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» Abstract

3  Karyotypes are generally conserved between closely related species and large chromosome
4  rearrangements typically have negative fithess consequences in heterozygotes, potentially
5 driving speciation. In the order Lepidoptera, most investigated species have the ancestral
6  karyotype and gene synteny is often conserved across deep divergence, although examples
7  of extensive genome reshuffling have recently been demonstrated. The genus Leptidea has
8 an unusual level of chromosome variation and rearranged sex chromosomes, but the extent
9  of restructuring across the rest of the genome is so far unknown. To explore the genomes of
10 the wood white (Leptidea) species complex, we generated eight genome assemblies using a
11  combination of 10X linked reads and HiC data, and improved them using linkage maps for
12  two populations of the common wood white (L. sinapis) with distinct karyotypes. Synteny
13 analysis revealed an extensive amount of rearrangements, both compared to the ancestral
14  Kkaryotype and between the Leptidea species, where only one of the three Z chromosomes
15 was conserved across all comparisons. Most restructuring was explained by fissions and
16  fusions, while translocations appear relatively rare. We further detected several examples of
17  segregating rearrangement polymorphisms supporting a highly dynamic genome evolution in
18 this clade. Fusion breakpoints were enriched for LINEs and LTR elements, which suggests
19 that ectopic recombination might be an important driver in the formation of new
20 chromosomes. Our results show that chromosome count alone may conceal the extent of
21 genome restructuring and we propose that the amount of genome evolution in Lepidoptera

22 might still be underestimated due to lack of taxonomic sampling.

23 Introduction

24  The karyomorph is the highest order of organization of the genetic material and
25 understanding the mechanistic underpinnings and micro- and macro-evolutionary effects of

26  changes in chromosome numbers are long-standing goals in evolutionary biology (Mayrose
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27 & Lysak, 2021). Chromosome rearrangements have for example been suggested to be
28 important drivers of speciation as a consequence of meiotic segregation problems and
29 suppressed recombination in chromosomal heterozygotes (Faria & Navarro, 2010;
30 Rieseberg, 2001). The number and structure of chromosomes are generally conserved
31  within species and between closely related taxa, while substantial karyotypic changes can
32 occur over longer evolutionary distances (Roman-Palacios et al., 2021; Ruckman et al.,
33  2020). In contrast, there are some examples of considerable chromosome rearrangement
34 rate differences between closely related species, but the underlying reasons for why
35 karyotypic change have occurred comparatively rapidly in some lineages are largely
36  unexplored (de Vos et al., 2020; Ruckman et al., 2020; Sylvester et al., 2020). Chromosomal
37 rearrangements, in particular fission and fusion events, are likely often underdominant
38 and/or deleterious and the probability of their fixation in a population should therefore be
39 higher in organisms with lower effective population size (N¢) (Pennell et al., 2015), or with
40  strong meiotic drive (Blackmon et al., 2019). Additionally, the consequences of fissions and
41  fusions seem to depend on the types of chromosomes a species harbor. In species with
42  holokinetic chromosomes (holocentric), the spindle apparatus can bind to multiple positions
43  along the chromosomes, while the attachment is restricted to the specific centromere region
44  in monocentric species (Melters et al., 2012). As a consequence, chromosome fissions and
45 fusions do not necessarily lead to meiotic segregation problems in holocentric species
46  (Faulkner, 1972; Lukhtanov et al., 2018). This has been hypothesized to lead to a higher rate
47  of chromosome number evolution in holocentric compared to monocentric species. However,
48 the evidence for such a rate difference have been mixed and a recent, large-scale meta-
49  analyses across insects suggests that chromosome evolution is not significantly faster in
50 holocentric species (Ruckman et al., 2020), and the explanation for rate differences between
51  species might rather be lineage specific life-history traits or demographics (Kawakami et al.,
52  2009; Larson et al., 1984; Petitpierre, 1987).

53
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54  The order Lepidoptera, moths and butterflies, constitutes one of the most species rich and
55  widespread animal groups and has for long been a popular study system in ecology and
56 evolution, in large part due to the high diversity and the eye-catching colour pattern
57 variations that have attracted both amateur naturalists and academic scholars for centuries
58 (Boggs et al., 2003). Lepidoptera also share several key genetic features, like holocentric
59  chromosomes (Suomalainen, 1953), and female heterogamety and achiasmy (Traut et al.,
60  2007; Turner & Sheppard, 1975), which present interesting aspects regarding chromosomal
61 rearrangements and their evolutionary consequences. The karyotype structure has generally
62  been found to be conserved across lepidopteran genera, with most investigated taxa having
63 the inferred ancestral haploid chromosome number of n = 31 (de Vos et al., 2020; Robinson,
64  1971). However, the genera Agrodiaetus (n = 10 - 134, Kandul et al., 2007) and Godyris (n =
65 13 - 120, Brown et al., 2004), for example, have been shown to have an elevated rate of
66  karyotype evolution compared to other insects (Ruckman et al., 2020). On a more detailed
67 level, genomic analyses have also unveiled a high level of conserved gene synteny between
68  divergent lepidopteran lineages (Ahola et al., 2014; Davey et al., 2016; Pringle et al., 2007).
69  Extensive, genome-wide chromosomal restructuring has so far only been detected in Pieris
70 napi / P. rapae (Hill et al., 2019). However, since the analyses have been limited to a
71  comparatively small set of taxonomic lineages where highly contiguous genome assemblies
72 and / or linkage maps are available, the levels of both karyotype variation and intra-
73 chromosomal rearrangements in Lepidoptera are likely underestimated (de Vos et al., 2020).
74

75 An attractive model system for studying karyotype evolution is the Eurasian wood white
76  butterflies in the genus Leptidea (family Pieridae). The three species, common wood white
77  (Leptidea sinapis), Réal's wood white (Leptidea reali) and the cryptic wood white (Leptidea
78 juvernica), form a species complex of morphologically nearly indistinguishable species that
79 show remarkable inter- and intraspecific variation in chromosome numbers (Dincé et al.,
80 2011; Lukhtanov et al., 2011). Cytogenetic analyses have shown that L. reali has rather few

81 chromosomes and less intraspecific variation (n = 25 — 28), while L. juvernica has a
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82  considerably more fragmented and variable karyotype (n = 38 — 46) (Dinca et al., 2011,
83  Sichova et al., 2015). The most striking chromosome number variation has been found in L.
84  sinapis, which has one of the most extreme non-polyploid, intraspecific karyotype clines of
85  all eukaryotes, ranging from n = 53 — 55 in southern Europe and gradually decreasing to n =
86 28 — 29 in northern Europe and n = 28 — 31 in central Asia (Lukhtanov et al., 2011, 2018). In
87  addition, the common ancestor of the species complex has undergone translocations of
88 autosomal genes to the sex chromosome(s) and extension of the ancestral Z chromosome
89 that has resulted in a set of neo sex chromosomes (Sichova et al., 2015; Yoshido et al.,
90 2020). Leptidea butterflies have also experienced a relatively recent burst of transposable
91 element activity (Talla et al., 2017), elements that could act as important drivers of
92 chromosome rearrangements (Belyayev, 2014), but whether this has been important for
93 karyotype evolution specifically in this genus remains to be explored. Altogether, these
94  findings motivate detailed characterization of the rate and direction of the chromosome
95 rearrangements and assessment of potential drivers of the rapid karyotype changes in this
96 lineage.
97
98 In order to dissect the chromosome structure in detail and quantify rates and directions of
99 chromosome rearrangements, we sequenced and assembled the genome of a male and
100 female individual of L. juvernica, L. reali and the Swedish and Catalan populations of L.
101 sinapis using a combination of 10X linked reads and HiC-scaffolding. In addition, we
102 generated genetic maps for the two L. sinapis populations and used the linkage information
103 to super-scaffold and correct the physical genome assemblies. The assembled
104  chromosomes were compared between wood white species and with the inferred ancestral
105 lepidopteran karyotype to characterize rates and patterns of fissions, fusions and intra-
106 chromosomal rearrangements across the species complex. Furthermore, we quantified
107  enrichment of different types of genetic elements in fission and fusion breakpoints to assess

108 if specific genomic features have been associated with chromosome rearrangements.
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100 Results

110 The genome assemblies had extensive contiguity, high BUSCO scores (Supplementary
111  table 1), few gaps and the majority of sequence contained in chromosome-sized scaffolds
112  (Table 1, Supplementary figures 1 and 2). The implementation of linkage map information for
113 the Swedish and Catalan L. sinapis (Figure 1) allowed for correction of these particular
114 genome assemblies. Overall, we found a high level of collinearity between physical maps
115 and linkage maps, but several large inversions were corrected (Supplementary figure 3). The
116  Catalan L. sinapis male assembly was also compared to the DToL assembly of a L. sinapis
117  male from Asturias at the north-western Iberian Peninsula (Lohse et al., 2022). Apart from
118 differences which likely represent genuine rearrangements (see ‘Chromosome
119 rearrangements’), there was a high level of collinearity between these two assemblies

120  (Supplementary figure 4).

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

Statistic L. L. L. reali L. reali L. sinapis L. sinapis L. sinapis L. sinapis

juvernica juvernica female male Swedish Swedish Catalan Catalan
female male female male female male

Assembly size 675 660 670 642 685 664 672 655

(Mb)

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 - 16 149 - 15 689 - 15915 - 16 478

genes (N)

BUSCO genes (%) 93.7% 95.0% 93.4% 93.4% 93.9% 93.8% 94.6% 94.5%

Pseudo- 43 42 26 26 28 29 52 52

chromosomes (N)

Sequence in

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

chromosomes (%)

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) 20731 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
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Contigs (N) 36 909 30088 29081 28 137 31643 29 387 31619 31643
Contig N50 (kb) 65.133 79.484 81.855 82.283 72.761 73.965 78.960 79.404
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Figure 1. Linkage maps based on pedigrees for a) the Swedish, and b) the Catalan populations of L.
sinapis. Vertical bars on each chromosome represent the position of linkage informative markers
ordered according to the physical map (genome assembly). The x-axis represents the physical
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position of each marker in megabases (Mb). Red colour represents markers where the marker order
in the linkage map was found to deviate from the order in the preliminary physical assembly.
121

122  Chromosome rearrangements

123 In order to characterize how chromosomes in the Leptidea clade correspond to the
124  presumably nearly ancestral lepidopteran karyotypes of B. mori and M. cinxia, gene orders
125 were compared between the different lineages (Figure 2). The synteny analysis revealed a
126  considerable amount of large rearrangements where each Leptidea chromosome showed
127 homology to 3 - 5 (median) B. mori chromosomes (Figure 2, Supplementary figure 5,
128  Supplementary table 2). Not only have all chromosomes in Leptidea been restructured
129 compared to the ancestral lepidopteran karyotype, but the frequency of rearrangements
130 between Leptidea species was also high. Only one of the sex chromosomes (Z2) showed
131 conserved synteny across all Leptidea species (Figure 2). When compared to B. mori, the
132 Leptidea genomes contained 372 - 410 distinct synteny blocks. The synteny blocks ranged
133  between 0.94 - 1.00 Mb, corresponding to 12.5 - 14.5 blocks per chromosome, and
134  contained 24 - 25 genes (medians given; Supplementary table 2).

135
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Figure 2. 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 lepidopteran
karyotype (Ahola et al., 2014). Chromosomes are ordered by size in each species. Pair-wise
comparisons between B. mori and each respective Leptidea lineage are available in Supplementary
Figure 5.

136 Since equivalent large-scale genome restructuring was recently shown in another pierid
137  butterfly, P. napi (Hill et al., 2019), we also compared synteny between P. napi and the
138  different Leptidea species. Apart from one syntenic chromosome pair (P. napi chromosome
139 18 and Catalan L. sinapis chromosome 31), all chromosome pairs in the comparisons

140 contained a mix of synteny blocks from at least two different chromosomes, indicating that
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141 the absolute majority of rearrangements in P. napi and Leptidea have occurred
142  independently in the two different lineages (Supplementary figure 6).

143

144  After discovering the considerable genomic reorganizations in Leptidea, we aimed at
145 characterizing the different rearrangements in more detail. A phylogenetic approach was
146  implemented to infer the most parsimonious scenario for intra-specific chromosome
147  rearrangements. In L. sinapis, the data indicate that 9 fusions have occurred in the Swedish
148  population (Supplementary figure 7) and 8 fissions (Supplementary figure 8) and two fusions
149  (Supplementary figure 7) in the Catalan population. In addition, there were 8 cases of shared
150 breakpoints between the Catalan L. sinapis and L. juvernica (Supplementary figure 8), which
151  explain the majority of the remaining differences in chromosome numbers between Catalan
152 and Swedish L. sinapis. Such shared breakpoints could either represent sorting of ancestral
153 fissions, independent fissions at the same chromosome positions in Catalan L. sinapis and
154 L. juvernica, or independent, identical fusions in L. reali and Swedish L. sinapis. If fusions
155 tend to occur randomly, we expected that chromosome pairs that have fused independently
156 in two different lineages could have different orientations. However, in all cases except one,
157 where a small inversion was in close proximity to a breakpoint, the chromosomes were
158 collinear between L. reali and Swedish L. sinapis, suggesting that the ancestral state has
159 been retained in both species. The two L. sinapis populations also shared five ancestral
160 fusions (Supplementary figure 7), but no shared fissions. In addition, four of the fissions
161 identified in the Catalan L. sinapis were not present in the individual from Asturias
162  (Supplementary figure 4). In L. reali we identified 21 fusions (Supplementary figure 9) and
163  six fissions (Supplementary figure 10) in total. We cannot exclude that some of these events
164  correspond to chromosome translocations rather than fissions and fusions, since all except
165 one of the fissioned chromosomes also have been involved in fusions. Finally, in the
166  comparison between L. juvernica on the one hand and L. sinapis / L. reali on the other, we

167 found 51 chromosome breakpoints shared by L. sinapis / L. reali (fusion in L. juvernica or

10
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168 fission in L. sinapis / L. reali) and 44 unique breakpoints in L. juvernica (fission in L. juvernica
169  orfusion in L. sinapis / L. reali).

170

171 The extreme rate of chromosomal rearrangements observed within the Leptidea clade
172  motivated further comparison to the ancestral Lepidopteran karyotype. We therefore tested
173  how often coordinates of the previously identified chromosome breakpoints overlapped with
174  breaks in synteny between M. cinxia and Leptidea. Synteny breaks were inferred when
175 consecutive alignment blocks switched from one chromosome to another in M. cinxia. This
176  analysis showed that 33 of the 37 fusions previously called in L. sinapis and L. reali
177  overlapped with synteny breakpoints in M. cinxia (33 / 37 overlapping fusions is significantly
178 different from a random genomic occurrence of overlaps; randomization test, p-value <
179  1.0%10°; Supplementary figure 11), verifying that these constitute novel rearrangements in
180 Leptidea. The four exceptions included one fusion in L. sinapis and three fusions in L. reali.
181 These cases could represent fissions in the ancestral Leptidea lineage followed by recurrent
182 fusions in a specific species, or fissions that occurred independently in L. juvernica and M.
183 cinxia. Three of 14 previously characterized fissions in Leptidea and four of 8 chromosome
184  breakpoints shared between L. juvernica and Catalan L. sinapis overlapped synteny breaks
185 in M. cinxia and therefore likely rather represent fusions in a Leptidea lineage than
186 independent fissions in M. cinxia and one of the Leptidea species.

187

188 In cases where chromosome rearrangements within Leptidea were not supported based on
189 homology information in M. cinxia, we analyzed the breakpoint regions for presence of
190 telomeric repeats (TTAGG)n or (CCTAA)Nn, which should only be present if the rearranged
191 region corresponds to a chromosome fusion. For the inferred fusion shared by both L.
192  sinapis populations, we found telomeric repeats in both the Swedish and Catalan individuals,
193 indicating that this represents a fusion back to the ancestral state. Conversely, the three
194  fusions in L. reali did not contain any telomeric repeats which indicates that several fissions

195 have occurred in the same chromosome region in different Leptidea lineages, or that

11
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196 ancestral fission/fusion polymorphisms have sorted differently within the Leptidea clade.
197 Regions around one fission in Catalan L. sinapis and two fissions in L. reali that were not
198 supported by homology information in M. cinxia also lacked telomeric repeats in the other
199 Leptidea lineages. These three fissions therefore likely occurred within regions that
200 represent chromosome fusions that pre-date the radiation of the Leptidea clade. Finally, two
201  of the four shared fission breakpoints between L. juvernica and Catalan L. sinapis, which
202  were fusion-like compared to M. cinxia, did not contain telomeric repeats in the other
203 Leptidea samples and therefore likely represent fissions. All inferred fission and fusion
204  events are summarized in Figure 3 and Supplementary table 3. We further polarized the
205 chromosome breakpoints identified between L. juvernica and the other Leptidea species.
206  Here, 46 of 51 L. reali / L. sinapis chromosome breakpoints (fusion in L. juvernica or fission
207 in L. reali / L. sinapis) and 16 of 44 breakpoints in L. juvernica (fission in L. juvernica or
208 fusionin L. reali / L. sinapis) had overlapping synteny breaks in M. cinxia, indicating that the
209 majority (65.3%) represent fusions that have occurred within the Leptidea clade. The
210 directions and frequencies of chromosome rearrangements in the different lineages suggest
211 that the common ancestor of the three investigated Leptidea species had a haploid

212  chromosome number (n ~ 51-53) close to that of present day Catalan L. sinapis.

Ouigroup breskpoints: 44 (8) L. Juvemica

2,6-3.8 Mya 20 (2)

L. reali

Ingroup breakpointas: 51 1-2Mya

110(2) L. sinapis (Swe)
5
0 1-1.8 Mya ,

A6 L. sinapis (Cat)

Figure 3. Estimated number of chromosomal rearrangement events in the different Leptidea

species/populations. Fusions are highlighted in red and fissions in blue. Numbers show total counts
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for each branch and shared events are shown in parenthesis. Divergence times are based on Talla et
al. (2017).

213  Next, we estimated how much of the observed rearrangements could alternatively be the
214  result of translocations. First, we checked for exchange of homologous regions between
215 chromosomes and species, which could be an indication of reciprocal translocations. For the
216  ingroup species (L. sinapis and L. reali) we only detected one such case in Catalan L.
217  sinapis involving chromosomes 25 and 51. Next, we counted how often a chromosome
218 region was flanked by regions from one other chromosome in another species which could
219 indicate a non-reciprocal, internal translocation event. Here, we also only detected one case,
220 in L. reali chromosome 20. Finally, since translocations do not necessarily affect
221  chromosome ends, we counted how many ancestral chromosome ends (compared to B.
222 mori) were still present in Leptidea and how many of these were kept as ancestral pairs. This
223  showed that few ancestral chromosome ends are maintained (L. juvernica: 10/84, L. reali:
224 7/52, Swedish L. sinapis: 11/56, Catalan L. sinapis: 18/104) and no ends remain paired in
225 any of the species. Taken together, this suggests that translocations are rare and most
226  rearrangements have occurred through fissions and fusions.

227

228 Intraspecific rearrangements

229  The high frequency of interspecific chromosome rearrangements between Leptidea species
230 spurred an additional set of analysis to assess occurrences and frequencies of fission /
231 fusion polymorphisms segregating within the populations. While the physical assemblies of
232 the male and female L. reali and Catalan L. sinapis, respectively, were collinear, we found
233 evidence for fission / fusion polymorphisms segregating within both L. sinapis and L.
234  juvernica (Supplementary figure 12). First, the Catalan (C) and Asturian (A) L. sinapis
235 individuals, which presumably represent populations with recent shared ancestry, had highly
236  similar karyotypes, but we found one fusion polymorphism (C5=A6 +A 45, A6=C5+C

237  51; Supplementary figure 4) and a potential translocation involving chromosomes C 6 and C

13
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238 18 + A 10 and A 18, respectively (Supplementary figure 4). Second, within the Swedish L.
239 sinapis, the comparison of the male and the female assemblies revealed two segregating
240  chromosome fusions (2 chromosome 3 = & chromosomes § 19+ & 25,and 26 =821+ &
241  28) (Supplementary figure 12 and 13) and two cases where the male and female were
242  heterozygous for different rearrangement polymorphisms (2 4=35+ 327, 35=2 4+ Q
243  27,and 210=3 11+ 3 26; £ 11 =2 10 + 2 26) (Figure 4, Supplementary figure 12). In the
244  firstcase (3 4=85+ 3 27; 3 5=2 4 + Q2 27), the fusion point between chromosomes < 4
245 and & 5 appears to be associated with a large inversion (supported by the linkage map data,
246  see below), which connects the fused variants in different orientations. To understand the
247  background of these two complex rearrangement polymorphisms, we analyzed the
248 homologous regions in the other Leptidea populations / species. For the first case, we found
249  that L. reali shared the fusion variant observed in the L. sinapis female (ie. @ 4 =& 5+ &
250  27; likely the ancestral state) while the Catalan and Asturian L. sinapis shared the variant
251  observed in the Swedish L. sinapis male (£ 5 = 2 4 + 2 27), with an additional fission within
252  the inverted region. In L. juvernica, the genomic regions involved in rearrangement
253  polymorphisms in the Swedish L. sinapis were separate chromosomes. In the second case
254 (R10=3211+326;311=2 10+ Q 26), both L. reali (chromosome 14) and L. juvernica
255  (5) shared the variant observed in the Swedish L. sinapis male (& 11 = 2 10 + 2 26) with
256  several additional rearrangements around the fusion point. The constitution in Catalan and
257  Asturian L. sinapis was also most similar to the variant observed in the Swedish L. sinapis
258 male but with additional smaller rearrangements connected to it. Hence, the variant
259  observed in the Swedish L. sinapis female (€ 10 = & 11 + & 26) appears to be specific to

260 this population (Figure 4).
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Figure 4. Fusion polymorphisms in Swedish L. sinapis and respective homologous regions in the
other Leptidea species and populations. Lines show individual alignments (> 90% similarity) and
colours represent homologous regions. Chromosomes have been rotated to enhance visualization.
Note that chromosomes 26 and 27 are not homologous to the chromosome with the same number in
the opposite sex in Swedish L. sinapis. Ast: Asturias population, Cat: Catalan population.

261  Finally, when comparing the male and the female L. juvernica assemblies, we also detected
262  three segregating fusions (Y 5=3 24 + $25; 317 =928+ 9 38; 3 41 =9 42 + Q 43;
263  supplementary figure 14) and one rearrangement polymorphisms; @ 20 =& 27 + & 37; & 27
264 =9 20+ Q 40; Supplementary figure 15).

265

266  The intraspecific chromosome rearrangement polymorphisms observed with the HiC-maps
267  obviously only reflects the variation between two individuals in each population. To provide
268 information from more individuals in each population and assess the frequency of
269  segregating rearrangement polymorphisms in more detail, we used the pedigrees to
270  construct single family based linkage maps in the populations with the largest difference in
271  chromosome count - the Swedish and the Catalan L. sinapis. This independent analysis

272  verified the observations from the HiC-maps, and revealed additional segregating
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273  chromosome rearrangement polymorphisms. For the Swedish population, we could
274 construct linkage maps for four independent families and they all had different karyotypes
275  when compared to the Swedish L. sinapis male genome assembly. Family T4 had one of the
276  chromosome fusions (& 21 + & 28) and family T3 two additional fusions (£ 27 + 8 5, § 11 +
277 & 26) that were observed when comparing the male and female genome assemblies. In
278  family T5 we observed the same fusions as in family T3 but with additional fissions involving
279 & 7 and & 11. Some of the previously identified fusions and the fission of chromosome & 7
280 were also observed in family T2. Hence, the linkage analysis in independent families
281  confirmed the fission / fusion polymorphisms identified in the comparison between genome
282  assemblies and revealed an additional fission of & 7 in two families. For the Catalan families
283  we could construct five independent maps. Here we observed three different karyotypes, all
284  differing from the genome assembly of the Catalan L. sinapis male. A fission of chromosome
285 & 5 was present in all families, similar to the observation in the Asturian L. sinapis. In three
286  families, 3c9, 4C and 9C, we found a fusion of 4 6 + & 18 and in addition to £ 6 + & 18
287  there was also one part of & 5 fused to & 45 in family C9. In summary, the genetic maps for
288 independent families provide evidence for several chromosome rearrangement

289  polymorphisms that are currently segregating in the different populations (Figure 5).

a)

Family 7C,8C Family 3¢9,4C Family 9C
n=53 n=52 n=51

b)
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Family T4, Family T3,
n=28 n=26
Family T5, Family T2,
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Figure 5. Linkage groups for a) Swedish families and b) Catalan L. sinapis families. Colours represent
specific chromosomes in the male genome assembly for the Swedish (n = 26 - 28) and Catalan (n =

51 - 53) L. sinapis population, respectively.

290  Structural variation in the sex chromosomes

291  The synteny of the Z chromosomes agreed with previous results (Yoshido et al., 2020) and
292  in addition we detected previously unknown gene movement from B. mori autosomes 19, 26
293 and 28 to the sex chromosomes in Leptidea (Supplementary figure 16). In L. sinapis, we
294  identified the three previously described Z chromosomes and a female specific ~ 4.4 Mb
295 long scaffold, which likely represents (at least part of) the W chromosome. No equivalent W
296  scaffold was observed in the Catalan L. sinapis female assembly. We noticed however that
297  Z chromosome 3 in the two female L. sinapis assemblies and Z chromosome 1 in L. reali
298 were several Mb longer than their male homologs and that they aligned less well compared
299 to other chromosomes, indicating that these scaffolds likely are chimeras between the Z and
300 W chromosome parts. In L. reali, we also discovered a previously unknown translocation
301 event between what has previously been identified as Z chromosome 1 and Z chromosome
302 3 (Yoshido et al.,, 2020; Supplementary figure 16). One of these lineage specific Z

303 chromosomes contains a major part of the ancestral Z which has fused with Z chromosome
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304 3. The other contains the remaining ancestral and neo parts of Z chromosome 1. This was
305 observed in both the male and the female.

306

307  Sequence analysis of the fissioned and fused chromosome regions

308 In agreement with previous data (Talla et al., 2017), we found that the TE content was >
309 50% in all Leptidea assemblies (Table 1) and the majority of the TEs were long interspersed
310 nuclear elements (LINEs; Supplementary figure 17). Since TEs may facilitate structural
311 rearrangements (Miller & Capy, 2004), we assessed potential associations between specific
312  sequence motifs and rearrangements by estimating the density of different repeat classes
313 and coding sequences in the chromosome regions associated with fusions and fissions and
314  comparing the densities to genomic regions not affected by rearrangements. We limited this
315 analysis to L. reali and L. sinapis where we could polarize the rearrangements as fissions or
316 fusions. In chromosome regions where fusions have occurred, there was a significant
317  enrichment of both LINEs and LTRs (p-value < 2.0*10® in both cases), and a significant
318 underrepresentation of SINEs (p-value < 2.0*10°) and rolling-circle TEs (p-value = 1.0*10).
319  Similarly, there was a significant enrichment of LINEs and a reduction in SINEs and rolling-
320 circles (p < 2.0*10° in all cases) in chromosome ends in the lineages that lacked the fusion
321  (queries), but in these regions LTRs were not significantly enriched (Figure 6A,
322  Supplementary table 4). This shows that LTRs are more abundant where a fusion has
323  occurred compared to homologous regions in species where a fusion has not taken place. In
324  fission breakpoints in contrast, the only significant difference (p = 0.04) was found for rolling-
325 circles, which were underrepresented in fissioned as compared to non-fissioned

326 chromosomes (Figure 6B, Supplementary table 4).
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Figure 6. 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 separately for when the species were used as references or
queries. The histograms show distributions of element densities generated 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 4. CDS = coding sequence, LINE = long interspersed elements, SINE = short
interspersed elements, LTR = long terminal repeats, DNA = DNA transposons, RC = rolling-circle
TEs.

327  We found that the Asturian L. sinapis assembly contained more copies of the short telomeric
328 repeat (TTAGG)n compared to the in-house developed assemblies, and that these were
329 interspersed with certain LINE families. We therefore assessed if increased LINE content in
330 fused chromosome regions could be explained by the presence of telomere associated
331 LINEs. Two classes of telomere associated LINEs had a higher frequency in telomeric
332 regions than in the rest of the genome in the Asturian genome assembly (Fisher’'s exact test,
333 fdr-adjusted p-value < 2.0*10™°’, Supplementary table 5). However, these LINE classes

334  made up only 5.47% of the total LINE content in fused chromosome regions in Leptidea, and
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335 LINEs in general were still significantly enriched (p-value = 8.0¥10™) in those regions after
336  excluding this subset.

337

338 Discussion

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

350

351  Based on current chromosome number variation within Leptidea and the observation that the
352 inferred ancestral karyotype (n = 31) has been conserved across many divergent
353 lepidopteran lineages (de Vos et al., 2020; Robinson, 1971), a straightforward expectation
354  would be that L. reali (n = 25 - 28) and the northern populations of L. sinapis (n = 28 - 29)
355 have, apart from a few fusion events, mainly retained the ancestral lepidopteran
356 chromosome structures. This would mimic the rearrangements observed for H. melpomene,
357  where 10 fusions have reduced the chromosome number (n = 21) compared to the ancestral

358 karyotype (Davey et al., 2016). In line with this reasoning, the higher number of

359 chromosomes in L. juvernica (n = 38 - 46) and Iberian L. sinapis (n = 53 - 55) could simply
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360 be a consequence of chromosomal fissions, as observed in the lycaenid genus Lysandra
361 (Pazhenkova & Lukhtanov, 2022). However, analogous to the organization of the genome
362  structure in P. napi and P. rapae (Hill et al., 2019), our analyses reveal considerably more
363 complex inter- and intra-chromosomal rearrangements in Leptidea than anticipated from
364  comparisons of chromosome counts. These results confirm previous findings of a dynamic
365  karyotype evolution in general in the species group (e.g. Dinca et al., 2011; Lukhtanov et al.,
366 2011; Sichova et al., 2015; Yoshido et al., 2020) and extends them by characterizing the
367  specific chromosome rearrangements in detail and quantifying the differences in fission and
368 fusion rates in different Leptidea species and populations. Despite the rather complex
369 patterns of restructuring observed, we found some general trends of karyotype change
370 between the species. For L. reali and the Swedish L. sinapis population, most species-
371  specific chromosomes have been formed from fusions of chromosomes that segregate
372  independently in Catalan L. sinapis. In Catalan L. sinapis on the other hand, lineage specific
373  chromosomes have mainly formed through fissions of larger ancestral chromosomes. Since
374 L. juvernica was used as an outgroup in the analysis, we could not infer direction in this
375 lineage. However, comparisons with more divergent lepidopteran species suggest that both
376 fissions and fusions have occurred at a high rate also in L. juvernica.

377

378 Our analyses show that the synteny blocks are short between Leptidea and the inferred
379 ancestral karyotype - typically less than 1 Mb, which translates to 12 - 15 blocks per
380 chromosome. Albeit less extensive, such a pattern has also been observed in Pieris sp. and
381 has been suggested to reflect a history of recurrent reciprocal chromosome translocations
382  (Hill et al., 2019). The synteny comparison between Leptidea species and B. mori showed
383 that not a single chromosome in any Leptidea species has retained both chromosome ends
384 and that only a minor fraction (~ 12 - 19%) have retained one of the ancestral ends. We also
385 detect few signs of translocations and the high degree of synteny fragmentation in Leptidea
386 is therefore probably a consequence of recurrent fissions and fusions in different

387 chromosome regions and between different chromosome pairs, respectively.
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388

389  The short synteny blocks also show that extensive chromosomal restructuring has occurred
390 in the ancestral lineage of the Leptidea species included in our analyses and continued at a
391 high rate in all species. Although we did not have data for all species in the genus, the
392 inferred ancestral karyomorph of the analyzed species (n ~ 50) in combination with the high
393 and variable chromosome numbers in more divergent Leptidea species - L. amurensis (n =
394 59 - 61), L. duponcheli (n = 102 - 104) and L. morsei (n = 54) (Robinson, 1971; Sichova et
395 al, 2016) - suggest that a high chromosome rearrangement rate is ubiquitous in wood
396  whites. In L. reali for example, the chromosome count has decreasedton =26 in1 -2 My
397  since the split from L. sinapis (Talla et al., 2017). Even more striking is the rate of change in
398 L. sinapis where chromosome counts range from n = 27 - 55 between recently diverged
399 populations. This translates to a chromosome number evolutionary rate in both L. sinapis
400 and L. reali that has been considerably faster than in for example H. melpomene, where 10
401 chromosome fusions have occurred over the last six million years (Davey et al., 2016).
402  Additional support for an extreme rearrangement rate in the genus comes from the
403 observations that several intraspecific fission / fusion polymorphisms are currently
404  segregating within the different species (see also Lukhtanov et al., 2011; Sichova et al.,
405 2015) and that incomplete lineage sorting and / or recurrent rearrangements involving the
406 same chromosome regions have been frequent in Leptidea historically.

407

408 Lepidoptera has traditionally been viewed as having a conserved genomic synteny.
409 However, recent studies (Hill et al., 2019; Yoshido et al., 2020) and the results presented
410 here add some doubt to this view. As mentioned above, an elevated rate of chromosome
411  rearrangements has for example also been observed in the Pieris napi / rapae lineage (Hill
412 et al., 2019), which belongs to the same family as Leptidea (Pieridae), but the two genera
413  diverged approximately 80 Mya (Espeland et al., 2018) and our synteny analysis clearly
414  show that the rearrangements have occurred independently. Given the limited availability of

415  high-contiguity genome assemblies and / or high-resolution linkage maps, a more holistic
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416 view of inter- and intra-chromosomal rearrangement rates will have to await broader
417  taxonomic sampling. Still, we can ask why some lepidopteran taxa are extremely conserved
418 in terms of karyotype and synteny, while other lineages have accumulated a large number of
419 fissions, fusions and translocations, and also why some chromosomes are more conserved
420 than others. Holocentricity and female achiasmy may facilitate segregation and retention of
421  polymorphic chromosomes (Melters et al.,, 2012), and consequently accelerate genome
422  restructuring. However, a recent phylogenetic overview in insects showed that karyotype
423  evolution is not accelerated in clades with holocentric chromosomes as compared to
424  monocentric, although Lepidoptera appears to be an exception with higher rates of both
425  fissions and fusions (Ruckman et al., 2020). Inverted (post-reductional) meiosis is another
426  mechanism proposed to be important for mitigating the negative effects of chromosomal
427  heterozygosity (Lukhtanov et al., 2018). Within Lepidoptera, this phenomenon has been
428 observed in L. sinapis (Lukhtanov et al., 2018) and facultatively in B. mori (Banno et al.,
429  1995) and Polyommatus poseidonides (Lukhtanov et al.,, 2020), but because of its
430  association with holocentric chromosomes (Melters et al., 2012) it could potentially be more
431  widespread. However, why do we not observe an elevated rate of chromosome
432  rearrangements in butterflies and moths in general? Bombyx mori, for example, has a similar
433 repeat density as Leptidea (Tang et al., 2021) and shares the potential for inverted meiosis
434  (Banno et al., 1995). Still B. mori, and the majority of lepidopteran taxa with chromosome
435  structure information, have retained the ancestral lepidopteran karyotype (Ahola et al., 2014;
436  Pringle et al., 2007). One option is that chromosome rearrangements are dependent on the
437  presence of specific features that generate de novo rearrangement mutations - i.e. that the
438 rate of structural change is mutation limited. Within Leptidea for example, a relatively recent
439  burst of transposable element activity has occurred (Talla et al., 2017). This increased
440 activity of certain TE classes could potentially be an important driver of genomic
441  restructuring. We found for example increased LINE and LTR density in fused chromosome
442  regions. Previous data suggest that LINEs make up a considerable portion of the telomere

443  regions in Lepidoptera (Okazaki et al., 1995; Takahashi et al., 1997), but the specific class
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444  we could associate with telomeres in Leptidea could not explain the general enrichment of
445  LINEs in fused regions. LINEs have previously been associated with rearrangements in
446  monocentric organisms, for example bats (Sotero-Caio et al., 2015) and gibbons (Carbone
447 et al.,, 2014). Enrichment of LINEs and LTRs was similarly shown to occur in synteny
448  breakpoints within the highly rearranged genome of the aphid Myzus persicae (Mathers et
449  al., 2021), although in this case several other classes of TEs were also overrepresented. A
450 plausible explanation is that an increase in ectopic recombination between similar copies of
451  specific TE repeat classes located on different chromosomes (AImajil et al., 2021) can lead
452  to rearrangements, but only in species where these specific classes have proliferated
453  recently. In Heliconius, for example, there is a higher density of TEs in general in
454  chromosome fusion points (Cicconardi et al., 2021). Here, we found that the enrichment of
455  LINEs was significant both in species / regions where a chromosome fusion has taken place
456 and in homologous chromosome regions in species where the fusion event has not
457  occurred. This shows that the density of LINEs has been higher in chromosome regions
458  where fusions have occurred rather than accumulating in the regions after the fusion event
459 and indicates that recently proliferated LINE families could play an important role for
460 rearrangements in Leptidea. However, we found no association between any of the
461 investigated genomic features and chromosome fission events which indicates that
462 chromosome breakage depends on a mechanism that we could not pick up with our data.
463

464  Although Leptidea has the most rearranged sex chromosomes of any Lepidopteran species
465 described so far (Yoshido et al.,, 2020), our synteny analysis showed that the Z
466 chromosomes are considerably more structurally conserved than the autosomes. In
467  particular Z2, which is the only chromosome that has been completely conserved since the
468  split of the Leptidea species. The gene content of the ancestral Z chromosome has also
469 been maintained, although the gene order has been highly reshuffled from the ancestral
470  state. A similar situation of sex chromosome conservation in the face of extensive genome

471  restructuring was recently shown in the aphid M. persicae (Mathers et al., 2021) and the Z
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472  chromosome is highly conserved in Lepidoptera (Fraisse et al., 2017; Sahara et al., 2012),
473  even in rearranged genomes (Hill et al., 2019), but several cases of fusions with autosomes
474  have been documented (Hill et al., 2019; Mongue et al.,, 2017; Nguyen et al., 2013). In
475  systems where one sex chromosome is degenerated, for example the W chromosomes in
476 lizards (lannucci et al., 2019), snakes (Rovatsos et al., 2015) and butterflies (Lewis et al.,
477  2021), the other sex-chromosome (here Z-chromosomes) is often highly conserved. One
478  potential explanation for this is that translocation of genes with male-biased expression from
479  the Z chromosome to an autosome likely would have deleterious effects in females (Vicoso,
480 2019). It has also been proposed that selection for maintaining linkage of genes with sex-
481  biased expression can be a strong stabilizing force, as seen for example in birds (Nanda et
482  al., 2008). Accumulation of male biased genes on the Z chromosome, as has been observed
483 in many lepidopteran species (Arunkumar et al., 2009; Mongue & Walters, 2018) including L.
484  sinapis (HOOk et al., 2019), can therefore be a potential reason for the much more conserved
485 Z chromosomes. The fact that the Z chromosome only recombines and spends relatively
486 more time in male butterflies (Turner & Sheppard, 1975) should further strengthen this
487 linkage. Translocation of genes from the sex chromosomes might also be selected against if
488 it alters expression levels regulated by dosage compensation mechanisms, which has been
489  observed in L. sinapis (H60K et al., 2019).

490

491 Conclusion

492  Here we present female and male genome assemblies for three different Leptidea species
493 and develop detailed linkage maps for two populations of L. sinapis. Synteny analysis
494  revealed one of the most dramatic and rapid cases of chromosome evolution presented so
495 far. The genus not only has one of the most variable intra- and interspecific chromosome
496 numbers, but also, as shown here, potentially the most rearranged genomes across
497  Lepidoptera. Our data suggests that fissions and fusions have been the main cause of the

498  restructuring and that several rearrangement polymorphisms still segregate in the different
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499  species and populations. We further find an association between LINEs and LTR elements
500 and fusion breakpoints which should be explored in more depth in future studies. The results
501 presented here add another example of extensive genome reshuffling in Lepidoptera, which
502 shows that the karyomorph does not necessarily predict the extent of chromosome
503 rearrangements in a species.

504

so05 Methods

506  Samples

507 Mated adult females of L. sinapis (Sweden and Catalonia), L. reali (Catalonia) and L.
508 juvernica (Sweden) were sampled in the field 2019 and kept in the lab for egg laying. One
509 male and one female offspring from each dam were sampled at the chrysalis stage and flash
510 frozen in liquid nitrogen. Each sample was divided in two aliquots to allow for generation of
511  both a 10X Genomics Chromium Genome- and a Dovetail HiC-library from each individual.
512  For 10X sequencing, DNA was extracted using a modified high molecular weight salt
513 extraction method (Aljanabi & Martinez, 1997). Tissues were homogenized for HiC
514  sequencing using a mortar and pestle in liquid nitrogen and sent to the National Genomics
515 Infrastructure (NGI, Stockholm) for library preparation and sequencing.

516

517  Sequencing and assembly

518 Library preparations, sequencing and genome assembly was performed by NGI Stockholm
519  using the lllumina NovaSeq6000 technology with 2 x 151 bp read length. 10X linked reads
520 were assembled with 10X Genomics Supernova v. 2.1.0 (Weisenfeld et al., 2017). HiC reads
521  were processed with Juicer v. 1.6 (Durand et al., 2016a) and assemblies were scaffolded
522 with 3DDNA v.180922 (Dudchenko et al., 2017). Resulting assemblies were corrected in
523  several consecutive steps with Juicebox v. 1.11.08 (Durand et al., 2016b). First, all obvious

524  scaffolding errors were corrected using the HIC contact information. Next, linkage
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525 information (see subheading “Linkage maps”) was used to identify and correct technical
526 inversions and translocations in the L. sinapis assemblies. Finally, we used pairwise
527  alignments (see Genome alignments) between i) the male and female from each respective
528 population, and ii) all assemblies, including an assembly of an Asturian L. sinapis individual
529  from the Darwin Tree of Life (DTol) initiative (Lohse et al., 2022), and used visual inspection
530 to detect deviating scaffold orders or orientations. Manual corrections were done in cases
531  when the orientation was not in conflict with the HiC-signal (Supplementary figure 1). After
532  manual curation, the number of chromosome sized scaffolds for each assembly (Swedish L.
533  sinapis n = 28 - 29, Catalan L. sinapis h = 52, L. reali n = 26, L. juvernica n = 42 - 43) was
534  within the expected karyotype range (Dinca et al., 2011; Lukhtanov et al., 2011; Sichova et
535 al.,, 2015) and these scaffolds contained the majority of the total sequence content (Table 1,
536  Supplementary figure 1 and 2). In addition, collinearity between male and female assemblies
537 improved after manual curation (Supplementary figure 12). Redundant scaffolds (100%
538 identical duplicates and scaffolds contained within others) were removed using ‘dedupe.sh’
539 in BBTools v. 38.61b (Bushnell, 2019). The core gene completeness of the different
540 assemblies was assessed with BUSCO v. 3.0.2 (Siméo et al., 2015) using the insecta_odb9
541  data set. The percent of complete BUSCO insect orthologs ranged between 93.4% in L. reali
542  male to 95.0% in L. juvernica male (Table 1, Supplementary table 1). Potential contaminant
543  scaffolds were identified and removed using BlobTools v. 1.1.1 (Laetsch & Blaxter, 2017).

544

545 Linkage map

546  Sampling, DNA-extraction and sequencing protocol

547  Offspring from wild caught females from two populations of L. sinapis with different
548  karyotypes (Sweden n = 28 - 29; Catalonia n = 53 - 55) were reared on cuttings of Lotus
549  corniculatus. The pedigrees consisted of 6 dams and 184 and 178 offspring from the
550 Swedish and Catalan population, respectively (Supplementary table 6). The offspring were

551 sampled at larval instar V, snap frozen in liquid nitrogen and stored at -20°C. DNA-
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552  extractions from caudal abdominal segments were performed with a modified Phenol-
553  Chloroform extraction (batchl; Sambrook & Russell, 2006) or high salt extraction (batch2;
554  Aljanabi & Martinez, 1997) after standard Proteinase-K digestion overnight. The amount and
555 quality of the DNA was analyzed with Nanodrop (Thermo Fisher Scientific) and Qubit
556  (Thermo Fisher Scientific). The DNA was digested with the EcoR1 enzyme according to the
557  manufacturer's protocol, using 16 hours digestion time (Thermo Fisher Scientific). The
558 efficiency of the digestion was determined by visual inspection of the fragmentation using gel
559  electrophoresis (1% agarose gel). The fragmented DNA samples were sent for RAD-seq
560 library preparation and paired-end sequencing on Illumina HiSeq2500 (batch 1) and
561 NovaSeqg600 (batch 2) at the National Genomics Infrastructure, SciLife, Stockholm.

562

563 Data processing

564  The quality of the raw reads was initially assessed with FastQC (Andrews, 2010). Duplicate
565 removal and quality filtering were performed with clone_filter and process_radtags from
566  Stacks2 (Catchen et al., 2013). We applied the quality filtering options -q to filter out reads
567  with > phred score 10 (90% probability of correct base called) in windows 15% of the length
568 of the read, -c to remove all reads with unassigned bases, and --disable_rad_chec to keep
569 reads without complete RAD-tags. All reads were truncated to 120 bp. The filtered reads
570 were mapped to the male genome assembly from each population using bwa mem with
571  default options, and sorted with samtools sort (Li et al., 2009). The bam-files were further
572 filtered with samtools view —q 30 option and a custom script to only retain reads with unique
573  mapping positions. The mapping coverage was analyzed with Qualimap (Okonechnikov et
574 al., 2016) and individual coverage was visualized as mean coverage per chromosome
575 divided by mean coverage per individual. The sex of offspring was set as female if the
576 normalized coverage on the Z1- and Z2-chromosomes was < 75% compared to the
577 autosomes. We used Samtools mpileup for variant calling with minimum mapping quality (-q)
578 10 and minimum base quality (-Q) 10 (Li, 2011). The variants were converted to likelihoods

579 using Pileup2Likelihoods in LepMap3 with default settings (Rastas, 2017), minimum
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580 coverage 3 per individual (minCoverage = 3) and 30% of the individuals allowed to have
581 lower coverage than minimum coverage (numLowerCoverage = 0.3). To verify that the
582  pedigree was correct, the relatedness coefficients of the samples were estimated with the
583 module IBD in LepMap3 using 10% of the markers and a multiple dimensional
584  scaling/principal coordinate analysis based on a distance matrix inferred with Tassel 5 v.
585 20210210 (Bradbury et al., 2007).

586

587  Linkage map construction

588 LepMap3 was used to construct the linkage maps (Rastas, 2017). Informative parental
589 markers were called with module ParentCall using default values, except that non-
590 informative markers were remove and we applied the setting zLimit = 2 to detect markers
591  segregating as sex chromosomes. This module also uses genotype likelihood information
592  from the offspring to impute missing or erroneous parental markers. Markers that did not
593  map to the chromosome-size scaffolds in the physical assembly were removed. The module
594  Filtering2 was applied to remove markers with high segregation distortion (dataTolerance =
595  0.00001) and markers that were missing in more than 30% of the individuals in each family
596  (missingLimit = 0.3). In addition, only markers present in at least five families were retained
597  (familyinformativeLimit = 5). The markers were binned over stretches of 10 kb with a custom
598  script and binned markers with more than five SNPs per bin were removed. The module
599  OrderMarkers2 with the option outputPhasedData = 4 was used to phase all binned data.
600 The final binning and filtering resulted in 3,237 and 4,207 retained markers in the Swedish
601 and Catalan pedigree, respectively.

602

603 The markers were assigned to linkage groups using the module SeparateChromosomes2,
604  with an empirically estimated lodLimit. The lodLimit is the threshold for the logarithm of the
605 odds that two markers are inherited together (LOD-score), i.e. belonging to the same linkage
606  group. We evaluated a range of lodLimits (1 - 30) and finally set it to 10 for the Catalan and

607 12 for the Swedish families - settings that resulted in approximately the number of linkage
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608 groups expected from karyotype data (50 linkage groups in the Catalan and 23 linkage
609 groups in the Swedish families, respectively). To assign additional unlinked markers to the
610 linkage groups, JoinSingles was run with lodLimits 5 for the Catalan map and 8 for the
611  Swedish. Since butterflies have female heterogamety and female achiasmy, the three
612  different Z-chromosomes were clustered in one linkage group and had to be split in separate
613 linkage groups manually (based on information from the physical genome assemblies). To
614  correct for interference and multiple recombination events per linkage group we applied the
615  Kosambi correction. To account for female achiasmy, the recombination rate in females was
616  set to zero (recombination2 = 0). The linkage maps were refined by manually removing non-
617 informative markers at the ends of each map. The trimmed map was re-evaluated with
618  OrderMarkers with the options evaluateOrder and improveOrder = 1. Remaining unlinked
619 markers at map ends were manually removed after visual inspection and the maps were
620 once again re-evaluated with OrderMarkers. The genetic distances and marker orders were
621  compared to the physical positions along each chromosome and the physical coordinates for
622 potential rearrangements were used for re-evaluation of the HiC-maps (Figure 1). The
623 collinearity of the genetic and physical maps was assessed using Spearman’s rank

624  correlation.

625 Read mapping

626 10X raw reads were first processed with Long ranger basic v. 2.2.2 (Marks et al., 2019).
627 Reads were then trimmed for low quality bases and adapters with Cutadapt v. 2.3 (Martin,
628 2011) in TrimGalore v. 0.6.1 (Krueger, 2019) using the NovaSeq filter (--nextseq 30) and
629 discarding trimmed reads shorter than 30 bp. Fastgscreen v. 0.11.1 (Wingett & Andrews,
630 2018) was used to screen and filter libraries from common contaminants (A. thaliana, D.
631 melanogaster, E. coli, S. cerevisiae, H. sapiens, C. familiaris, M. musculus, Wolbachia and
632 L. corniculatus, downloaded from NCBI 2021-03-05). Reads were mapped with BWA mem v.
633  0.7.17 (Li, 2013) resulting in a high mapping rate across all assemblies (98.0 - 98.6 %; Table

634 1). Mapped reads were then filtered for supplementary and secondary alignments with a
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635  custom script, and low-quality alignments (mapg < 30) with samtools v1.10 (Li et al., 2009).
636  Duplicate reads were removed using MarkDuplicates in GATK v. 4.1.1.0 (McKenna et al.,
637  2010). Resulting read mappings were assessed with samtools flagstats (Li et al., 2009) and
638 QualiMap v. 2.2 (Okonechnikov et al., 2016).

639

640 MIDNA

641  Circularized mitochondrial genomes for each sample were assembled de novo from
642  processed 10X reads using NOVOplasty v. 4.2 (Dierckxsens et al., 2017) with the COX1
643 gene from Leptidea morsei as seed (downloaded from NCBI 2020-08-29). The mitochondrial
644  genomes were annotated with MITOS (Bernt et al., 2013), using custom scripts to set the
645 gene TRNM as starting position. To identify and remove partial mtDNA scaffolds from the
646 nuclear genome assemblies, we aligned the mtDNA genomes to the assemblies with
647  nucmer in MUMmer v. 4.0.0rcl (Margais et al., 2018) using default settings and filtering the
648  output with delta-filter -g. Scaffolds aligning by > 95% of their length and with > 95% identity
649  were filtered out using a custom script. After filtering away identified partial mtDNA scaffolds
650  we reintroduced the mtDNA as a separate scaffold to each assembly.

651

652  Sex chromosome identification

653  Sex chromosomes were identified by homology and read coverage. We used gene synteny
654  (see synteny analysis) between B. mori and the sequenced Leptidea species to verify
655  previously characterized sex and neo-sex chromosomes (Yoshido et al., 2020). As an
656 independent validation we analyzed read depth (see read mapping) for chromosome sized
657  scaffolds across the female and male assemblies with QualiMap v. 2.2 (Okonechnikov et al.,
658 2016). For scaffolds identified as sex chromosomes, the mean read coverage in females
659 ranged between 49.36 - 74.44% of mean assembly coverage (Supplementary table 7,
660  Supplementary figure 18). Sex chromosomes were also verified visually in non-normalized

661 HiC heatmaps, where female samples had a clearly reduced contact between identified sex
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662 chromosomes and autosomes (Supplementary figure 1) as compared to the background
663  noise.

664

665  Gene and repeat annotation

666 Repeat libraries were generated de novo with RepeatModeler v. 1.0.11 (Smit & Hubley,
667 2017) using default settings. Repeat families classified as unknown by RepeatModeler were
668  additionally screened against Repbase (Jurka, 1998) using CENSOR (Kohany et al., 2006)
669  with the options ‘sequence source - Eukaryota’ and ‘report simple repeat’. The highest
670 scoring hit for each query was integrated with the RepeatModeler output using custom
671  scripts. Repeats were then annotated and quantified using RepeatMasker v. 4.1.0 (Smit et
672 al., 2019). Genes were annotated for the male genome assemblies of each species with the
673 MAKER pipeline v. 3.01.04 (Cantarel et al., 2008). First, both translated protein and coding
674  nucleotide sequences were used as input evidence. Protein sequences were a combination
675  of previous L. sinapis annotations (Talla et al., 2019), reviewed Lepidoptera proteins from
676  uniprot (downloaded 2021-04-02) and a set of Lepidoptera core orthologs from Kawahara &
677  Breinholt, 2014. Coding sequences were a combination of L. sinapis (Talla et al., 2019) and
678 L. juvernica (Yoshido et al., 2020) transcripts. In addition, the output of RepeatModeler was
679 used to mask repeat sequences within MAKER. Resulting gene models were used to train
680 ab initio gene predictors in snap (Korf, 2004) and Augustus v. 3.4.0 (Stanke et al., 2008).
681  The ¢ff-file generated in the first round and the gene predictors were then used jointly in a
682 second round of gene prediction. The number of resulting annotations ranged between 15
683 689 - 17 229 and were of expected quality and size (Supplementary table 8, Supplementary
684  figures 19 and 20). The final gene models were functionally annotated with Interproscan v.
685 5.30-69.0 (Jones et al., 2014) and blast searches against Swiss-Prot.

686

687  Synteny analysis

688 Gene synteny was compared between the male assemblies from each of the sequenced

689 Leptidea species and the two reference species Bombyx mori and Melitaea cinxia, and in
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690 addition Pieris napi (assemblies and annotations downloaded from NCBI 2021-04-25). First,
691 reciprocal protein alignments were generated with blastp. The blast output was then trimmed
692  to include the top five best hits per query. Finally, synteny blocks were built with MCScanX
693 (Wang et al., 2012) using default settings but restricting the maximum gene gap size to 10 to
694  reduce the amount of overlapping synteny blocks. The results were visualized with Synvisio
695 (Bandi & Gutwin, 2020) and Circos v. 0.69-9 (Krzywinski et al., 2009).

696

697  Genome alignments

698 To guide manual curation, estimate collinearity and detect rearrangements, all assemblies
699  were aligned to the male assembly of each respective species with nucmer in MUMmer v.
700 4.0.0rcl (Marcgais et al., 2018), using default settings. Alignments were restricted to the
701 chromosome sized scaffolds of each assembly. The resulting alignments were filtered with
702  delta-filter -1 to get 1-to-1 alignments including rearrangements. Male to female alignments
703 for each species were visualized with dotplots using a modified version of the script
704  'mummerCoordsDotPlotly.R' from dotPlotly (Poorten, 2018).

705

706  Rearrangement analysis

707 Large scale rearrangements were identified from breakpoints in alignments, when queries
708 changed from aligning against one reference scaffold to another. First, blocks of consecutive
709 alignments (> 90% similarity) between the homologous scaffolds were built using a custom
710  script, removing singleton queries against other scaffolds and only keeping blocks > 100 kb.
711 Rearrangements were then classified using a phylogenetic approach, by finding unique or
712  shared breakpoints between assemblies when aligned against the same reference using
713  bedtools v. 2.29.2 (Quinlan & Hall, 2010). Each male assembly was separately used as
714  reference, complemented by the alignment of the female assembly of the same species as
715 an additional control for interspecific variation. Unique breakpoints were called as fissions in
716 the query species while breakpoints shared by all query species were called as fusions in

717  the reference. Following the same logic, we searched for shared breakpoints between all
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718  possible combinations of species pairs to find potential cases of incomplete lineage sorting,
719  reuse of breakpoints or rearrangements in ancestral L. sinapis (shared by both populations).
720 The output of each separate comparison was checked and manually curated for any
721  discrepancies resulting from using different references. In addition, based on the identified
722  breakpoints, we quantified potential translocations as any case where two chromosomes in
723  one species contained the same combination of parts from two chromosomes in another
724  species (reciprocal) and cases where one chromosome had one alignment block flanked by
725  two blocks from one other chromosome in another species (non-reciprocal).

726

727  Breakpoint content analysis

728 The composition of genetic elements in chromosome breakpoints was analyzed by
729  comparing the observed mean density (here defined as proportion of base pairs) of coding
730 sequence and different transposable element (TE) classes to random resampling
731  distributions taken from the rest of the genomes. TEs from the same category and with
732  overlapping coordinates were merged before analysis. Resampling (with replacement, 100 k
733  iterations) was performed by taking random non-overlapping windows of the same size and
734 number as identified fusions or fissions, and calculating the mean density of sequence
735 elements across the sampled windows. The empirical means were compared to the
736  generated resampling distributions using a two-tailed significance test. The false discovery
737 rate was controlled for by adjusting p-values with the Benjamini-Hochberg method
738  (Benjamini & Hochberg, 1995). Fusion and fission breakpoints were analyzed separately,
739 only including events identified in the ingroup species (L. sinapis and L. reali) and excluding
740  cases with ambiguous polarity. To account for variation in breakpoint size, breakpoints were
741  standardized to 100 kb around their midpoint. In addition, separate tests were made for
742  corresponding homologous regions in the alignment queries. Since there is no shared
743  midpoint coordinate between two query chromosomes flanking a breakpoint, we instead
744  selected two 50 kb windows starting from the last query coordinate of each alignment block

745  and extending towards a theoretical point of breakage. The terminal 50 kb were selected in
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746  cases where windows extended beyond the end of the query scaffold. Since the same set of
747  query fissions were scored against two references and not necessarily overlapped, we
748  selected the breakpoints with the coordinates closest to the terminal ends. Similarly, when
749 the same chromosome end was associated with two different fusion events, we selected the
750 outermost coordinates to represent the region. When analyzing query sequences, we
751  excluded internal breakpoints, defined as occurring > 1 Mb from the chromosome terminal
752  ends, as these cases indicate either fissions followed by subsequent fusions (not necessarily
753  representative of a fission) or that different fusions have occurred in the reference and the
754  query and are therefore already counted when each respective species is used as reference.
755  The analysis was performed using bedtools v2.29.2 (Quinlan & Hall, 2010) and custom
756  scripts.

757

758  Fusion breakpoints were investigated for the presence and accumulation of telomere
759  associated LINE elements. Putative telomeric LINEs were first identified in the terminal 250
760 kb of scaffolds of the DToL L. sinapis assembly (Lohse et al., 2022). Enrichment of specific
761  LINEs in telomeric regions were then called with Fisher's exact test using an alpha level of
762  0.05 and adjusting p-values with the Benjamini-Hochberg method (Benjamini & Hochberg,
763  1995), and requiring at least the same count of each element in telomeric regions as the
764  number of telomeres (n = 96) and presence in telomeric regions of at least half of the
765  chromosomes. Homologous LINEs in the other assemblies (Swedish + Catalan L. sinapis
766  and L. reali) were then identified with reciprocal blast alignments, keeping all hits as putative
767  telomere specific LINEs. Finally, accumulation was quantified by calculating the summed
768  fraction of putative telomeric LINEs out of the total LINE density in fusion breakpoints. All

769  statistical tests were performed in R (R Core Team, 2019) unless otherwise noted.
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772

773 Data availability

774  All raw sequence data have been deposited at the European Nucleotide Archive under
775  accession ENAXXXX. All in-house developed scripts and pipelines are available in GitHub

776  (https://github.com/EBC-butterfly-genomics-team).
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