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Abstract Karyotypes are generally conserved 
between closely related species and large chromo-
some rearrangements typically have negative fitness 
consequences in heterozygotes, potentially driving 
speciation. In the order Lepidoptera, most investi-
gated species have the ancestral karyotype and gene 
synteny is often conserved across deep divergence, 
although examples of extensive genome reshuffling 
have recently been demonstrated. The genus Lep-
tidea has an unusual level of chromosome variation 

and rearranged sex chromosomes, but the extent 
of restructuring across the rest of the genome is so 
far unknown. To explore the genomes of the wood 
white (Leptidea) species complex, we generated 
eight genome assemblies using a combination of 
10X linked reads and HiC data, and improved them 
using linkage maps for two populations of the com-
mon wood white (L. sinapis) with distinct karyotypes. 
Synteny analysis revealed an extensive amount of 
rearrangements, both compared to the ancestral kar-
yotype and between the Leptidea species, where only 
one of the three Z chromosomes was conserved across 
all comparisons. Most restructuring was explained by 
fissions and fusions, while translocations appear rela-
tively rare. We further detected several examples of 
segregating rearrangement polymorphisms support-
ing a highly dynamic genome evolution in this clade. 
Fusion breakpoints were enriched for LINEs and 
LTR elements, which suggests that ectopic recombi-
nation might be an important driver in the formation 
of new chromosomes. Our results show that chromo-
some count alone may conceal the extent of genome 
restructuring and we propose that the amount of 
genome evolution in Lepidoptera might still be under-
estimated due to lack of taxonomic sampling.
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Introduction

The karyomorph is the highest order of organization 
of the genetic material and understanding the mecha-
nistic underpinnings and micro- and macro-evolution-
ary effects of changes in chromosome numbers are 
long-standing goals in evolutionary biology (Mayrose 
& Lysak, 2021). Chromosome rearrangements have, 
for example, been suggested to be important driv-
ers of speciation as a consequence of meiotic segre-
gation problems and suppressed recombination in 
chromosomal heterozygotes (Faria & Navarro, 2010; 
Rieseberg, 2001). The number and structure of chro-
mosomes are generally conserved within species and 
between closely related taxa, while substantial karyo-
typic changes can occur over longer evolutionary dis-
tances (Román-Palacios et al., 2021; Ruckman et al., 
2020). In contrast, there are some examples of con-
siderable chromosome rearrangement rate differences 
between closely related species, but the underlying 
reasons for why karyotypic change has occurred com-
paratively rapidly in some lineages are largely unex-
plored (de Vos et  al., 2020; Ruckman et  al., 2020; 
Sylvester et al., 2020). Chromosomal rearrangements, 
in particular fission and fusion events, are likely often 
underdominant and/or deleterious and the probability 
of their fixation in a population should therefore be 
higher in organisms with lower effective population 
size (Ne) (Pennell et al., 2015), or with strong meiotic 
drive (Blackmon et al., 2019). Additionally, the con-
sequences of fissions and fusions seem to depend on 
the types of chromosomes a species harbors. In spe-
cies with holokinetic chromosomes (holocentric), the 
spindle apparatus can bind to multiple positions along 
the chromosomes, while the attachment is restricted 
to the specific centromere region in monocentric spe-
cies (Melters et  al., 2012). As a consequence, chro-
mosome fissions and fusions do not necessarily lead 
to meiotic segregation problems in holocentric spe-
cies (Faulkner, 1972; Lukhtanov et  al., 2018). This 
has been hypothesized to lead to a higher rate of chro-
mosome number evolution in holocentric compared 
to monocentric species. However, the evidence for 
such a rate difference has been mixed and a recent, 
large-scale meta-analyses across insects suggest that 
chromosome evolution is not significantly faster 
in holocentric species (Ruckman et  al., 2020), and 
the explanation for rate differences between species 
might rather be lineage-specific life history traits or 

demographics (Kawakami et al., 2009; Larson et al., 
1984; Petitpierre, 1987).

The order Lepidoptera, moths and butterflies, con-
stitutes one of the most species-rich and widespread 
animal groups and has for long been a popular study 
system in ecology and evolution, in large part due to 
the high diversity and the eye-catching color pattern 
variations that have attracted both amateur natural-
ists and academic scholars for centuries (Boggs et al., 
2003). Lepidoptera also share several key genetic fea-
tures, like holocentric chromosomes (Suomalainen, 
1953), and female heterogamety and achiasmy (Traut 
et  al., 2007; Turner & Sheppard, 1975), which pre-
sent interesting aspects regarding chromosomal rear-
rangements and their evolutionary consequences. 
The karyotype structure has generally been found to 
be conserved across lepidopteran genera, with most 
investigated taxa having the inferred ancestral haploid 
chromosome number of n = 31 (de Vos et al., 2020; 
Robinson, 1971). However, the genera Agrodiaetus 
(n = 10–134, Kandul et al., 2007) and Godyris (n = 
13–120, Brown et al., 2004), for example, have been 
shown to have an elevated rate of karyotype evolution 
compared to other insects (Ruckman et  al., 2020). 
On a more detailed level, genomic analyses have 
also unveiled a high level of conserved gene synteny 
between divergent lepidopteran lineages (Ahola et al., 
2014; Davey et al., 2016; Pringle et al., 2007). Exten-
sive, genome-wide chromosomal restructuring has so 
far only been detected in Pieris napi/P. rapae (Hill 
et al., 2019). However, since the analyses have been 
limited to a comparatively small set of taxonomic lin-
eages where highly contiguous genome assemblies 
and/or linkage maps are available, the levels of both 
karyotype variation and intra-chromosomal rear-
rangements in Lepidoptera are likely underestimated 
(de Vos et al., 2020).

An attractive model system for studying karyo-
type evolution is the Eurasian wood white butterflies 
in the genus Leptidea (family Pieridae). The three 
species, common wood white (Leptidea sinapis), 
Réal’s wood white (Leptidea reali), and cryptic wood 
white (Leptidea juvernica), form a complex of nearly 
indistinguishable species. L. sinapis is partially sym-
patric with both L. juvernica and L. reali, but habi-
tat choices vary in different parts of the distribution 
ranges (Friberg et al., 2008a). Some minor differences 
in courtship behavior (Friberg et  al., 2008b) and 
host plant preference have been observed (Friberg 
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& Wiklund, 2009; Näsvall et  al., 2021). Morpho-
logically, the species are virtually identical and safe 
identification is dependent on genitalia dissection or 
cytogenetic and molecular data (Dincă et  al., 2011). 
Due to the remarkable inter- and intraspecific varia-
tion in chromosome numbers in the clade, the genus 
is an emerging model system for karyotype evolution 
(Dincă et al., 2011; Lukhtanov et al., 2011). Analyses 
have shown that L. reali has rather few chromosomes 
and less intraspecific variation (n = 25–28), while L. 
juvernica has a considerably more fragmented and 
variable karyotype (n = 38–46) (Dincă et  al., 2011; 
Šíchová et  al., 2015). The most striking chromo-
some number variation has been found in L. sinapis, 
which has one of the most extreme non-polyploid, 
intraspecific karyotype clines of all eukaryotes, rang-
ing from n ≈ 53–55 in southern Europe and gradu-
ally decreasing to n ≈ 28–29 in northern Europe and 
n ≈ 28–31 in central Asia (Lukhtanov et  al., 2011, 
2018). In addition, the common ancestor of the spe-
cies complex has undergone translocations of auto-
somal genes to the sex chromosome(s) and extension 
of the ancestral Z chromosome that has resulted in 
a set of neo-sex chromosomes (Šíchová et al., 2015; 
Yoshido et  al., 2020). Leptidea butterflies have also 
experienced a relatively recent burst of transposable 
element activity (Talla et  al., 2017), elements that 
could act as important drivers of chromosome rear-
rangements (Belyayev, 2014), but whether this has 
been important for karyotype evolution specifically in 
this genus remains to be explored. Altogether, these 
findings motivate detailed characterization of the rate 
and direction of the chromosome rearrangements and 
assessment of potential drivers of the rapid karyotype 
changes in this lineage.

In order to dissect the chromosome structure in 
detail and quantify rates and directions of chromo-
some rearrangements, we sequenced and assembled 
the genome of a male and female individual of L. 
juvernica and L. reali and the Swedish and Catalan 
populations of L. sinapis using a combination of 10X 
linked reads and HiC scaffolding. In addition, we 
generated genetic maps for the two L. sinapis popula-
tions and used the linkage information to super-scaf-
fold and correct the physical genome assemblies. The 
assembled chromosomes were compared between 
wood white species and with the inferred ancestral 
lepidopteran karyotype to characterize rates and pat-
terns of fissions, fusions, and intra-chromosomal 

rearrangements across the species complex. Further-
more, we quantified enrichment of different types of 
genetic elements in fission and fusion breakpoints to 
assess if specific genomic features have been associ-
ated with chromosome rearrangements.

Methods

Samples

Mated adult females of L. sinapis (Sweden and Cat-
alonia), L. reali (Catalonia), and L. juvernica (Swe-
den) were sampled in the field in 2019 and kept in 
the lab for egg laying. One male and one female off-
spring from each dam were sampled at the chrysalis 
stage and flash frozen in liquid nitrogen. Each sam-
ple was divided into two aliquots to allow for gen-
eration of both a 10X Genomics Chromium Genome 
and a Dovetail HiC library from each individual. For 
10X sequencing, DNA was extracted using a modi-
fied high molecular weight salt extraction method 
(Aljanabi & Martinez, 1997). Tissues were homog-
enized for HiC sequencing using a mortar and pestle 
in liquid nitrogen and sent to the National Genomics 
Infrastructure (NGI, Stockholm) for library prepara-
tion and sequencing.

Sequencing and assembly

Library preparations, sequencing, and genome assem-
bly were performed by NGI Stockholm using the 
Illumina NovaSeq6000 technology with 2 × 151 bp 
read length. 10X linked reads were assembled with 
10X Genomics Supernova v. 2.1.0 (Weisenfeld et al., 
2017). HiC reads were processed with Juicer v. 1.6 
(Durand et al., 2016a) and assemblies were scaffolded 
with 3DDNA v.180922 (Dudchenko et  al., 2017). 
Resulting assemblies were corrected in several con-
secutive steps with Juicebox v. 1.11.08 (Durand et al., 
2016b). First, all obvious scaffolding errors were 
corrected using the HiC contact information. Next, 
linkage information (see the “Linkage map” section 
and Supplementary figure  1) was used to identify 
and correct technical inversions and translocations in 
the L. sinapis assemblies. Finally, we used pairwise 
alignments (see the “Genome alignments” section) 
between (i) the male and female from each respec-
tive population, and (ii) all assemblies, including an 
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assembly of an Asturian L. sinapis individual from 
the Darwin Tree of Life (DToL) initiative (Lohse 
et  al., 2022), and used visual inspection to detect 
deviating scaffold orders or orientations. Manual 
corrections were done in cases when the orientation 
was not in conflict with the HiC signal (Supplemen-
tary figure  2). After manual curation, the number 
of chromosome-sized scaffolds for each assembly 
(Swedish L. sinapis n = 28–29, Catalan L. sinapis n 
= 52, L. reali n = 26, L. juvernica n = 42–43) was 
within the expected karyotype range (Dincă et  al., 
2011; Lukhtanov et  al., 2011; Šíchová et  al., 2015) 
and these scaffolds contained the majority of the total 
sequence content (Table  1, Supplementary figure  3 
and 4). In addition, collinearity between male and 
female assemblies improved after manual curation 
(Supplementary figure 5). Redundant scaffolds (100% 
identical duplicates and scaffolds contained within 
others) were removed using dedupe.sh in BBTools v. 
38.61b (Bushnell, 2019). The core gene completeness 

of the different assemblies was assessed with BUSCO 
v. 5.3.1 (Manni et  al., 2021) using the lepidoptera_
odb10 data set. The percent of complete BUSCO 
Lepidoptera orthologs ranged between 95.0% in the 
L. juvernica female and 96.9% in the L. juvernica 
male (Table 1, Supplementary table 1). Potential con-
taminant scaffolds were identified and removed using 
BlobTools v. 1.1.1 (Laetsch & Blaxter, 2017).

Linkage map

Sampling, DNA extraction, and sequencing protocol

Offspring from wild caught females from two popu-
lations of L. sinapis with different karyotypes (Swe-
den n = 28–29; Catalonia n = 53–55) were reared on 
cuttings of Lotus corniculatus. The pedigrees con-
sisted of 6 dams and 184 and 178 offspring from the 
Swedish and Catalan populations, respectively (Sup-
plementary table  2). The offspring were sampled 

Table 1  Estimated summary statistics for the 8 different Leptidea genome assemblies

Statistic L. 
juvernica 
female

L. juvernica 
male

L. reali female L. reali male L. sinapis 
Swedish 
female

L. sinapis 
Swedish 
male

L. sinapis 
Catalan 
female

L. sinapis 
Catalan 
male

Assembly size 
(Mb)

675 660 670 642 685 664 672 655

Sequence N’s 
(%)

3.4% 4.1% 3.7% 2.4% 5.4% 5.6% 3.3% 3.8%

GC (%) 35.6% 35.5% 35.4% 35.3% 35.4% 35.3% 35.4% 35.4%
Predicted genes 

(N)
- 16,149 - 15,689 - 15,915 - 16,478

BUSCO genes 
(%)

95.0% 96.9% 96.2% 95.1% 96.3% 96.0% 96.7% 96.3%

Pseudo-chro-
mosomes (N)

43 42 26 26 28 29 52 52

Sequence in 
Pseudo-
chromosomes 
(%)

83.3% 90.7% 88.0% 88.4% 89.2% 90.2% 89.2% 90.4%

Read mapping 
(%)

98.2% 98.6% 98.3% 98.0% 98.1% 98.6% 98.2% 98.2%

Repeat content 
(%)

54.6% 52.0% 52.0% 54.1% 52.0% 51.3% 53.6% 53.2%

Scaffolds (N) 20,731 16,073 16,210 15,448 17,536 16,022 17,757 16,290
Scaffold N50 

(Mb)
15.087 15.702 22.890 21.966 24.480 21.838 11.055 11.044

Contigs (N) 36,909 30,088 29,081 28,137 31,643 29,387 31,619 31,643
Contig N50 

(kb)
65.133 79.484 81.855 82.283 72.761 73.965 78.960 79.404
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at larval instar V, snap frozen in liquid nitrogen, 
and stored at −20°C. DNA extractions from caudal 
abdominal segments were performed with a modified 
phenol-chloroform extraction (batch 1; Sambrook 
& Russell, 2006) or high salt extraction (batch 2; 
Aljanabi & Martinez, 1997) after standard proteinase-
K digestion overnight. The amount and quality of the 
DNA were analyzed with Nanodrop (Thermo Fisher 
Scientific) and Qubit (Thermo Fisher Scientific). The 
DNA was digested with the EcoR1 enzyme accord-
ing to the manufacturer’s protocol, using 16-h diges-
tion time (Thermo Fisher Scientific). The efficiency 
of the digestion was determined by visual inspection 
of the fragmentation using gel electrophoresis (1% 
agarose gel). The fragmented DNA samples were 
sent for RAD-seq library preparation and paired-
end sequencing on Illumina HiSeq2500 (batch 1) 
and NovaSeq600 (batch 2) at the National Genomics 
Infrastructure, SciLife, Stockholm.

Data processing

The quality of the raw reads was initially assessed 
with FastQC (Andrews, 2010). Duplicate removal 
and quality filtering were performed with clone_fil-
ter and process_radtags from Stacks2 (Catchen et al., 
2013). We applied the quality filtering options -q to 
filter out reads with > phred score 10 (90% prob-
ability of correct base called) in windows 15% of the 
length of the read, -c to remove all reads with unas-
signed bases, and --disable_rad_chec to keep reads 
without complete RAD tags. All reads were truncated 
to 120 bp. The filtered reads were mapped to the 
male genome assembly from each population using 
bwa mem with default options, and sorted with sam-
tools sort (Li et  al., 2009). The bam files were fur-
ther filtered with samtools view –q 30 option and a 
custom script (filter_uniquely_mapping_reads_lm.sh) 
to only retain reads with unique mapping positions. 
The mapping coverage was analyzed with Qualimap 
(Okonechnikov et al., 2016) and individual coverage 
was visualized as mean coverage per chromosome 
divided by mean coverage per individual. The sex of 
offspring was set as female if the normalized cover-
age on the Z1 and Z2 chromosomes was < 75% com-
pared to the autosomes. We used Samtools mpileup 
for variant calling with minimum mapping quality 
(-q) 10 and minimum base quality (-Q) 10 (Li, 2011). 
The variants were converted to likelihoods using 

Pileup2Likelihoods in LepMap3 with default set-
tings (Rastas, 2017), minimum coverage 3 per indi-
vidual (minCoverage = 3) and 30% of the individu-
als allowed to have lower coverage than minimum 
coverage (numLowerCoverage = 0.3). To verify that 
the pedigree was correct, the relatedness coefficients 
of the samples were estimated with the module IBD 
in LepMap3 using 10% of the markers and a multi-
ple dimensional scaling/principal coordinate analysis 
based on a distance matrix inferred with Tassel 5 v. 
20210210 (Bradbury et al., 2007).

Linkage map construction

LepMap3 was used to construct the linkage maps 
(Rastas, 2017). Informative parental markers were 
called with module ParentCall using default values, 
except that non-informative markers were removed, 
and we applied the setting zLimit = 2 to detect mark-
ers segregating as sex chromosomes. This module 
also uses genotype likelihood information from the 
offspring to impute missing or erroneous parental 
markers. Markers that did not map to the chromo-
some-size scaffolds in the physical assembly were 
removed. The module Filtering2 was applied to 
remove markers with high segregation distortion 
(dataTolerance = 0.00001) and markers that were 
missing in more than 30% of the individuals in each 
family (missingLimit = 0.3). In addition, only mark-
ers present in at least five families were retained (fam-
ilyInformativeLimit = 5). The markers were binned 
over stretches of 10 kb with the custom script bin_
markers_lm.sh and binned markers with more than 
five SNPs per bin were removed. The module Order-
Markers2 with the option outputPhasedData = 4 was 
used to phase all binned data. The final binning and 
filtering resulted in 3237 and 4207 retained markers 
in the Swedish and Catalan pedigrees, respectively.

The markers were assigned to linkage groups 
using the module SeparateChromosomes2, with an 
empirically estimated lodLimit. The lodLimit is the 
threshold for the logarithm of the odds that two mark-
ers are inherited together (LOD-score), i.e., belong-
ing to the same linkage group. We evaluated a range 
of lodLimits (1–30) and finally set it to 10 for the 
Catalan and 12 for the Swedish families—settings 
that resulted in approximately the number of link-
age groups expected from karyotype data (50 linkage 
groups in the Catalan and 23 linkage groups in the 
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Swedish families, respectively). To assign additional 
unlinked markers to the linkage groups, JoinSingles 
was run with lodLimits 5 for the Catalan map and 8 
for the Swedish. Since butterflies have female het-
erogamety and female achiasmy, the three different 
Z chromosomes were clustered in one linkage group 
and had to be split into separate linkage groups manu-
ally (based on information from the physical genome 
assemblies). To correct for interference and multiple 
recombination events per linkage group, we applied 
the Kosambi correction. To account for female achi-
asmy, the recombination rate in females was set to 
zero (recombination2 = 0). The linkage maps were 
refined by manually removing non-informative mark-
ers at the ends of each map. The trimmed map was 
re-evaluated with OrderMarkers with the options 
evaluateOrder and improveOrder = 1. The remain-
ing unlinked markers at map ends were manually 
removed after visual inspection and the maps were 
once again re-evaluated with OrderMarkers. The 
genetic distances and marker orders were compared 
to the physical positions along each chromosome and 
the physical coordinates for potential rearrangements 
were used for re-evaluation of the HiC maps (Supple-
mentary figure 1). The collinearity of the genetic and 
physical maps was assessed using Spearman’s rank 
correlation.

Read mapping

10X raw reads were first processed with Long 
ranger basic v. 2.2.2 (Marks et  al., 2019). Reads 
were then trimmed for low-quality bases and adapt-
ers with Cutadapt v. 2.3 (Martin, 2011) in Trim-
Galore v. 0.6.1 (Krueger, 2019) using the NovaSeq 
filter (--nextseq 30) and discarding trimmed reads 
shorter than 30 bp. Fastqscreen v. 0.11.1 (Wing-
ett & Andrews, 2018) was used to screen and filter 
libraries from common contaminants (A. thaliana, 
D. melanogaster, E. coli, S. cerevisiae, H. sapiens, 
C. familiaris, M. musculus, Wolbachia, and L. cor-
niculatus, downloaded from NCBI 2021-03-05). 
Reads were mapped with BWA mem v. 0.7.17 (Li, 
2013) resulting in a high mapping rate across all 
assemblies (98.0–98.6%; Table  1). Mapped reads 
were then filtered for supplementary and second-
ary alignments with the script filter_uniquely_map-
ping_reads.sh, and low-quality alignments (mapq < 
30) with samtools v1.10 (Li et al., 2009). Duplicate 

reads were removed using MarkDuplicates in 
GATK v. 4.1.1.0 (McKenna et al., 2010). Resulting 
read mappings were assessed with samtools flag-
stats (Li et al., 2009) and QualiMap v. 2.2 (Okone-
chnikov et al., 2016).

MtDNA

Circularized mitochondrial genomes for each sample 
were assembled de novo from processed 10X reads 
using NOVOplasty v. 4.2 (Dierckxsens et  al., 2017) 
with the COX1 gene from Leptidea morsei as seed 
(downloaded from NCBI 2020-08-29). The mitochon-
drial genomes were annotated with MITOS (Bernt 
et  al., 2013), using the script rearrange_mtDNA.py 
to set the gene TRNM as starting position. To iden-
tify and remove partial mtDNA scaffolds from the 
nuclear genome assemblies, we aligned the mtDNA 
genomes to the assemblies with nucmer in MUM-
mer v. 4.0.0rc1 (Marçais et  al., 2018) using default 
settings and filtering the output with delta-filter -g. 
Scaffolds aligning by > 95% of their length and with 
> 95% identity were filtered out using the script fil-
ter_mtdna.sh. After filtering away identified partial 
mtDNA scaffolds, we reintroduced the mtDNA as a 
separate scaffold to each assembly.

Sex chromosome identification

Sex chromosomes were identified by homology and 
read coverage. We used gene synteny (see “Synteny 
analysis” section) between B. mori and the sequenced 
Leptidea species to verify previously characterized 
sex and neo-sex chromosomes (Yoshido et al., 2020). 
As an independent validation, we analyzed read depth 
(see the “Read mapping” section) for chromosome-
sized scaffolds across the female and male assemblies 
with QualiMap v. 2.2 (Okonechnikov et  al., 2016). 
For scaffolds identified as sex chromosomes, the 
mean read coverage in females ranged between 49.36 
and 74.44% of mean assembly coverage (Supplemen-
tary table  3, Supplementary figure  6). Sex chromo-
somes were also verified visually in non-normalized 
HiC heatmaps, where female samples had a clearly 
reduced contact between identified sex chromosomes 
and autosomes (Supplementary figure 3) as compared 
to the background noise.
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Gene and repeat annotation

Repeat libraries were generated de novo with Repeat-
Modeler v. 1.0.11 (Smit & Hubley, 2017) using 
default settings. Repeat families categorized as 
“Unclassified” by RepeatModeler were additionally 
screened against Repbase (Jurka, 1998) using CEN-
SOR (Kohany et al., 2006) with the options “sequence 
source – Eukaryota” and “report simple repeat.” The 
highest scoring hit for each query was integrated with 
the RepeatModeler output using the script parse_cen-
sor_output.sh. Repeats were then annotated and quan-
tified using RepeatMasker v. 4.1.0 (Smit et al., 2019). 
Genes were annotated for the male genome assem-
blies of each species with the MAKER pipeline v. 
3.01.04 (Cantarel et  al., 2008). First, both translated 
protein and coding nucleotide sequences were used as 
input evidence. Protein sequences were a combination 
of previous L. sinapis annotations (Talla et al., 2019), 
reviewed Lepidoptera proteins from uniprot (down-
loaded 2021-04-02), and a set of Lepidoptera core 
orthologs from Kawahara and Breinholt, 2014. Cod-
ing sequences were a combination of L. sinapis (Talla 
et  al., 2019) and L. juvernica (Yoshido et  al., 2020) 
transcripts. In addition, the output of RepeatModeler 
was used to mask repeat sequences within MAKER. 
Resulting gene models were used to train ab  initio 
gene predictors in snap (Korf, 2004) and Augustus 
v. 3.4.0 (Stanke et  al., 2008). The gff file generated 
in the first round and the gene predictors were then 
used jointly in a second round of gene prediction. 
The number of resulting annotations ranged between 
15,689 and 17,229 and was of expected quality and 
size (Supplementary table 4, Supplementary figures 7 
and 8). The final gene models were functionally anno-
tated with Interproscan v. 5.30-69.0 (Jones et  al., 
2014) and blast searches against Swiss-Prot.

Synteny analysis

Gene synteny was compared between the male 
assemblies from each of the sequenced Leptidea spe-
cies and the two reference species Bombyx mori and 
Melitaea cinxia, and in addition Pieris napi (assem-
blies and annotations downloaded from NCBI 2021-
04-25). First, reciprocal protein alignments were gen-
erated with blastp. The blast output was then trimmed 
to include the top five best hits per query. Finally, 
synteny blocks were built with MCScanX (Wang 

et al., 2012) using default settings but restricting the 
maximum gene gap size to 10 to reduce the amount 
of overlapping synteny blocks. The results were visu-
alized with Synvisio (Bandi & Gutwin, 2020) and 
Circos v. 0.69-9 (Krzywinski et al., 2009).

Genome alignments

To guide manual curation, estimate collinear-
ity, and detect rearrangements, all assemblies were 
aligned to the male assembly of each respective spe-
cies with nucmer in MUMmer v. 4.0.0rc1 (Marçais 
et al., 2018), using default settings. Alignments were 
restricted to the chromosome-sized scaffolds of each 
assembly. The resulting alignments were filtered 
with delta-filter -1 to get 1-to-1 alignments including 
rearrangements. Male to female alignments for each 
species were visualized with dotplots using a modi-
fied version of the script mummerCoordsDotPlotly.R 
from dotPlotly (Poorten, 2018).

Rearrangement analysis

Large-scale rearrangements were identified from 
breakpoints in alignments, when queries changed 
from aligning against one reference scaffold to 
another. First, blocks of consecutive alignments (> 
90% similarity) between the homologous scaffolds 
were built using the script identify_chr_breakpoints.
sh, removing singleton queries against other scaffolds 
and only keeping blocks > 100 kb. Rearrangements 
were then classified using a comparative approach, by 
finding unique or shared breakpoints between assem-
blies when aligned against the same reference using 
bedtools v. 2.29.2 (Quinlan & Hall, 2010). Each male 
assembly was separately used as reference, comple-
mented by the alignment of the female assembly of 
the same species as an additional control for inter-
specific variation. Unique breakpoints were called as 
fissions in the query species while breakpoints shared 
by all query species were called as fusions in the ref-
erence. Following the same logic, we searched for 
shared breakpoints between all possible combinations 
of species pairs to find potential cases of incomplete 
lineage sorting, reuse of breakpoints, or rearrange-
ments in ancestral L. sinapis (shared by both popula-
tions). The output of each separate comparison was 
checked and manually curated for any discrepancies 
resulting from using different references. In addition, 
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based on the identified breakpoints, we quantified 
potential translocations as any case where two chro-
mosomes in one species contained the same com-
bination of parts from two chromosomes in another 
species (reciprocal) and cases where one chromo-
some had one alignment block flanked by two blocks 
from one other chromosome in another species 
(non-reciprocal).

Breakpoint content analysis

The composition of genetic elements in chromo-
some breakpoints was analyzed by comparing the 
observed mean density (here defined as proportion 
of base pairs) of coding sequence and different trans-
posable element (TE) classes to random resampling 
distributions taken from the rest of the genomes. TEs 
from the same category and with overlapping coor-
dinates were merged before analysis. Resampling 
(with replacement, 100 k iterations) was performed 
by taking random non-overlapping windows of the 
same size and number as identified fusions or fis-
sions, and calculating the mean density of sequence 
elements across the sampled windows. The empirical 
means were compared to the generated resampling 
distributions using a two-tailed significance test. 
The false discovery rate was controlled for by adjust-
ing p-values with the Benjamini-Hochberg method 
(Benjamini & Hochberg, 1995). Fusion and fission 
breakpoints were analyzed separately, only includ-
ing events identified in the ingroup species (L. sinapis 
and L. reali) and excluding cases with ambiguous 
polarity. To account for variation in breakpoint size, 
breakpoints were standardized to 100 kb around their 
midpoint. In addition, separate tests were made for 
corresponding homologous regions in the alignment 
queries. Since there is no shared midpoint coordinate 
between two query chromosomes flanking a break-
point, we instead selected two 50-kb windows start-
ing from the last query coordinate of each alignment 
block and extending towards a theoretical point of 
breakage. The terminal 50 kb was selected in cases 
where windows extended beyond the end of the 
query scaffold. Since the same set of query fissions 
were scored against two references and not necessar-
ily overlapped, we selected the breakpoints with the 
coordinates closest to the terminal ends. Similarly, 
when the same chromosome end was associated with 
two different fusion events, we selected the outermost 

coordinates to represent the region. When analyzing 
query sequences, we excluded internal breakpoints, 
defined as occurring > 1 Mb from the chromosome 
terminal ends, as these cases indicate either fissions 
followed by subsequent fusions (not necessarily rep-
resentative of a fission) or that different fusions have 
occurred in the reference and the query and are there-
fore already counted when each respective species is 
used as reference. The analysis was performed using 
bedtools v2.29.2 (Quinlan & Hall, 2010) and the 
script resample_breakpoint_elements.sh. In addition, 
fusion breakpoints were investigated for the presence 
and accumulation of telomere-associated LINE ele-
ments in order to exclude the possibility that these 
specific LINEs could be a main source of enrichment. 
Putative telomeric LINEs were first identified in the 
terminal 250 kb of scaffolds of the DToL L. sinapis 
assembly (Lohse et al., 2022). Enrichment of specific 
LINEs in telomeric regions was then called with Fish-
er’s exact test using an alpha level of 0.05 and adjust-
ing p-values with the Benjamini-Hochberg method 
(Benjamini & Hochberg, 1995), and requiring at least 
the same count of each element in telomeric regions 
as the number of telomeres (n = 96) and presence in 
telomeric regions of at least half of the chromosomes. 
Homologous LINEs in the other assemblies (Swedish 
+ Catalan L. sinapis and L. reali) were then identi-
fied with reciprocal blast alignments, keeping all hits 
as putative telomere-specific LINEs. Finally, accu-
mulation was quantified by calculating the summed 
fraction of putative telomeric LINEs out of the total 
LINE density in fusion breakpoints. All statisti-
cal tests were performed in R (R Core Team, 2019) 
unless otherwise noted.

Results

The genome assemblies had extensive contigu-
ity, high BUSCO scores, few gaps, and the major-
ity of sequence contained in chromosome-sized 
scaffolds (Table  1, Supplementary figures  3 and 
4). The implementation of linkage map informa-
tion for the Swedish and Catalan L. sinapis (Sup-
plementary figure 1) allowed for correction of these 
particular genome assemblies. Overall, we found 
a high level of collinearity between physical maps 
and linkage maps, but several large inversions were 
corrected (Supplementary figure  2). The Catalan 
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L. sinapis male assembly was also compared to the 
DToL assembly of a L. sinapis male from Asturias 
at the north-western Iberian Peninsula (Lohse et al., 
2022). Apart from differences which likely repre-
sent genuine rearrangements (see the “Chromosome 
rearrangements” section), there was a high level of 
collinearity between these two assemblies (Supple-
mentary figure 9).

Chromosome rearrangements

In order to characterize how chromosomes in the 
Leptidea clade correspond to the presumably nearly 
ancestral lepidopteran karyotypes of B. mori and M. 
cinxia, gene orders were compared between the dif-
ferent lineages (Fig. 1). The synteny analysis revealed 
a considerable amount of large rearrangements where 

Fig. 1  Comparison of synteny between the Leptidea species 
and the two references B. mori and M. cinxia. The karyotype of 
the latter species is assumed to represent the ancestral lepidop-
teran karyotype (Ahola et al., 2014). Chromosomes are ordered 

by size in each species. Pairwise comparisons between B. mori 
and each respective Leptidea lineage are available in Supple-
mentary figure 10
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each Leptidea chromosome showed homology to 3–5 
(median) B. mori chromosomes (Fig. 1, Supplemen-
tary figure 10, Supplementary table 5). Not only have 
all chromosomes in Leptidea been restructured com-
pared to the ancestral lepidopteran karyotype, but the 
frequency of rearrangements between Leptidea spe-
cies was also high. Only one of the sex chromosomes 
(Z2) showed conserved synteny across all Leptidea 
species (Fig. 1). When compared to B. mori, the Lep-
tidea genomes contained 372–410 distinct synteny 
blocks. The synteny blocks ranged between 0.94 and 
1.00 Mb, corresponding to 12.5–14.5 blocks per chro-
mosome, and contained 24–25 genes (medians given; 
Supplementary table 5).

Since equivalent large-scale genome restructuring 
was recently shown in another pierid butterfly, P. napi 
(Hill et al., 2019), we also compared synteny between 
P. napi and the different Leptidea species. Apart from 
one syntenic chromosome pair (P. napi chromosome 
18 and Catalan L. sinapis chromosome 31), all chro-
mosome pairs in the comparisons contained a mix of 
synteny blocks from at least two different chromo-
somes, indicating that the absolute majority of rear-
rangements in P. napi and Leptidea have occurred 
independently in the two different lineages (Supple-
mentary figure 11).

After discovering the considerable genomic reor-
ganizations in Leptidea, we aimed at characteriz-
ing the different rearrangements in more detail. A 
comparative approach was implemented to infer 
the most parsimonious scenario for intraspecific 
chromosome rearrangements. In L. sinapis, the 
data indicate that 9 fusions have occurred in the 
Swedish population (Supplementary figure  12) 
and 8 fissions (Supplementary figure  13) and two 
fusions (Supplementary figure  12) in the Cata-
lan population. In addition, there were 8 cases of 
shared breakpoints between the Catalan L. sinapis 
and L. juvernica (Supplementary figure 13), which 
explain the majority of the remaining differences 
in chromosome numbers between Catalan and 
Swedish L. sinapis. Such shared breakpoints could 
either represent sorting of ancestral fissions, inde-
pendent fissions at the same chromosome positions 
in Catalan L. sinapis and L. juvernica, or inde-
pendent, identical fusions in L. reali and Swedish 
L. sinapis. If fusions tend to occur randomly, we 
expected that chromosome pairs that have fused 
independently in two different lineages could have 

different orientations. However, in all cases except 
one, where a small inversion was in close proxim-
ity to a breakpoint, the chromosomes were collinear 
between L. reali and Swedish L. sinapis, suggest-
ing that the ancestral state has been retained in both 
species. The two L. sinapis populations also shared 
five ancestral fusions (Supplementary figure  12), 
but no shared fissions. In addition, four of the fis-
sions identified in the Catalan L. sinapis were not 
present in the individual from Asturias (Supplemen-
tary figure  9). In L. reali, we identified 21 fusions 
(Supplementary figure 14) and six fissions (Supple-
mentary figure 15) in total. We cannot exclude that 
some of these events correspond to chromosome 
translocations rather than fissions and fusions, since 
all except one of the fissioned chromosomes also 
have been involved in fusions. Finally, in the com-
parison between L. juvernica on the one hand and 
L. sinapis / L. reali on the other, we found 51 chro-
mosome breakpoints shared by L. sinapis/L. reali 
(fusion in L. juvernica or fission in L. sinapis/L. 
reali) and 44 unique breakpoints in L. juvernica 
(fission in L. juvernica or fusion in L. sinapis/L. 
reali).

The extreme rate of chromosomal rearrangements 
observed within the Leptidea clade motivated fur-
ther comparison to the ancestral Lepidopteran kary-
otype. We therefore tested how often coordinates of 
the previously identified chromosome breakpoints 
overlapped with breaks in synteny between M. cinxia 
and Leptidea. Synteny breaks were inferred when 
consecutive alignment blocks switched from one 
chromosome to another in M. cinxia. This analysis 
showed that 33 of the 37 fusions previously called 
in L. sinapis and L. reali overlapped with synteny 
breakpoints in M. cinxia (33/37 overlapping fusions 
are significantly different from a random genomic 
occurrence of overlaps; randomization test, p-value 
< 1.0*10−5; Supplementary figure 16), verifying that 
these constitute novel rearrangements in Leptidea. 
The four exceptions included one fusion in L. sinapis 
and three fusions in L. reali. These cases could rep-
resent fissions in the ancestral Leptidea lineage fol-
lowed by recurrent fusions in a specific species, or 
fissions that occurred independently in L. juvernica 
and M. cinxia. Three of 14 previously characterized 
fissions in Leptidea and four of 8 chromosome break-
points shared between L. juvernica and Catalan L. 
sinapis overlapped synteny breaks in M. cinxia and 
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therefore likely rather represent fusions in a Leptidea 
lineage than independent fissions in M. cinxia and 
one of the Leptidea species.

In cases where chromosome rearrangements 
within Leptidea were not supported based on 
homology information in M. cinxia, we analyzed the 
breakpoint regions for presence of telomeric repeats 
(TTAGG)n or (CCTAA)n, which should only be 
present if the rearranged region corresponds to a 
chromosome fusion. For the inferred fusion shared 
by both L. sinapis populations, we found telomeric 
repeats in both the Swedish and Catalan individu-
als, indicating that this represents a fusion back to 
the ancestral state. Conversely, the three fusions 
in L. reali did not contain any telomeric repeats 
which indicates that several fissions have occurred 
in the same chromosome region in different Lep-
tidea lineages, or that ancestral fission/fusion poly-
morphisms have sorted differently within the Lep-
tidea clade. Regions around one fission in Catalan 
L. sinapis and two fissions in L. reali that were not 
supported by homology information in M. cinxia 
also lacked telomeric repeats in the other Lep-
tidea lineages. These three fissions therefore likely 
occurred within regions that represent chromosome 
fusions that pre-date the radiation of the Leptidea 
clade. Finally, two of the four shared fission break-
points between L. juvernica and Catalan L. sinapis, 
which were fusion-like compared to M. cinxia, did 
not contain telomeric repeats in the other Leptidea 
samples and therefore likely represent fissions. All 
inferred fission and fusion events are summarized 
in Fig.  2 and Supplementary table  6. We further 
polarized the chromosome breakpoints identi-
fied between L. juvernica and the other Leptidea 

species. Here, 46 of 51 L. reali/L. sinapis chromo-
some breakpoints (fusion in L. juvernica or fission 
in L. reali/L. sinapis) and 16 of 44 breakpoints in 
L. juvernica (fission in L. juvernica or fusion in L. 
reali/L. sinapis) had overlapping synteny breaks 
in M. cinxia, indicating that the majority (65.3%) 
represent fusions that have occurred within the 
Leptidea clade. The directions and frequencies of 
chromosome rearrangements in the different line-
ages suggest that the common ancestor of the three 
investigated Leptidea species had a haploid chromo-
some number (n ~ 51–53) close to that of present-
day Catalan L. sinapis.

Next, we estimated how much of the observed 
rearrangements could alternatively be the result of 
translocations. First, we checked for exchange of 
homologous regions between chromosomes and spe-
cies, which could be an indication of reciprocal trans-
locations. For the ingroup species (L. sinapis and L. 
reali), we only detected one such case in Catalan L. 
sinapis involving chromosomes 25 and 51. Next, we 
counted how often a chromosome region was flanked 
by regions from one other chromosome in another 
species which could indicate a non-reciprocal, inter-
nal translocation event. Here, we also only detected 
one case, in L. reali chromosome 20, although this 
only occurred when compared against L. juvernica. 
Finally, since translocations do not necessarily affect 
chromosome ends, we counted how many ancestral 
chromosome ends (compared to B. mori) were still 
present in Leptidea and how many of these were 
kept as ancestral pairs. This showed that few ances-
tral chromosome ends are maintained (L. juvernica: 
10/84, L. reali: 7/52, Swedish L. sinapis: 11/56, Cata-
lan L. sinapis: 18/104) and no ends remain paired in 

Fig. 2  Estimated number 
of chromosomal rearrange-
ment events in the different 
Leptidea species/popula-
tions. Fusions are high-
lighted in red and fissions 
in blue. Numbers show total 
counts for each branch and 
shared events are shown in 
parentheses. Divergence 
times are based on Talla 
et al. (2017).
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any of the species. Taken together, this suggests that 
translocations are rare and most rearrangements have 
occurred through fissions and fusions.

Intraspecific rearrangements

The high frequency of interspecific chromosome 
rearrangements between Leptidea species spurred an 
additional set of analyses to assess occurrences and 
frequencies of fission/fusion polymorphisms seg-
regating within the populations. While the physical 
assemblies of the male and female L. reali and Cata-
lan L. sinapis, respectively, were collinear, we found 
evidence for fission/fusion polymorphisms segregat-
ing within both L. sinapis and L. juvernica (Supple-
mentary figure 5). First, the Catalan (C) and Asturian 
(A) L. sinapis individuals, which presumably repre-
sent populations with recent shared ancestry, had 
highly similar karyotypes, but we found one fusion 
polymorphism (C 5 = A 6 + A 45; A 6 = C 5 + C 
51; Supplementary figure 9) and a potential translo-
cation involving chromosomes C 6 and C 18 + A 10 
and A 18, respectively (Supplementary figure 9). Sec-
ond, within the Swedish L. sinapis, the comparison 

of the male and the female assemblies revealed two 
segregating chromosome fusions (♀ chromosome 3 
= ♂ chromosomes ♂ 19 + ♂ 25, and ♀ 6 = ♂ 21 
+ ♂ 28) (Supplementary figure  5 and 17) and two 
cases where the male and female were heterozygous 
for different rearrangement polymorphisms (♀ 4 = ♂ 
5 + ♂ 27; ♂ 5 = ♀ 4 + ♀ 27, and ♀ 10 = ♂ 11 + 
♂ 26; ♂ 11 = ♀ 10 + ♀ 26) (Fig. 3, Supplementary 
figure 5). In the first case (♀ 4 = ♂ 5 + ♂ 27; ♂ 5 = 
♀ 4 + ♀ 27), the fusion point between chromosomes 
♀ 4 and ♂ 5 appears to be associated with a large 
inversion (supported by the linkage map data, see 
below), which connects the fused variants in different 
orientations. To understand the background of these 
two complex rearrangement polymorphisms, we ana-
lyzed the homologous regions in the other Leptidea 
populations/species. For the first case, we found that 
L. reali shared the fusion variant observed in the L. 
sinapis female (i.e., ♀ 4 = ♂ 5 + ♂ 27; likely the 
ancestral state) while the Catalan and Asturian L. 
sinapis shared the variant observed in the Swedish 
L. sinapis male (♂ 5 = ♀ 4 + ♀ 27), with an addi-
tional fission within the inverted region. In L. juver-
nica, the genomic regions involved in rearrangement 

Fig. 3  Fusion polymorphisms in Swedish L. sinapis and 
respective homologous regions in the other Leptidea species 
and populations. Lines show individual alignments (> 90% 
similarity) and colors represent homologous regions. Chromo-

somes have been rotated to enhance visualization. Note that 
chromosomes 26 and 27 are not homologous to the chromo-
some with the same number in the opposite sex in Swedish L. 
sinapis. Ast, Asturias population; Cat, Catalan population
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polymorphisms in the Swedish L. sinapis were sepa-
rate chromosomes. In the second case (♀ 10 = ♂ 11 
+ ♂ 26; ♂ 11 = ♀ 10 + ♀ 26), both L. reali (chro-
mosome 14) and L. juvernica (5) shared the variant 
observed in the Swedish L. sinapis male (♂ 11 = ♀ 
10 + ♀ 26) with several additional rearrangements 
around the fusion point. The constitution in Cata-
lan and Asturian L. sinapis was more similar to the 
variant observed in the Swedish L. sinapis female but 
with additional smaller rearrangements connected to 
it. Hence, the fusion point observed in the Swedish L. 
sinapis female (♀ 10 = ♂ 11 + ♂ 26) appears to be 
specific to this population (Fig. 3).

Finally, when comparing the male and the female 
L. juvernica assemblies, we also detected three seg-
regating fusions (♀ 5 = ♂ 24 + ♂ 25; ♂ 17 = ♀ 28 
+ ♀ 38; ♂ 41 = ♀ 42 + ♀ 43; Supplementary fig-
ure 18) and one rearrangement polymorphisms (♀ 20 
= ♂ 27 + ♂ 37; ♂ 27 = ♀ 20 + ♀ 40; Supplementary 
figure 19).

The intraspecific chromosome rearrangement pol-
ymorphisms observed with the HiC maps obviously 
only reflect the variation between two individuals in 
each population. To provide information from more 
individuals in each population and assess the fre-
quency of segregating rearrangement polymorphisms 
in more detail, we used the pedigrees to construct 
single family-based linkage maps in the populations 
with the largest difference in chromosome count—the 
Swedish and the Catalan L. sinapis. This independ-
ent analysis verified the observations from the HiC 
maps and revealed additional segregating chromo-
some rearrangement polymorphisms. For the Swedish 
population, we could construct linkage maps for four 
independent families and they all had different karyo-
types when compared to the Swedish L. sinapis male 
genome assembly. Family T4 had one of the chro-
mosome fusions (♂ 21 + ♂ 28) and family T3 two 
additional fusions (♂ 27 + ♂ 5, ♂ 11 + ♂ 26) that 
were observed when comparing the male and female 
genome assemblies. In family T5, we observed the 
same fusions as in family T3 but with additional fis-
sions involving ♂ 7 and ♂ 11. Some of the previously 
identified fusions and the fission of chromosome ♂ 
7 were also observed in family T2. Hence, the link-
age analysis in independent families confirmed the 
fission/fusion polymorphisms identified in the com-
parison between genome assemblies and revealed 
an additional fission of ♂ 7 in two families. For the 

Catalan families, we could construct five independ-
ent maps. Here, we observed three different karyo-
types, all differing from the genome assembly of the 
Catalan L. sinapis male. A fission of chromosome ♂ 
5 was present in all families, similar to the observa-
tion in the Asturian L. sinapis. In three families, 3c9, 
4C, and 9C, we found a fusion of ♂ 6 + ♂ 18, and in 
addition to ♂ 6 + ♂ 18, there was also one part of ♂ 
5 fused to ♂ 45 in family C9. In summary, the genetic 
maps for independent families provide evidence for 
several chromosome rearrangement polymorphisms 
that are currently segregating in the different popula-
tions (Fig. 4).

Structural variation in the sex chromosomes

The synteny of the Z chromosomes agreed with 
previous results (Yoshido et  al., 2020), and in addi-
tion, we detected previously unknown gene move-
ment from B. mori autosomes 19, 26, and 28 to the 
sex chromosomes in Leptidea (Supplementary fig-
ure  20). In L. sinapis, we identified the three previ-
ously described Z chromosomes and a female-spe-
cific ~ 4.4-Mb-long scaffold, which likely represents 
(at least part of) the W chromosome. No equivalent 
W scaffold was observed in the Catalan L. sinapis 
female assembly. We noticed however that Z chromo-
some 3 in the two female L. sinapis assemblies and 
Z chromosome 1 in L. reali were several Mb longer 
than their male homologs and that they aligned less 
well compared to other chromosomes, indicating that 
these scaffolds likely are chimeras between the Z and 
W chromosome parts. In L. reali, we also discovered 
a previously unknown translocation event between 
what has previously been identified as Z chromosome 
1 and Z chromosome 3 (Yoshido et  al., 2020; Sup-
plementary figure  20). One of these lineage-specific 
Z chromosomes contains a major part of the ancestral 
Z which has fused with Z chromosome 3. The other 
contains the remaining ancestral and neo parts of Z 
chromosome 1. This was observed in both the male 
and the female.

Sequence analysis of the fissioned and fused 
chromosome regions

In agreement with previous data (Talla et al., 2017), 
we found that the TE content was > 50% in all Lep-
tidea assemblies (Table  1) and the majority of the 
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Fig. 4  Linkage groups for (a) Catalan L. sinapis families and (b) Swedish families. Colors represent specific chromosomes in the 
male genome assembly for the Swedish (n = 26–28) and Catalan (n = 51–53) L. sinapis populations, respectively
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TEs were long interspersed nuclear elements (LINEs; 
Supplementary figure  21). Since TEs may facilitate 
structural rearrangements (Miller & Capy, 2004), 
we assessed potential associations between specific 
sequence motifs and rearrangements by estimating 
the density of different repeat classes and coding 
sequences in the chromosome regions associated with 
fusions and fissions and comparing the densities to 
genomic regions not affected by rearrangements. We 
limited this analysis to L. reali and L. sinapis where 
we could polarize the rearrangements as fissions or 
fusions. In chromosome regions where fusions have 
occurred, there was a significant enrichment of both 
LINEs and LTRs (p-value < 2.0*10−5 in both cases), 
and a significant underrepresentation of SINEs 
(p-value < 2.0*10−5) and rolling-circle TEs (p-value 
= 1.0*10−3). Similarly, there was a significant 

enrichment of LINEs and a reduction in SINEs and 
rolling-circles (p < 2.0*10−5 in all cases) in chro-
mosome ends in the lineages that lacked the fusion 
(queries), but in these regions, LTRs were not signifi-
cantly enriched (Fig. 5, Supplementary table 7). This 
shows that LTRs are more abundant where a fusion 
has occurred compared to homologous regions in 
species where a fusion has not taken place. In fission 
breakpoints in contrast, the only significant difference 
(p = 0.04) was found for rolling-circles, which were 
underrepresented in fissioned as compared to non-fis-
sioned chromosomes (Fig. 5, Supplementary table 7).

We found that the Asturian L. sinapis assem-
bly contained more copies of the short telomeric 
repeat (TTAGG)n compared to the in-house devel-
oped assemblies, and that these were interspersed 
with certain LINE families. We therefore assessed if 

Fig. 5  Composition of sequence elements in (A) fusion and 
(B) fission breakpoints as compared to the rest of the genomes 
for L. reali and L. sinapis (the outgroup L. juvernica was 
excluded from the analysis). Comparisons were performed sep-
arately for when the species were used as references or queries. 
The histograms show distributions of element densities gen-
erated by 100 k iterations of random genomic sampling with 
replacement. Vertical lines show mean density of elements in 

breakpoints, highlighted in red if significant and black if non-
significant. FDR-adjusted p-values are indicated for significant 
tests. All p-values, means, and standard deviations are reported 
in Supplementary table 7. CDS, coding sequence; LINE, long 
interspersed elements; SINE, short interspersed elements; 
LTR, long terminal repeats; DNA, DNA transposons; RC, roll-
ing-circle TEs
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increased LINE content in fused chromosome regions 
could be explained by the presence of telomere-asso-
ciated LINEs. Two classes of telomere-associated 
LINEs had a higher frequency in telomeric regions 
than in the rest of the genome in the Asturian genome 
assembly (Fisher’s exact test, fdr-adjusted p-value < 
2.0*10−57, Supplementary table  8). However, these 
LINE classes made up only 5.47% of the total LINE 
content in fused chromosome regions in Leptidea, 
and LINEs in general were still significantly enriched 
(p-value = 8.0*10−4) in those regions after excluding 
this subset.

Discussion

Here, we present the results from an integrative 
approach, where we combine genome assembly and 
annotation with traditional linkage mapping, to char-
acterize and quantify the directions and frequencies 
of large-scale chromosome rearrangements in Lep-
tidea butterflies. Our data showed lineage-specific 
patterns of fissions and fusions (and potentially some 
translocations) and unveiled considerable directional 
variation in karyomorph change across species and 
populations. We also identified several segregat-
ing fission/fusion polymorphisms in the Leptidea 
populations and characterized specific repeat classes 
associated with chromosome regions involved in 
rearrangements. Since the extensive rearrangements 
have occurred over a comparatively short time scale 
in Leptidea (Talla et  al., 2017), the system provides 
a unique opportunity for investigating the causes and 
consequences of rapid karyotype change in recently 
diverged species.

Based on current chromosome number varia-
tion within Leptidea and the observation that the 
inferred ancestral karyotype (n = 31) has been con-
served across many divergent lepidopteran lineages 
(de Vos et  al., 2020; Robinson, 1971), a straight-
forward expectation would be that L. reali (n = 
25–28) and the northern populations of L. sinapis 
(n = 28–29) have, apart from a few fusion events, 
mainly retained the ancestral lepidopteran chro-
mosome structures. This would mimic the rear-
rangements observed for H. melpomene, where 10 
fusions have reduced the chromosome number (n 
= 21) compared to the ancestral karyotype (Davey 
et al., 2016). In line with this reasoning, the higher 

number of chromosomes in L. juvernica (n = 38–46) 
and Iberian L. sinapis (n ≈ 53–55) could sim-
ply be a consequence of chromosomal fissions, as 
observed in the lycaenid genus Lysandra (Pazhen-
kova & Lukhtanov, 2022). However, analogous to 
the organization of the genome structure in P. napi 
and P. rapae (Hill et al., 2019), our analyses reveal 
considerably more complex inter- and intra-chromo-
somal rearrangements in Leptidea than anticipated 
from comparisons of chromosome counts. These 
results confirm previous findings of a dynamic kary-
otype evolution in general in the species group (e.g., 
Dincă et al., 2011; Lukhtanov et al., 2011; Šíchová 
et al., 2015; Yoshido et al., 2020) and extend them 
by characterizing the specific chromosome rear-
rangements in detail and quantifying the differences 
in fission and fusion rates in different Leptidea spe-
cies and populations. Despite the rather complex 
patterns of restructuring observed, we found some 
general trends of karyotype change between the spe-
cies. For L. reali and the Swedish L. sinapis popula-
tion, most species-specific chromosomes have been 
formed from fusions of chromosomes that segregate 
independently in Catalan L. sinapis. In Catalan L. 
sinapis on the other hand, lineage-specific chro-
mosomes have mainly formed through fissions of 
larger ancestral chromosomes. Since L. juvernica 
was used as an outgroup in the analysis, we could 
not infer direction in this lineage. However, com-
parisons with more divergent lepidopteran species 
suggest that both fissions and fusions have occurred 
at a high rate also in L. juvernica.

Our analyses show that the synteny blocks are 
short between Leptidea and the inferred ancestral kar-
yotype—typically less than 1 Mb, which translates to 
12–15 blocks per chromosome. Albeit less extensive, 
such a pattern has also been observed in Pieris sp. 
and has been suggested to reflect a history of recur-
rent reciprocal chromosome translocations (Hill et al., 
2019). The synteny comparison between Leptidea 
species and B. mori showed that not a single chro-
mosome in any Leptidea species has retained both 
chromosome ends and that only a minor fraction (~ 
12–19%) have retained one of the ancestral ends. We 
also detect few signs of translocations and the high 
degree of synteny fragmentation in Leptidea is there-
fore probably a consequence of recurrent fissions and 
fusions in different chromosome regions and between 
different chromosome pairs, respectively.
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The short synteny blocks also show that extensive 
chromosomal restructuring has occurred in the ances-
tral lineage of the Leptidea species included in our 
analyses and continued at a high rate in all species. 
Although we did not have data for all species in the 
genus, the inferred ancestral karyomorph of the ana-
lyzed species (n ~ 50) in combination with the high 
and variable chromosome numbers in more diver-
gent Leptidea species—L. amurensis (n = 59–61), 
L. duponcheli (n = 102–104), and L. morsei (n = 54) 
(Robinson, 1971; Šíchová et al., 2016)—suggests that 
a high chromosome rearrangement rate is ubiquitous 
in wood whites. In L. reali, for example, the chromo-
some count has decreased to n = 26 in 1–2 My since 
the split from L. sinapis (Talla et  al., 2017). Even 
more striking is the rate of change in L. sinapis where 
chromosome counts range from n = 27–55 between 
recently diverged populations. This translates to a 
chromosome number evolutionary rate in both L. 
sinapis and L. reali that has been considerably faster 
than in, for example, Heliconius, where 10 chromo-
some fusions occurred over six million years before 
the diversification of the genus (Davey et al., 2016). 
Additional support for an extreme rearrangement rate 
in the genus comes from the observations that several 
intraspecific fission/fusion polymorphisms are cur-
rently segregating within the different species (see 
also Lukhtanov et al., 2011; Šíchová et al., 2015) and 
that incomplete lineage sorting and/or recurrent rear-
rangements involving the same chromosome regions 
have been frequent in Leptidea historically.

Lepidoptera has traditionally been viewed as hav-
ing a conserved genomic synteny. However, recent 
studies (Hill et  al., 2019; Yoshido et  al., 2020) and 
the results presented here add some doubt to this 
view. As mentioned above, an elevated rate of chro-
mosome rearrangements has. for example. also been 
observed in the Pieris napi/rapae lineage (Hill et al., 
2019), which belongs to the same family as Leptidea 
(Pieridae), but the two genera diverged approxi-
mately 80 Mya (Espeland et  al., 2018) and our syn-
teny analysis clearly show that the rearrangements 
have occurred independently. Given the limited avail-
ability of high-contiguity genome assemblies and/or 
high-resolution linkage maps, a more holistic view 
of inter- and intra-chromosomal rearrangement rates 
will have to await broader taxonomic sampling. Still, 
we can ask why some lepidopteran taxa are extremely 
conserved in terms of karyotype and synteny, while 

other lineages have accumulated a large number of 
fissions, fusions, and translocations, and also why 
some chromosomes are more conserved than oth-
ers. Holocentricity and female achiasmy may facili-
tate segregation and retention of polymorphic chro-
mosomes (Melters et  al., 2012), and consequently 
accelerate genome restructuring. However, a recent 
phylogenetic overview in insects showed that karyo-
type evolution is not accelerated in clades with holo-
centric chromosomes as compared to monocentric, 
although Lepidoptera appears to be an exception 
with higher rates of both fissions and fusions (Ruck-
man et al., 2020). Inverted (post-reductional) meiosis 
is another mechanism proposed to be important for 
mitigating the negative effects of chromosomal het-
erozygosity (Lukhtanov et  al., 2018). Within Lepi-
doptera, this phenomenon has been observed in L. 
sinapis (Lukhtanov et  al., 2018) and facultatively in 
B. mori (Banno et al., 1995) and Polyommatus posei-
donides (Lukhtanov et  al., 2020), but because of its 
association with holocentric chromosomes (Melters 
et al., 2012), it could potentially be more widespread. 
However, why do we not observe an elevated rate of 
chromosome rearrangements in butterflies and moths 
in general? Bombyx mori, for example, has a similar 
repeat density as Leptidea (Tang et  al., 2021) and 
shares the potential for inverted meiosis (Banno et al., 
1995). Still B. mori, and the majority of lepidopteran 
taxa with chromosome structure information, have 
retained the ancestral lepidopteran karyotype (Ahola 
et al., 2014; Pringle et al., 2007). One option is that 
chromosome rearrangements are dependent on the 
presence of specific features that generate de novo 
rearrangement mutations—i.e., that the rate of struc-
tural change is mutation limited. Within Leptidea, for 
example, a relatively recent burst of transposable ele-
ment activity has occurred (Talla et  al., 2017). This 
increased activity of certain TE classes could poten-
tially be an important driver of genomic restructur-
ing. We found, for example, increased LINE and 
LTR density in fused chromosome regions. Previous 
data suggest that LINEs make up a considerable por-
tion of the telomere regions in Lepidoptera (Okazaki 
et al., 1995; Takahashi et al., 1997), but the specific 
class we could associate with telomeres in Leptidea 
could not explain the general enrichment of LINEs 
in fused regions. LINEs have previously been asso-
ciated with rearrangements in monocentric organ-
isms, for example, bats (Sotero-Caio et al., 2015) and 
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gibbons (Carbone et al., 2014). Enrichment of LINEs 
and LTRs was similarly shown to occur in synteny 
breakpoints within the highly rearranged genome 
of the aphid Myzus persicae (Mathers et  al., 2021), 
although in this case, several other classes of TEs 
were also overrepresented. A plausible explanation 
is that an increase in ectopic recombination between 
similar copies of specific TE repeat classes located on 
different chromosomes (Almojil et al., 2021) can lead 
to rearrangements, but only in species where these 
specific classes have proliferated recently. In Heli-
conius, for example, there is a higher density of TEs 
in general in chromosome fusion points (Cicconardi 
et  al., 2021). Here, we found that the enrichment of 
LINEs was significant both in species/regions where 
a chromosome fusion has taken place and in homolo-
gous chromosome regions in species where the fusion 
event has not occurred. This shows that the density 
of LINEs has been higher in chromosome regions 
where fusions have occurred rather than accumulat-
ing in the regions after the fusion event and indicates 
that recently proliferated LINE families could play an 
important role for rearrangements in Leptidea. How-
ever, we found no association between any of the 
investigated genomic features and chromosome fis-
sion events which indicates that chromosome break-
age depends on a mechanism that we could not pick 
up with our data.

Although Leptidea has the most rearranged sex 
chromosomes of any Lepidopteran species described 
so far (Yoshido et  al., 2020), our synteny analysis 
showed that the Z chromosomes are considerably 
more structurally conserved than the autosomes, in 
particular Z2, which is the only chromosome that 
has been completely conserved since the split of the 
Leptidea species. The gene content of the ancestral 
Z chromosome has also been maintained, although 
the gene order has been highly reshuffled from the 
ancestral state. A similar situation of sex chromosome 
conservation in the face of extensive genome restruc-
turing was recently shown in the aphid M. persicae 
(Mathers et al., 2021) and the Z chromosome is highly 
conserved in Lepidoptera (Fraïsse et al., 2017; Sahara 
et al., 2012), even in rearranged genomes (Hill et al., 
2019), but several cases of fusions with autosomes 
have been documented (Hill et  al., 2019; Mongue 
et  al., 2017; Nguyen et al., 2013). In systems where 
one sex chromosome is degenerated, for example, the 
W chromosomes in lizards (Iannucci et  al., 2019), 

snakes (Rovatsos et al., 2015), and butterflies (Lewis 
et al., 2021), the other sex chromosome (here Z chro-
mosomes) is often highly conserved. One potential 
explanation for this is that translocation of genes with 
male-biased expression from the Z chromosome to 
an autosome likely would have deleterious effects in 
females (Vicoso, 2019). It has also been proposed that 
selection for maintaining linkage of genes with sex-
biased expression can be a strong stabilizing force, as 
seen, for example, in birds (Nanda et al., 2008). Accu-
mulation of male-biased genes on the Z chromosome, 
as has been observed in many lepidopteran species 
(Arunkumar et  al., 2009; Mongue & Walters, 2018) 
including L. sinapis (Höök et al., 2019), can therefore 
be a potential reason for the much more conserved Z 
chromosomes. The fact that the Z chromosome only 
recombines and spends relatively more time in male 
butterflies (Turner & Sheppard, 1975) should further 
strengthen this linkage. Translocation of genes from 
the sex chromosomes might also be selected against 
if it alters expression levels regulated by dosage com-
pensation mechanisms, which has been observed in L. 
sinapis (Höök et al., 2019).

Conclusion

Here, we present female and male genome assem-
blies for three different Leptidea species and 
develop detailed linkage maps for two populations 
of L. sinapis. Synteny analysis revealed one of the 
most dramatic and rapid cases of chromosome evo-
lution presented so far. The genus not only has one 
of the most variable intra- and interspecific chro-
mosome numbers, but also, as shown here, poten-
tially the most rearranged genomes across Lepi-
doptera. Our data suggests that fissions and fusions 
have been the main cause of the restructuring and 
that several rearrangement polymorphisms still 
segregate in the different species and populations. 
We further find an association between LINEs 
and LTR elements and fusion breakpoints which 
should be explored in more depth in future studies. 
The results presented here add another example of 
extensive genome reshuffling in Lepidoptera, which 
shows that the karyomorph does not necessarily 
predict the extent of chromosome rearrangements 
in a species.
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