologues were found
to be complete and unique in all four species (Table 1). Thus, all
the assemblies provide high-quality references to support compre-
hensive gene annotations (Table 1). Total length of genome assem-
blies corresponded very closely to the genome sizes estimated by
GenomeScope, as did the proportion of repetitive sequences. The
genome assembly and annotation files were deposited in the Dryad
repository (Mora et al., 2023).

3.3 | Identifying Z-linked regions of genomes

Putative Z-linked scaffolds were identified in the assemblies by
comparing sequencing depth between males and females. In taxa
with female heterogamety (3ZZ/QZW) such as Lepidoptera, males
should have double the coverage of Z-linked sequences compared to
females, while coverage of autosomal sequences should be compa-
rable. All four assemblies showed one or a few large scaffolds with
male:female coverage ratios falling almost exactly in line with the ex-
pected two-fold difference (Figure 2), strongly indicating that these
correspond to regions of the Z chromosome that are well differenti-
ated from any W chromosome. Notably, in all four assemblies, the
largest scaffold is apparently Z-linked. Ratio and length data plotted
in Figure 2 are provided in Table S2.
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TABLE 1 Summary of genome assemblies.

Tirumala
Idea leuconoe Ideopsis similis Lycorea halia septentrionis
Genome size estimation
Genome Scope 312 Mbp 332 Mbp 301 Mbp 338 Mbp
Heterozygosity (%) 1.58 0.99 1.26 1.74
Repeats (%) 26.8 249 24.0 32.6
Flow Cytometry 400 Mbp 475 Mbp 424 Mbp 508 Mbp
Assembly summary
Total Length (Mbp) 314 325.5 291.7 3814
N Fragments 474 693 1085 2616
N50 (Kbp) 3420.6 2913.3 2095.3 679.8
Largest Contig (Mbp) 13.56 19.63 15.76 8.63
GC content (%) 31.64 31.99 31.74 32.13
Total Repeats (%) 27.06 29.04 19.12 33.20
Tandem Repeats (%) 211 2.47 2.45 2.50
Interspersed Repeats (%) 25.02 26.59 16.55 30.57
BUSCO (C; D; F; M) (%) 98.4,0.3;0.4;0.9 97,0.3;0.5; 2.2 97.7;0.7;0,3; 1.3 95.3;3.1;0.5;1.1
N genes 20,094 18,754 17,652 21,918
Idea leuconoe Ideopsis similis
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FIGURE 2 Patterns of male versus female average median sequencing coverage for genome scaffolds. Repetitive regions were excluded
from coverage calculations. Only scaffolds larger than the N90 scaffold length are shown. The dotted blue line at 1 indicates the expected

value for Z-linked scaffolds.

The assemblies of I. similis, L. halia and T. septentrionis also yielded
one or two scaffolds with intermediate values of sex-specific cover-
age. Such intermediate values may result from variation in repetitive
DNA content among re-sequenced individuals compared to the ref-
erence assembly. It may also reflect variable levels of differentiation
between neo-sex chromosomes, or indicate a fusion between a well-
differentiated Z chromosome and an autosome. Such a fusion may

be real (i.e. it exists in the organism's genome), but often it reflects an
error in genome assembly producing a chimeric scaffold (cf. Mongue
et al., 2017). Inspecting sex-specific coverage in windows along
the scaffold can often be informative in such cases; hence, we as-
sessed these few “intermediate” scaffolds using IndexCov (Pedersen
et al., 2017), which provides normalized coverage patterns for each
sample in ~16 Kbp windows.

Asud01T suowwo)) dAnear)) ajqesrjdde ay) £q pauIdA0T a1e SA[ONIE YO oS JO SO[NI 10 AIRIqIT SUIUQ AS[IA\ UO (SUOTIIPUOI-PUL-SULIS) WO A[1M"ATRIqI[aul[uo//:sdny) suonipuo) pue suud [, oy} 39S ‘[$707/10/90] uo Areiqry aurjuQ A[IA\ ‘9S7L1 WY/ [ [ ['01/10p/wod Ad[im Areiqrjauruo,/:sdny woiy papeojumod ‘0 Xy67S9E 1



MORA ET AL.

8of 19
AYVAIB A4 MOLECULAR ECOLOGY

In L. halia and T. septentrionis, the scaffolds (one and two respec-
tively) are each ~250Kbp and do not show consistent patterns of
coverage between sexes or across the scaffolds (Figure S3). We, there-
fore, assume that these intermediate “average” coverage patterns re-
flect variation in genome structure unrelated to sex (e.g. differences
in repeat content) and that these scaffolds are not Z-linked. In I. simi-
lis, the one scaffold showing intermediate coverage is much larger, at
~9.5Mbp, and does show a clear difference in sex-specific coverage
indicating that a portion of this scaffold is Z-linked (Figure S3). We as-
sess this pattern results from a mis-assembly, as direct inspection of
ONT reads mapped back to the assembly shows a region with a dis-
tinct shift in coverage and only one presumably chimeric read spanning
position 5,604,305 in scaffold 46:1.0-9461643.0_np1212 (Figure S4).
Accordingly, we manually split this scaffold at this position, and all sub-
sequent analyses use this modified assembly.

T. septentrionis also exhibited one fragment (con-
tig_36:1.0-178234.0_np1212) with strongly female-biased cov-
erage, which likely corresponds to W-linked sequence, since the

sequenced individual was female (Figure 2).

3.4 | Ancestral linkage groups and neo-Z
chromosomes

We used counts of orthologous genes to assign scaffolds in each as-
sembly to a homeologous chromosome from M. cinxia. Because M.
cinxia retains the ancestral lepidopteran karyotype of n=31 (Ahola
et al., 2014; Wright et al., 2023), this provided a common framework
for comparative analysis of sex linkage among the analysed species.
Broadly speaking, gene content per chromosome appears well con-
served between M. cinxia and all four Danaini species analysed, with
very few genes moving between homeologous chromosomes (Figure 3;
Figure S5). Nonetheless, it is known that karyotypes and chromosome
numbers have changed substantially in at least some Danaini species
relative to the ancestral lepidopteran karyotype (Brown et al., 2004).
Since we do not have direct assessments of synteny of autosomal
genes in these species (see below), nor fully chromosomal genome as-
semblies, the relationships between autosomes depicted in Figure S5
are meant only to facilitate comparisons among species.

Yet, despite having imperfect knowledge of karyotypes among
these four Danaini species, it is nonetheless clear that at least three
major transitions in Z-linkage have occurred in this group relative to
the ancestral lepidopteran karyotype (Figure 3; Figure S5). The fu-
sion of homeologues of McChr1 (corresponding to the ancestral Z)
and McChr21 was reported previously in monarch butterfly (Mongue
et al., 2017). This Z-autosome fusion is shared among T. septentrionis, I.
similis and . leuconoe, but is absent in L. halia. However, L. halia carries
a different Z-autosome fusion involving the homeologue of McChr12.
Finally, in addition to the fusion between McChr1 and 21, I. similis ex-
hibits another autosome to Z transition involving the homeologue of
McChr31. The scaffold in I. similis containing this McChr31 is the single
large ~9.5 Mbp scaffold with “intermediate” coverage discussed above.
The region containing Z-like coverage patterns is entirely consistent

with patterns of homology to McChr31. Thus, given the assembly error
that resulted in connecting the McChr31 homeologue to the section of
the same scaffold with autosomal coverage (corresponding to McChr5;
Figure Sé), we have no evidence that the I. similis McChr31 homeo-
logue is fused to another chromosome. Notably, in all three cases of
neo-Z chromosomes formed from autosomes, the coverage patterns
suggest very substantial divergence between the Z and any homolo-
gous W chromosome that may exist (Figures 2 and 3).

Placing these inferences in a phylogenetic context, we can start
to clarify the origins of the sex chromosome transitions we iden-
tified (Figure 1). It appears that the fusion of the ancestral Z and
autosome homeologous to McChr21 is shared by all assayed species
(and Danaus) other than L. halia. Based on the dated phylogeny from
Chazot et al. (2019), this likely took place about 30 Mya. We have
less ability to resolve when the transition of the McChr31 homeo-
logue to a sex chromosome occurred because we do not know the
status of this chromosome in genera Miriamica, Parantica or Amauris.
Thus, this transformation could be nearly as old as the McChr21 fu-
sion, or potentially rather recent, if it occurs only in Ideopsis species.
In any case, the consistent two-fold difference in coverage between
males and females for this region of the genome suggests that the
neo-Z is strongly diverged from its neo-W counterpart, or is hemizy-
gous in females. It is also possible that the fusion and transformation
of McChr12 observed in L. halia is as old as that for McChr21; we
currently lack information concerning the status of McChr12 in its
sister genus Anetia, and the next oldest branching is at the base of
the Danaini.

In addition to its transformation into a Z chromosome in I. similis,
the homeologue of McChr31 showed notable patterns in the assem-
blies for I. leuconoe and L. halia. However, in both cases we judge
these to be analytical artefacts, and not biologically significant. In
I. leuconoe, there is a small region with Z-like M:F coverage ratios,
suggestive of sex-specific differentiation as might be associated with
a sex-determining region. However, this pattern reflects comparison
of averages within sex as individual samples are actually highly vari-
able in this region and do not show a consistent two-fold coverage
difference between sexes (Figure S7). Thus, we deem this apparent
two-fold difference to be an artefact of averaging across samples in
a region with highly variable individual coverage, likely arising from a
copy-number variant segregating among samples at this locus.

In L. halia, our genome assembly initially yielded a single scaf-
fold (1585_1.0-3721850.0_np1212) that merged chromosomes
homeologous to McChr28 and McChr31. Together with the fusion
of McChr1 and McChr12 forming the neo-Z, this would suggest a
chromosome count of n=29, which is one fewer than the published
karyotype of n=30 for this species based on microscopic observa-
tion of meiosis (Brown et al., 2004). We, therefore, suspected this
apparent fusion may be a mis-assembly. Using PROmer alignments
with M. cinxia, we estimated the transition point between regions
corresponding to McChr28 and McChr31 occurred at about position
2.2Mbp. We then inspected ONT reads mapped back to the assem-
bly at this point and observed it contained an ~10kbp region with
exceptionally low coverage, poorly mapped reads and numerous
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FIGURE 3 Patterns of shared orthology and sex-specific coverage for sex-linked regions among four Danaini butterflies under study.
Coloured lines connect the respective positions of single-copy BUSCO orthologues in chromosomes from the common reference species
Melitaea cinxia (coloured blocks) to scaffolds in the focal genome assembly (grey blocks). The plot is limited to only scaffolds showing

sex linkage in Danaini and the corresponding reference chromosomes. Scaffolds in each focal species are arranged and oriented based

on the maximum count and positions of orthologues in reference chromosome. The Log,(Male:Female) coverage is plotted in ~16 Kbp
windows above each focal cluster, in positions corresponding to the focal scaffold. The horizontal grey line in coverage plots indicates the
expected value for autosomes. For I. leuconoe, a small region corresponding to chr31 appeared to have Z-like coverage, but was specifically
investigated and deemed to be autosomal (see main text). A plot showing all reference chromosomes and homeologous regions of study
species is given in Figure S5.

3.5 | Differentially expressed genes between
males and females

indels. Dotplot analysis also revealed a large repetitive structure
at this position (Figure S8). Thus, we judged this apparent fusion to
be a mis-assembly, split the scaffold at 2.2 Mbp and subsequently

updated analyses of ancestral chromosomal linkage using this man-
ually modified assembly. A similar examination of the fusion point
between McChr1 and 12, forming the L. halia neo-Z, showed no such
anomalies in coverage (Figure S9).

We used RNA-seq to assay patterns of sex-biased gene expression
in two of our four study species for which relevant samples were
available: I. leuconoe and L. halia. The amount of sex-biased gene
expression differed substantially between tissues, with somatic
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tissues yielding almost no genes with significant differential ex-
pression between sexes (not shown). We, therefore, present here
only an analysis of gonads, using the criteria of an FDR adjusted
p-value (padj<.01) and at least 50% difference in expression to
demarcate differential expression. We identified 4690 differen-
tially expressed (DE) genes in I. leuconoe, with 1703 female-biased
(down-regulated in males) and 2987 male-biased (up-regulated
in males) genes (Figure S10). Using the same criteria in L. halia,
we identified 5203 DE genes, with 1860 female-biased and 3343
male-biased genes (Figure S10).

We then counted sex-biased genes per M. cinxia homeologue and
tested each chromosome for significant deviations in the proportion
of male- and female-biased genes (Chi-square, Bonferroni adjusted
p<.05). Genomic regions corresponding to McChrl and 31 were
significantly enriched and McChr19 and 24 depleted in male-biased
genes in I. leuconoe. The only chromosome significantly enriched in
female-biased genes was McChr11 (Figure 4). In L. halia, McChr1
and 31 were enriched and McChr24 depleted in male-biased genes.

Female-biased genes were significantly enriched on McChr21 and
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22 but depleted on McChr1 (Figure 4). This version of the analysis
excludes differentially expressed genes with sex-specific expression
(see methods). Including all differentially expressed genes produced
comparable results, with the addition that McChr25 and 8 were also
significantly enriched in male-biased genes in . leuconoe and L. halia,
respectively (Figure S10). Lists of the DE genes were deposited in
the Dryad repository (Mora et al., 2023).

3.6 | Dosage compensation

In somatic tissues (head and thorax), patterns of average gene ex-
pression for the ancestral and new segments of the neo-Z, and auto-
somes were grossly similar for both sexes. No significant differences
were detected between the new Z segment (Znew) and autosomes,
indicating that the Znew segment appears to be fully compensated
relative to autosomes in both species (Figure 5; Tables S3-S5).
However, there was a consistent qualitative difference in Znew:A

median ratios between species, with Znew being slightly lower than

FIGURE 4 Distribution of male- and
female-biased genes expressed in gonads
in Idea leuconoe and Lycorea halia. Genes
were assigned to ancestral linkage groups
represented by chromosomes of Melitaea
cinxia. In both I. leuconoe and L. halia,

the ancestral Z genes correspond to
McChr1, while genes of new Z segments
were assigned to McChr21 and McChr12
respectively. Note that genes from
McChr31 are sex linked in . similis. No.
of Z-autosome fusions shows tendency
of synteny blocks to be involved in these
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fusions (according to Wright et al., 2023).
This analysis excludes sex-specific
genes; results including all differentially
expressed genes are given in Figure S10.
Significant difference from mean (dashed
line), Chi-square, Bonferroni adjusted
p<.05(*), p<.01 (**).
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FIGURE 5 Patterns of dosage compensation in two Danaini butterflies. Distributions of Log, transformed FPKM expression values are
given for ancestral Z (McChr 1; orange), new Z segment (McChr 12 or 21; green) and autosomes (A; grey) for each sex and three tissues in
Lycorea halia and Idea leuconoe. Horizontal black lines represent median values. Z:A median ratios of untransformed FPKM are given above
the X-axis. Statistical significance of Kruskal-Wallis tests applied to each data set is indicated by stars in plot titles. Significance of pairwise
post-hoc Dunn's tests is indicated by bars above the distributions. *p <.05; **p <.01; ***p <.001.

autosomes in L. halia, but slightly higher in I. leuconoe. In contrast,
the general pattern for the ancestral Z (Zanc) is incomplete com-
pensation. Zanc expression was significantly reduced relative to au-
tosomes in all somatic tissues except head in I. leuconoe, which was
also reduced but not significantly so (Figure 5; Tables S3-S5). For
L. halia female head, the Kruskal-Wallis test was significant, with a
post-hoc p-value of .056. The ancestral Z:A ratio typically fell in the
range of 0.6-0.9.

We also assayed whether any dosage effects could be de-
tected on male:female expression ratios (i.e. dosage balance c.f. Gu
& Walters, 2017). We detected significant differences among the
chromosomal partitions in both somatic tissues for both species

(Figure 6; Tables S6 and S7). In all cases, the Z-linked partitions ex-
hibited a male bias. However, the magnitude of this male bias was
quite small, in the range of 1-8% greater male expression compared
to autosomes. This indicates that dosage balance is nearly complete
for both segments of the Z chromosome in these species, with only a
very modest dosage effect being detectable between sexes.

In gonads, patterns of Z chromosome expression were cate-
gorically different from somatic tissues (Figure 5; Table S3). As has
been reported previously for lepidopteran gonads (Gu et al., 2017;
Huylmans et al., 2017; Walters & Hardcastle, 2011), the ancestral
Z exhibits a strong male bias in average expression relative to other
tissues. This produces a pattern where the average expression on
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L. halia head

L. halia thorax

L. halia gonad

FIGURE 6 Patterns of dosage balance
in two Danaini butterflies. Distributions

of Log, transformed ratios of male:female
FPKM expression values are given for
ancestral Z (McChr 1; orange), new Z
segment (McChr 12 or 21; green) and
autosomes (A; grey) for three tissues in

Lycorea halia and Idea leuconoe. Vertical
black lines represent median values. All
six comparisons yielded highly significant

(p<.001) Kruskal-Wallis.
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the male Z is equal to or greater than that in autosomes, while the
female Z remains reduced, similar to levels in female somatic tissues.
Interpreting this pattern in relation to dosage compensation remains
difficult, as it could possibly reflect a range of phenomena: the lack
of dosage compensating mechanisms, female meiotic silencing of the
Z, sexual antagonism or some combination thereof (Gu et al., 2017,
Huylmans et al., 2017).

3.7 | Identification of the W sex chromosome
by GISH

We were not able to determine chromosome numbers in species
under study due to shortages of material. However, different popu-
lations of all the species under study have been karyotyped before
(Brown et al., 2004; Maeki & Ae, 1969). While Idea leuconoe and
L. halia males were reported to have chromosome number n=30,
Tirumala septentrionis and Ideopsis similis were reported to have
derived chromosome numbers of n=32 and n=13 respectively.
However, variation in chromosome numbers caused by additional
1-2 small supernumerary chromosomes was observed in both T. sep-
tentrionis and I. similis (Brown et al., 2004, Maeki & Ae, 1969).

We used GISH in three species, namely, I. leuconoe, L. halia and
T. septentrionis to identify their W sex chromosomes. GISH experi-
ments involve a competitive hybridization between labelled female
genomic DNA and an excess of unlabelled male genomic DNA, so
that highlighted regions correspond to female specific and enriched
sequences. The WZ bivalent was easily detected in female pachy-
tene nuclei of I. leuconoe, where GISH strongly labelled a small,
nearly dot-like, W sex chromosome. The larger Z chromosome is typ-
ically wrapped around the W in most nuclei (Figure S11a). In few nu-
clei, the W was spread into more rod-like shape, however, still much
smaller than the Z chromosome wrapped around it (not shown). In
T. septentrionis, the female genomic probe strongly hybridized to
several autosomal bivalents. The three most strongly labelled auto-
somes were significantly smaller than the other chromosomes in the

karyotype. Small signals were detected also on chromosome ends of
many bivalents. These results point to the presence of highly repet-
itive sequences in subtelomeric regions and their amplification on
some chromosomes. The signal labelling the W sex chromosome was
rather weak (Figure S11b). Only one half of the W chromosome was
marked by the probe (Figure S11b,c). In L. halia, the female genomic
probe highlighted almost all the W sex chromosome which twisted
around its Z chromosome counterpart (Figure S11d,e), which is
rather typical synaptic adjustment of non-homologous lepidopteran

chromosomes (Marec, 1996).

4 | DISCUSSION

4.1 | Sex chromosome-autosome fusions in the
tribe Danaini

In the present study, we investigated the evolutionary origin of
the Danaus neo-sex chromosomes within the tribe Danaini. We
sequenced, de novo assembled and annotated genomes of four
Danaini species, namely, Tirumala septentrionis (Danaina), Ideopsis si-
milis (Amaurina), Idea leuconoe (Euploeina) and Lycorea halia (Itunina).

Analysing sex-specific sequencing coverage successfully identi-
fied sex-linked sequences in all four genomes. We then combined
these results with orthology-based assignment to n=31 chro-
mosomes of M. cinxia (Ahola et al., 2014; Smolander et al., 2022),
which represent ancestral synteny blocks referred to as Merian
elements by Wright et al. (2023). This confirmed the evolutionary
conservation of the ancestral lepidopteran Z chromosome, as the
corresponding McChr1 remains sex linked across Danaini (Figure 3).
The neo-sex chromosome formed by fusion between the ancestral
Z and the synteny block corresponding to the McChr21 [F(1;21)]
in a common ancestor of Danaus spp. (Mongue et al., 2017; Singh
et al., 2022) was recovered in T. septentrionis (Danaina) as well as in
I. similis (Amaurina) and I. leuconoe (Euploeina). The tightly packed
W chromosome of I. leuconoe prevents us from determining its
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molecular composition. However, GISH signal differentiated only a
part of the W chromosome in T. septentrionis, which is similar to the
bipartite structure of the W chromosome observed in D. plexippus
(cf. Mongue et al., 2017) and agrees with the presence of the neo-
sex chromosomes (Figure S11b,c). Available dating implies the fu-
sion occurred in a common ancestor of these three subtribes at least
26 Mya (Chazot et al., 2019). The F(1;21) is, thus, much older than
previously assumed (Mongue et al., 2017).

Our results indicate that I. similis has an even more complex
sex chromosome system. In addition to F(1;21), it involves another
originally autosomal synteny block corresponding to McChr31.
Hypothetically, this could have occurred by an additional Z-autosome
fusion (i.e. Z chromosome was formed by F(1;21;31)). However, since
our current assembly gives no indication of a fusion for McChr31, we
favour the hypothesis that a W-autosome fusion [F(W;31)] occurred
in this lineage, producing two distinct Z chromosomes. The system,
thus, may resemble the multiple sex chromosomes observed in D.
chrysippus (Martin et al., 2020; Smith et al., 2016).

Remarkably, we discovered an independently evolved neo-Z
chromosome in L. halia (Figure 3). The coverage analysis identified
an autosome homeologous to McChr12 as Z-linked in L. halia, which
represents the early diverging subtribe Itunina. Similar to the an-
cestral L. halia Z chromosome, the chromosome homeologous to
McChr12 has the coverage Log,(M:F) close to 1, which suggests
that there is essentially no similarity between this new portion of
the neo-Z chromosome and its maternally inherited counterpart, the
neo-W, if present (cf. Mongue et al., 2017). This is in agreement with
the GISH results, which show nearly all the W chromosome to be
well differentiated (Figure S11d,e). Thus, it is reasonable to assume
that the L. halia neo-sex chromosome results from an independent
fusion between the ancestral Danaini Z chromosome and McChr12
[F(1;12)]. The F(1;12) is likely a synapomorphy for the genus Lycorea
as n=30 was reported in two species, while ancestral chromosome
number n=31 was observed in the sister genus Anetia (Brown
et al., 2004).

Sex chromosome turnover observed in Danaini supports the
notion that sex chromosome-autosome fusions are common in
Lepidoptera, despite them being a female heterogametic group
(Carabajal Paladino et al., 2019). Indeed, a recent comparison of over
200 chromosome-level lepidopteran genomes confirmed that the Z
chromosome was involved in the highest number of fusion events
(Wright et al., 2023). This is unexpected as sex chromosome-auto-
some fusions should be in theory relatively rare in taxa with high
chromosome numbers such as Lepidoptera, assuming they are ran-
dom (Anderson et al., 2020).

4.2 | Drivers of sex chromosome turnover in
Lepidoptera

It was shown that small and repeat-rich chromosomes are predomi-
nantly involved in chromosome fusions in moths and butterflies
(Ahola et al., 2014; Wright et al., 2023). However, the Z chromosome,

which is the most frequently fused chromosome, is usually the larg-
est element in lepidopteran karyotype, albeit with repeat content
higher than predicted by its length (Wright et al., 2023). High re-
peat content could make sex chromosomes more prone to fu-
sions through ectopic recombination (Ahola et al., 2014; Lucek
et al., 2023). However, it seems unlikely this influences the spread
of the resulting neo-sex chromosomes in lepidopteran populations.
While small chromosomes are indeed disproportionately involved in
autosomal fusions, there is notable variation among which ones fuse
with sex chromosomes (Wright et al., 2023). Whether this pattern
can be sufficiently explained by genetic drift alone is questionable
(cf. Nguyen & Carabajal Paladino, 2016), and highlights the role that
selection potentially plays in fixing neo-sex chromosomes, especially
the possibility that the fate of a fusion may depend on particular fea-
tures of the fused autosomes, such as their gene content.

For example, failure to compensate dosage-sensitive genes can
constrain sex chromosome evolution (Adolfsson & Ellegren, 2013) and
the presence of these genes could have prevented fixation of fusions
between sex chromosomes and small Merian elements (ME) 27 and
28 (Wright et al., 2023). Similarly, it was proposed that gene content
can predispose certain synteny blocks for a role in sex determination
(Graves & Peichel, 2010; O'Meally et al., 2012; Pan et al., 2021). An
excess of genes experiencing sexually antagonistic selection might
also increase the probability of fixation for a neo-sex chromosome
because sex linkage offers an advantage over being autosomal for
such genes (Charlesworth & Charlesworth, 1980; Rice, 1984). For
instance, ME25 carries over half of all ovary-specific genes in a silk-
worm Bombyx mori (Suetsugu et al., 2013). Provaznikova et al. (2023)
hypothesized becoming sex-linked would offer a selective advantage
for this cluster of female-specific genes due to sexual antagonism,
and that this underlies the repeated involvement of ME25 in lep-
idopteran neo-sex chromosomes (Hill et al., 2019; Provaznikova
et al., 2023; Steward et al., 2021; Wright et al., 2023).

To investigate whether sexual antagonism could be promoting
the fixation of sex chromosome-autosome fusions in Danaini, we
identified sex-biased genes in I. leuconoe and L. halia and assessed
their distribution across chromosomes (Figure 4). Notably, McChr24
was significantly depleted in male-biased genes in both species. This
could reflect the fact that this synteny block was likely part of an X
chromosome in ancestral insect male heterogametic system (Toups
& Vicoso, 2023). Thus, for more than 150 My, McChr24 would have
spent two thirds of its evolutionary time in females and got femi-
nized. Our results also showed that both the ancestral Z chromo-
some and the autosome homeologous to M. cinxia chromosome 31
(corresponding to ME31) are significantly depleted in female-biased
genes, although this depletion is significant only for the ancestral Z
chromosome in L. halia. The same chromosomes are also enriched in
male-biased genes in both species. ME31 becoming Z-linked could
be advantageous due to the excess of male-beneficial genes it car-
ries. This may have actually driven the fixation of F(W;31) in I. similis,
which is an intriguing possibility. Nonetheless, if the male bias for
ME31 in Danaini is representative of other Lepidoptera, it offers
an explanation as to why ME31 was the most common autosome
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observed in fusions with lepidopteran sex chromosomes (Wright
et al., 2023).

Similarly, the autosome corresponding to McChr21 was signifi-
cantly enriched in female-biased genes in L. halia. It is tempting to
speculate that this enrichment represents the ancestral state, which
could have driven the fixation of the F(1;21) in a common ancestor
of the Danaina, Amaurina and Euploeina lineages. In this case, the
fusion would be advantageous to females because it produces link-
age between genes important for female function and female sex.
However, such fusion would be an evolutionary trap due to differen-
tiation of the resulting neo-sex chromosomes. The non-recombining
neo-W chromosome would have inevitably degenerated and the
female-biased genes survived only on the neo-Z chromosome.
However, hemizygous expression of unbiased or female-biased
genes in females could create another round of strong selection fa-
vouring sex chromosome-autosome fusion (Mongue et al., 2022),
despite the loss of neo-W-linked alleles. Yet, female-biased genes
would spend two thirds of their time in males and the resulting sex-
ual conflict could reduce their content as observed on McChr21 in I.
leuconoe (compared to L. halia) (Figure 4).

Interestingly, in both L. halia and I. leuconoe, the homeologues of
McChr28 (corresponding to ME25) are relatively (though not signifi-
cantly) depauperate for female-biased genes; this contrasts with B.
mori, where this synteny block carries over half of all ovary-specific
genes (Suetsugu et al., 2013). The discrepancy could be ascribed to
iteroparity of the studied species, which emerge with few maturing
eggs (in contrast to B. mori) and thus do not yet express some ovary-
specific genes such as chorion genes in the sampled tissue. However,
we cannot exclude that it reflects the relatively rapid evolution of
sex-biased genes (Catalan et al., 2018; Dapper & Wade, 2020; Grath
& Parsch, 2016).

It seems that while chances of any fusion are affected by chro-
mosome repeat content (Ahola et al., 2014; Wright et al., 2023),
enrichment in sex-biased genes could promote the fixation of sex
chromosome-autosome fusions. This is in agreement with sexu-
ally antagonistic selection driving spread of neo-sex chromosome
(Charlesworth & Charlesworth, 1980; Matsumoto et al., 2016) as
sex-biased genes have been used as a proxy for sexual antagonism
(Grath & Parsch, 2016; Mank, 2017).

4.3 | Dosage compensation

While sexual antagonism may underlie evolution of sex-biased
genes, these are not necessarily sexually antagonistic (Mank, 2017,
Parsch & Ellegren, 2013). Interpretation of sex-biased gene expres-
sion is complicated for sex chromosomes and gonads due to specific
regulatory mechanisms such as meiotic sex chromosome inactiva-
tion (MSCI) or dosage compensation (Mank & Ellegren, 2009; Parsch
& Ellegren, 2013). Little is known about the MSCI in Lepidoptera
(Traut et al., 2019) and in D. plexippus, it was shown that ancestral
and new parts of neo-sex chromosomes are compensated by two
distinct mechanisms (Gu et al., 2019).

Patterns of dosage compensation in L. halia and I. leuconoe are
grossly consistent with those reported for D. plexippus and also
other lepidopterans generally. As reported previously, the ances-
tral portion of the Z chromosome appears to be reduced simi-
larly in both sexes relative to autosomes and the neo-Z (Catalan
et al., 2018; Huylmans et al., 2017; Walters et al., 2015; Walters
& Hardcastle, 2011). However, the magnitude (and thus statisti-
cal significance) of this pattern varies by tissue and species. For
instance, previous analyses of D. plexippus reported that in heads,
the ancestral Z:autosome median ratios were about 0.55 (Gu
etal.,2019; Ranz et al., 2021). However, in the two species assayed
here, the ratios in heads ranged from 0.7 to 0.9 and showed signifi-
cant differences only in L. halia. Meanwhile, in thorax, the ancestral
Z was significantly reduced in all samples, while D. plexippus thorax
yielded a notable dosage effect between sexes (Ranz et al., 2021).
Patterns on the new Z segments were much more consistent across
species and tissues, where the Znew segments appear near-fully
compensated, without any reduction in average expression relative
to autosomes. Directly comparing male:female expression ratios is
particularly useful for detecting subtle dosage effects on Z-linked
expression (Gu & Walters, 2017). In both species studied here, so-
matic tissues yielded a very modest dosage effect that manifested
as a slight male bias on Z chromosome for both ancestral and neo
segments. This slight dosage effect was not reported previously
in D. plexippus, but is similar to observations made in Heliconius
butterflies (Catalan et al., 2018; Gu et al., 2019; Ranz et al., 2021;
Walters et al., 2015).

It is noteworthy that the new Z segment in L. halia exhibits
nearly complete dosage compensation. This appears to represent
the independent evolution of a dichotomous pattern of dosage
compensation between the new versus ancestral Z segments. This
pattern is comparable to that reported in D. plexippus but with a
completely different autosome fused with the ancestral Z (Gu
et al., 2019). Essentially complete compensation for neo-Z chro-
mosomes in Danaini contrasts with the lack of such compensation
reported for the neo-Z in Cydia pomonella, which was balanced
between sexes, but reduced relative to autosomes, similar to the
ancestral Z (Gu et al., 2017). Thus, it appears that considerable vari-
ation exists among lepidopteran lineages concerning the trajectory
of dosage compensation following Z-autosome fusion. Assessing
dosage compensation in [. similis, which carries yet another inde-
pendently evolved neo-Z segment, will be quite interesting, as will
further examining to what extent shared molecular mechanisms un-
derlie these patterns.

Dosage compensation analysis of neo-Z chromosomes in go-
nads also lends some insight into a lingering debate concerning
whether or not such molecular mechanisms function in reproduc-
tive tissues. As observed here, male-versus-female comparisons of
lepidopteran gonadal gene expression often show a pattern consis-
tent with the absence of dosage compensation for the ancestral Z
(Catalan et al., 2018; Gu et al., 2017; Gu & Walters, 2017; Huylmans
et al., 2017). However, this pattern may also be explained by an ex-
cess of highly expressed male-specific genes on the Z chromosome,
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as predicted by sexual antagonism theory and often empirically
observed (Catalan et al., 2018; Huylmans et al., 2017; Mongue &
Walters, 2018; Walters & Hardcastle, 2011). This latter explanation
is supported by the observation that the new Z segments are not
reduced relative to autosomes in females, as would be expected in
the absence of dosage compensating mechanisms. However, this ar-
gument also assumes that such mechanisms are shared and similarly
controlled between the ancestral and new segments of the Z chro-

mosome, which might not be the case.

4.4 | Conclusion

To conclude, sex chromosome evolution in the tribe Danaini in-
volves independent sex chromosome-autosome rearrangements
and further underlines high incidence of neo-sex chromosomes in
Lepidoptera (cf. Pennell et al., 2015; Wright et al., 2023). Sex-biased
gene content could facilitate spread and fixation of neo-sex chromo-
somes in Lepidoptera, suggesting a role of sexual antagonism in their
sex chromosome turnover. Moreover, genomic resources generated
in this study will advance investigations into interesting biology and
life history of Danaini butterflies such as their monsoon-driven mi-
grations (Bhaumik & Kunte, 2017).
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