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7 Abstract

8 Changes in chromosome numbers may strongly affect reproductive barriers, because 

9 individuals heterozygous for distinct karyotypes are typically expected to be at least partially 

10 sterile or to show reduced recombination. Therefore, several classic speciation models are 

11 based on chromosomal changes. One import mechanism generating variation in chromosome 

12 numbers is fusion and fission of existing chromosomes, which is particularly likely in species 

13 with holocentric chromosomes, i.e. chromosomes that lack a single centromere. Holocentric 

14 chromosomes evolved repeatedly across the tree of life, including in Lepidoptera. Although 

15 changes in chromosome numbers are hypothesized to be an important driver of the 

16 spectacular diversification of Lepidoptera, comparative studies across the order are lacking. 

17 We performed the first comprehensive literature survey of karyotypes for Lepidoptera species 

18 since the 1970s and tested if, and how, chromosomal variation might affect speciation. Even 

19 though a meta-analysis of karyological differences between closely related taxa did not reveal 

20 an effect on the degree of reproductive isolation, phylogenetic diversification rate analyses 

21 across the 16 best covered genera indicated a strong, positive association of rates of 

22 chromosome number evolution and speciation. These findings suggest a macroevolutionary 

23 impact of varying chromosome numbers in Lepidoptera and likely apply to other taxonomic 

24 groups, especially those with holocentric chromosomes. 

25

26 Key words: Chromosomal speciation, chromosome number, chromoSSE, diversification rate 
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29 1. Introduction

30 The order Lepidoptera, which comprises more than 160,000 described species of 

31 butterflies and moths, is one of the most speciose branches of the tree of life. Its remarkable 

32 diversity is accompanied by tremendous variation in chromosome numbers, ranging from 5 to 

33 223 chromosomes in the haploid karyotype [1,2]. However, this variation is not randomly 

34 distributed among genera, as most show the presumed ancestral haploid karyotype of n=31, 

35 while other genera vary widely ([1], Fig. 1). In several genera, increased diversity in 

36 chromosome numbers appears associated with bursts in species numbers, suggesting that 

37 chromosomal variation may contribute to speciation [1,3-5]. This view is supported by theory, 

38 predicting that chromosomal variation can act as an intrinsic barrier to gene flow, either 

39 because hybrids between individuals with different chromosome numbers are at least partially 

40 sterile, or because chromosomal rearrangements suppress recombination [6,7]. Nevertheless, 

41 empirical evidence for the role of varying chromosome numbers in speciation is mixed, in 

42 part contrasting the theoretical predictions. Closely related species with different chromosome 

43 numbers can often be crossed [8,9] and hybrid fitness may not necessarily be reduced [10,11]. 

44 Moreover, evolutionary modes of diversification within genera in relation to varying 

45 chromosome numbers may range from neutral [4,12] to adaptive [5] evolution. However, a 

46 comprehensive study across Lepidoptera is lacking. With these inconsistencies at hand, we 

47 aim to infer the impact of primarily interspecific chromosomal differentiation on reproductive 

48 isolation and rates of speciation across genera. We then discuss different potential underlying 

49 mechanisms.

50 Lepitopteran chromosomes are holocentric, i.e. they lack a central centromeric region 

51 that concentrates all kinetochores, which allow attachment of the spindle tubules during 

52 mitosis and meiosis. Instead, species with holocentric chromosomes evolved mechanisms that 

53 allow kinetochore proteins to bind along the entire chromosome, permitting microtubules to 

54 attach broadly [reviewed in 13]. Holocentric chromosomes have evolved from monocentric 

55 ancestors at least 13 times in groups as diverse as plants and arthropods [13]. In plants, they 

56 have been shown to promote species diversification, for instance in sedges (the genus Carex, 
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57 with about 2'000 species among the largest plant genera), by leading to hybrid dysfunction as 

58 a result of the formation of meiotic multivalents [14]. For species with holocentric 

59 chromosomes, changes in chromosome numbers evolve by either fusing two chromosomes 

60 into a single one, or through fission of a chromosome into two smaller chromosomes. As a 

61 consequence of holocentricity, fragmented chromosomes are initially more likely to be 

62 retained since the fragments maintain kinetochore function, which may make it more likely 

63 for chromosomal variation to evolve in the first place [13]. Additionally, in species with 

64 holocentric chromosomes, hybrid incompatibility between closely related species may be 

65 countered by mechanisms that some of the species have evolved in order to avoid meiotic 

66 mistakes. In the wood white butterfly (Pieris sinapis), for instance, the order of meiotic 

67 events is inverted, which is presumed to underlie rescued fitness of chromosomal hybrids [10]. 

68 Thus, while on the one hand holocentric chromosomes may facilitate karyotype evolution in 

69 some lineages, chromosomal numbers are nevertheless often conserved in other lineages, 

70 suggesting additional genomic control mechanisms that suppress fusion and fission.

71 Despite its evolutionary relevance across the tree of life, the molecular features that 

72 underlie fusion and fission of chromosomes in species with holocentric chromosomes are not 

73 resolved, and likely differ between species [15,16]. Among the potential features are 

74 repetitive sequences such as ribosomal DNA, GC rich DNA segments, and transposable 

75 elements, which have been suggested to facilitate chromosomal fusion and fission by creating 

76 artificial centromere-like regions [17]. However, comparative genomic studies are rare and 

77 based on few species [16,18,19], relying often on short-read sequencing technologies that 

78 limit the study of repetitive parts of the genome. While some of these studies suggested a 

79 higher number of retrotransposons than expected by chance at fusion sites [18] others do not 

80 show such an enrichment [16]. Independent of karyotypic changes, rearranged Lepidoptera 

81 genomes show evidence for conserved synteny blocks that are maintained across even very 

82 distantly related species [16,20,21].

83
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84 Chromosomal speciation implies that chromosomal rearrangements cause 

85 reproductive isolation between populations and, therefore, promote speciation [22,23]. Yet, 

86 causal effects of fusion and fission on the rate of speciation remain contentious [7,15]. Classic 

87 chromosomal speciation models were based on hybrid sterility, i.e. where individuals that are 

88 heterozygous for chromosomal rearrangements are partially or completely sterile [7,22]. 

89 Under these scenarios, differentially fixed chromosomal rearrangements between closely 

90 related species may in theory themselves quickly generate strong reproductive isolation and 

91 act as Dobzhansky-Muller incompatibilities (DMIs), potentially reinforced upon secondary 

92 contact, where heterozygotes would suffer from reduced fertility [24]. The problem with these 

93 classic models is that they require chromosomal rearrangements to be fixed in order to be of 

94 major effect, yet the conditions under which fixation of novel chromosomal rearrangements is 

95 likely would result in shallow reproductive barriers. Specifically, newly arising chromosomal 

96 rearrangements would typically be underdominant, i.e., they lead to reduced fitness of hybrid 

97 individuals. While strong underdominance makes it unlikely that they spread to fixation, 

98 weak underdominance may allow for fixation, but would ensure that chromosomal 

99 rearrangements represent only shallow barriers, and are therefore unlikely to cause speciation 

100 [7,25]. Empirical evidence for such chromosomal speciation comes from mammals that have 

101 monocentric chromosomes, including mice [26] and wallabies [27]. Here, monobrachial 

102 homology, i.e., multiple chromosomal fusions with one or more common arms in different 

103 fusion arrangements, causes reproductive isolation. Differences in chromosome numbers have 

104 also been suggested to act as DMIs for plants with holocentric chromosomes [14], however, 

105 to which degree this might apply to other systems, including Lepidoptera, is not known 

106 More recent theoretical approaches have attempted to overcome the underdominance 

107 paradox by focusing on the changes in recombination associated with chromosomal 

108 rearrangements [6,7,25,28]. In essence, under these recent models, rearranged chromosomes 

109 can become fixed by drift or selection when two or more adaptive loci become physically 

110 coupled, enhancing existing reproductive isolation by reducing recombination [6,25]. Such 

111 re-arranged regions of reduced recombination may act as barrier loci and promote further 
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112 differentiation, which may eventually lead to postzygotic isolation through the buildup of 

113 genic DMIs [6,7,25]. By suppressing recombination, chromosomal rearrangements could help 

114 to increase reproductive isolation, which may be further enhanced by sexual selection or 

115 reinforcement [29] and may thus promote speciation upon secondary contact. Also, as a 

116 consequence of chromosomal speciation, the effective population size (Ne) may initially 

117 become reduced, which could in turn affect rates of speciation [30] and change the fixation 

118 probabilities of new karyotypes in allopatry. Indeed, for mammals, families with large 

119 geographic distributions but whose species have restricted geographic ranges showed a 

120 greater probability for fixing different karyotypes [31].

121 To understand the evolution of varying chromosome numbers and their potential 

122 implications on the speciation process, we reviewed the karyotypic literature on Lepidoptera 

123 and compiled the current knowledge on karyotypic diversity, which has doubled since the last 

124 attempt almost half a century ago [1]. We first assessed if published estimates of reproductive 

125 isolation [32] would differ between closely related species pairs with the same, or different 

126 karyotypes. While karyotypic changes in Lepidoptera evolve through fusion and fission 

127 events rather than genome duplications [33], transposable elements that may underlie such 

128 fission sites could perhaps lead to an increase in genome size [34]. Consequently, we also 

129 tested whether chromosome numbers are correlated with genome size. Combining karyotypic 

130 with genetic data, we finally assessed if the rate of chromosome number evolution is 

131 positively associated with the rate of speciation across the best-covered genera. In the light of 

132 the results, we then discuss the different roles of chromosomal variation in Lepidoptera, with 

133 a focus on the best-studied butterfly genera. Chromosomal variation can also include 

134 karyotypic changes through sex chromosome evolution (reviewed in [35]). Albeit information 

135 on sex chromosome evolution is limited to relatively few taxa [36], the current data suggests 

136 that the Z chromosome is highly conserved in Lepidoptera, while the evolution of neo-W 

137 chromosomes through fusion of autosomes may be common [37]. Although sex chromosomes 

138 also promote speciation [38], our study focuses more broadly on karyotype evolution through 

139 fusion and fission processes.
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140

141 2. Material and Methods

142 The previous comprehensive compilation of chromosome numbers in Lepidoptera 

143 was published by Robinson [1] almost fifty years ago, comprising data for 1183 taxa. After 

144 digitizing this list, we used Google Scholar in July 2019 to search for publications containing 

145 chromosome numbers that were not covered by [1]. Search terms were "[Lepidoptera OR 

146 butterfly OR moth] AND karyotype", and "[Lepidoptera OR butterfly OR moth] AND 

147 chromosome number". Our search yielded another 30 publications (Table ESM1.1), several of 

148 which are themselves compilations of chromosome numbers from multiple studies, e.g. [18]. 

149 We subsequently removed duplicate entries and ambiguous cases where taxa were not fully 

150 identified. The 97 cases in which intraspecific chromosomal variation was reported (e.g. 

151 Pieris sinapis; n=28-54 [16]) are included in Table ESM1.1 but excluded from subsequent 

152 karyotype specific analyses, because the karyotype of the individuals for which the associated 

153 data was collected is unknown. 

154 Genome size estimates for Lepidoptera were taken from the NCBI Genome Database 

155 (https://www.ncbi.nlm.nih.gov/genome) on 15th September 2019. From the 66 sequenced 

156 genomes, 64 had chromosome numbers available in our database (Table ESM1.2). Flow 

157 cytometric estimates of genome sizes were available for another 19 species from the Animal 

158 Genome Size Database 2.0 (www.genomesize.com); all also represented in our database. 

159 Flow cytometric estimates were converted to base pair size using the formula from [39]: DNA 

160 content (pg) = genome size (bp) / (0.978 x 109). We then used a phylogenetic linear model in 

161 R 3.5.1 [40] package phylolm v.2.6 [41] with genome size as response variable, chromosome 

162 number as fixed factor and accounting for the method of genome size estimate (sequence or 

163 flow cytometry). Non-independence of species data due to shared ancestry was incorporated 

164 by including a phylogenetic tree of the sampled species computed from mitochondrial COI 

165 sequences downloaded from GenBank (Table ESM1.3) and reconstructed using RAxML v.8 

166 [42]. To select an appropriate model for the error term, we fitted all implemented 

167 phylogenetic models that allow for measurement error (i.e., Brownian motion, Ohrnstein-
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168 Uhlenbeck with fixed or random root, kappa, delta, and Early-Burst models [41]). Genome 

169 size was normalized by log-transformation and the best-fitting model was determined based 

170 on AIC values.

171 We next tested if published estimates of reproductive isolation [32] differ between 

172 closely related species that share the same number of chromosomes (N=49) or not (N=19; 

173 Table ESM1.4). We used two linear mixed effect models with reproductive isolation (Total 

174 Isolation Index in [32]) as a response variable and the genus as random effect. In one model, 

175 we used as fixed factor a categorical variable, i.e. if chromosome numbers differed or not, and 

176 in the other the actual difference in chromosome numbers. It was not possible to more fully 

177 account for the phylogenetic error structure, because such an analysis requires the inclusion of 

178 a phylogeny with the most recent common ancestor of each species pair. We could not 

179 construct such a phylogeny due to the lack of phylogenetic data for, or resolution among, 

180 many of these closely related species, e.g. [5]. For the same reason, it was not possible to 

181 account for the age (divergence times) of each species pair. 

182 To test if varying chromosome numbers have an effect on species diversification rates, 

183 we selected all genera that had enough karyotype data, DNA sequence data, and species 

184 representation to warrant phylogenetic investigation. Because missing species can critically 

185 affect diversification rate analyses [43] and estimated rates of trait evolution [44], we only 

186 included the 16 genera for which we had both karyotype information and DNA sequence data 

187 for more than 25% of the genus (Table ESM1.5), and no generic para- or polyphyly was 

188 indicated (thus genera correspond to clades). This large sampling (representing ca. 1055 

189 species – 371 of which had karyotypes) will thus likely provide insights about the association 

190 of chromosome number evolution and species diversification across Lepidoptera. 

191 For each genus, we reconstructed a phylogenetic hypothesis with branch lengths 

192 proportional to divergence times, to be able to compare genera on the same measurement 

193 scale. We employed a Bayesian approach, to take full account of uncertainty in phylogeny 

194 reconstruction and propagate it in downstream analyses. First, we used the pipeline 

195 OneTwoTree [45] to obtain DNA sequence data. This pipeline downloads all sequence data 
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196 on NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) for a set of input taxon names, 

197 clusters the sequences based on OrthoMCL [46] to define groups of homologous sequences, 

198 and aligns these using MAFFT [47]. Thus, the approach guides marker selection objectively, 

199 based on sequence information rather than sequence headers. To run OneTwoTree, we 

200 provided the name of each genus, plus one outgroup taxon based on the global Lepidoptera 

201 phylogeny of [48]. Genbank IDs and details on taxon sampling are provided in Table 

202 ESM1.6. We then groomed alignments after manual inspection by removing loci available for 

203 fewer than 10% of the species, and eliminated sites with > 90% missing data using PhyUtility 

204 [49]. 

205 Phylogenetic inference was based on a MrBayes v. 3.2.7a [50] analysis for each genus. 

206 We employed GTR substitution models and Gamma-distributed rate variation among sites, 

207 performing two runs of four metropolis-coupled Markov chains per analysis, using default 

208 proposal mechanisms and temperatures. We made sure that runs converged to the target 

209 distribution based on the potential scale reduction factors (approaching 1 for all parameters), 

210 average standard deviations of split frequencies (being well below 0.1), effective sample sizes 

211 (>>200 for each parameter), and by inspecting the traces. The number of MCMC generations 

212 required for convergence differed between genera, from 1 to 10 million (Table ESM1.5). We 

213 then combined trees from both runs after excluding 25% as burnin, and thinned it uniformly 

214 to a sample from the posterior distribution of 100 trees (hereafter, "posterior") per genus using 

215 BurnTrees v.0.3.0 (https://github.com/nylander/Burntrees). We rooted each tree with the 

216 outgroup, and performed divergence time estimation using a relaxed, correlated molecular 

217 clock fitted based on penalized likelihood [51], implemented in the ape package in R [52]. 

218 The split between in- and outgroup was dated based on the median ages reported in [48]. 

219 Subsequently, the outgroup and stem lineage were pruned, yielding a posterior sample of 100 

220 dated trees per genus. 

221 To test for an association of chromosomal evolution and species diversification rates, 

222 we used a Bayesian approach to fit a phylogenetic model (ChromoSSE) tailored for 

223 chromosome evolution [53], implemented in the statistical software RevBayes [54], to each 
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224 genus. This model jointly describes the evolution of chromosome numbers through fusion and 

225 fission (i.e., a change in chromosome number by -1 or +1, respectively), and the origination 

226 and extinction of phylogenetic lineages (hereafter, species). Chromosome numbers are thus 

227 allowed to evolve along branches (i.e., anagenetic change) or at speciation events (i.e., 

228 cladogenetic change). Specifically, we fitted three speciation rate parameters: fission-

229 associated speciation, fusion-associated speciation, and speciation without chromosomal 

230 change; and two parameters for anagenetic chromosomal change: one for fission and one for 

231 fusion. We estimated a single species turnover rate per genus. As such, we did not allow for 

232 dysploidy and polyploidy, because these processes are not documented in Lepidoptera [1,2]. 

233 We fitted the model sequentially to each of the 100 trees in the posterior, feeding the final 

234 MCMC sample of one tree as the starting values for the next. After computing a generous 

235 burnin of 300 generations on the first tree, we computed 20 generations per tree. We then 

236 combined MCMC samples across trees, evaluated MCMC performance using Tracer 

237 v.1.7.1[55], and thinned it uniformly to 100 samples per genus.  It was computationally not 

238 feasible to fit the ChromoSSE model to the data of Polyommatus, probably because of its very 

239 large range of chromosome numbers (range 10-223, Fig. 1) that made exponentiation of the 

240 instantaneous rate matrix computationally prohibitive. Therefore, we also employed a 

241 computationally simpler approach where we computed for each genus a single speciation rate 

242 using a Yule model of lineage diversification and a single rate of chromosomal evolution 

243 based on Brownian motion, using the R-packages diversitree v.0.9-11 [56] and phytools 

244 v.0.6-99 [57], respectively. Even though, at least in principle, chromosome number evolution 

245 is poorly described by a random drift process, the results were overall fully congruent with 

246 the ChromoSSE model, irrespective of assumptions on extinction rates, divergence time 

247 uncertainty and error structures. These results are detailed in ESM3. 

248 To attempt to reject the hypothesis that the rate of speciation is not related to the rate of 

249 chromosome number evolution, we performed a phylogenetic linear regression analysis using 

250 the R package phylolm [41]. The rate of species diversification was the response variable and 

251 defined as the sum of all estimated speciation rate parameters, while the rate of chromosome 
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252 evolution was the predictor and constructed as the sum of all fusion and fission rate 

253 parameters. After computing species-means, checking assumptions and performing the 

254 relevant log-transformations, we determined the best evolutionary model for the error term by 

255 fitting all implemented models that account for measurement error (i.e., Brownian motion, 

256 Ohrnstein-Uhlenbeck with fixed or random root, kappa, delta, and Early-Burst models [41]) 

257 and selected the model with the lowest (best) AIC score. This analysis accounts for the non-

258 independence among observations (i.e., genera) by including the phylogeny of [48] pruned to 

259 just represent the phylogenetic relations among the included genera. To also account for 

260 phylogenetic uncertainty, we repeated the analysis 100 times by randomly sampling values 

261 for each genus from their respective posterior distributions, and checking significance and 

262 slope.

263

264 3. Results

265 Our literature survey identified 2399 lepidopteran taxa for which a chromosome 

266 number was reported (Table ESM1.1), about double from the previous comprehensive survey. 

267 However, chromosome numbers were only available for 41 of the 124 Lepidoptera families 

268 [58] with a strong bias to some groups of butterflies (e.g. almost half of the observations came 

269 from two families: Nymphalidae, N=869; Lycaenidae, N=239). Only 610 (25.4%) taxa with 

270 chromosome numbers were moths. The median chromosome number was n=29 (range 5-223) 

271 and the most common karyotype was the putatively ancestral chromosome number of n=31 

272 (N=630; Fig. 1). The effect of chromosome number on genome size was best described using 

273 a OU-model for the error term (AIC = 56.2, irrespective of root assumptions; AIC for other 

274 models ranged 59.3 - 61.3), and included a weak (r2 = 0.01) yet significant, positive effect of 

275 chromosome number (t = 3.53, p = 0.0006, Fig. 2), also when including method (sequence or 

276 flow cytometry) as an additional factor (t = 2.91, p = 0.045). In particular species with few 

277 chromosomes had smaller genomes. However, the available data covered only a small range 

278 of known chromosomal variation (sampled range 12-60, median: 29.5; known range 5-223; 

279 Table ESM1.2). 
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280 In our species-pairs analysis, we could not detect a significant effect of presence of 

281 chromosome number difference on reproductive isolation (Fig. 3). This was independent of 

282 whether the difference was coded as a categorical variable (χ 2
1= 1.05, p = 0.305), or the 

283 actual differences in chromosome numbers were used (χ 2
1= 0.04, p = 0.836).

284 The groomed sequence matrices contained on average 50 taxa per genus, representing 

285 70% of the species (range 11 to 166 taxa, representing 59% and 90% of the species 

286 respectively) with an average of 8095 bps of sequence data (range 3790-23905 bps; Table 

287 ESM1.5). Dated phylogenies with tip states are provided in ESM2. 

288 Analyses based on ChromoSSE models strongly supported the hypothesis that rates of 

289 speciation and chromosome evolution are related. All rate parameters differed strongly across 

290 the 15 genera for which we could fit the ChromoSSE model (Fig. ESM4.1). The posterior 

291 mean net diversification rate (i.e. the difference between speciation and extinction rates) per 

292 genus ranged from 0.047 (Lycaena) to 0.305 (Lysandra) species per species per million years, 

293 with the species turnover fractions ranging 0.13 (Erebia) to 0.98 (Lysandra; Fig. ESM4.1). 

294 The relation between total speciation rates and total chromosome evolution rates across 

295 posterior-mean values was strongly positive (Fig. 4; effect size 0.630±0.193 in log-log space, 

296 t = 3.26, p = 0.006, using a BM-model for the error term, AIC = 53.5; AIC for other models 

297 ranged 55.3 - 55.5). To further confirm this result, we replaced each species-mean value by a 

298 random draw from the respective posterior distribution and checked significance of the 

299 relation. Repeating this process 100 times yielded a significant, positive relationship in each. 

300 Comparing the fits of the ChromoSSE models across genera yielded further insights 

301 into the role of chromosome evolution in species diversification. Foremost, the overall 

302 importance of chromosomal speciation was underlined by the finding that speciation rates 

303 with chromosomal change exceeded speciation without chromosomal change in 12 of 15 

304 genera (the exceptions being Colias, Heliconius, and Papilio; Fig. ESM4.2). In most genera, 

305 chromosomal change was more frequently anagenetic (along a branch) than cladogenetic (at 

306 speciation; Fig. 4B; ESM4.3). Although the three exceptions Lysandra, Oleria and 

307 Pteronymia (Fig. ESM4.3) were those with also the highest rates of chromosomal change, 
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308 there was no general association between the absolute rate of chromosomal evolution and the 

309 importance of its cladogenetic component (Fig. 4B). Overall, the absolute importance of the 

310 cladogenetic component of chromosomal change ranged from 3.6% in Lycaena to 98% in 

311 Lysandra.

312 The ChromoSSE models also allowed us to infer whether fission or fusion events are 

313 more common and more commonly implicated in speciation. Overall, fission events occurred 

314 at higher rates than fusion events in all but two genera (Papilio and Memphis; Fig. ESM4.4). 

315 However, the cladogenetic component did not consistently differ between fission and fusion 

316 events, where it was significantly higher for three and seven genera for fission and fusion 

317 events, respectively (Fig. ESM4.5). 

318 Our complementary approach, based on Brownian motion for chromosomal evolution 

319 rates and Yule diversification rates allowed to include the chromosomally most diverse genus 

320 Polyommatus and yielded fully congruent results, irrespective of how we accounted for 

321 extinction and dating uncertainty (ESM3).

322

323 4. Discussion

324 The karyological variation in Lepidoptera has attracted much interest over the past 

325 decades, yet many aspects underlying its incredible diversity remain enigmatic. Lepidoptera 

326 show the highest known range in chromosome numbers among non-polyploid eukaryotes [2]. 

327 Among hexapods only hemipterans, that also have holocentric chromosomes, are known to 

328 have up to a hundred chromosomes [59]. In plants, polyploidization often generates 

329 tremendous variation in chromosome numbers [60], but the highest known range that is not 

330 attributed to polyploidization occurs in genera with holocentric chromosomes such as Carex 

331 (n=6-62, [61]). Performing the most comprehensive literature survey on chromosome 

332 numbers to date, we found that most Lepidoperan species show the putative ancestral 

333 chromosome number of n=31, or a number close to this (Fig. 1). This is consistent with the 

334 previous systematic review [1] that covered half as many taxa. However, variation in 

335 chromosome numbers differs strikingly among genera (Fig. 1). Interestingly, while our 
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336 analyses based on the ChromoSSE model suggests that rates of chromosomal fission are 

337 generally higher than those of chromosomal fusions (Fig. 4C), a reduction in chromosome 

338 numbers from the ancestral number seems to be more common among the extant species (Fig. 

339 1). This could be because fission events are predicted to be more likely to result in deleterious 

340 meiotic products, and may therefore more often be selected against, though this effect is 

341 debated in Lepidoptera [62]. 

342 While karyotypic variation has been extensively studied in some Lepidoptera genera 

343 (e.g. [1,3,16]), the macroevolutionary impact of varying chromosome numbers on the 

344 dynamics of clade diversification had not been assessed. By employing a phylogenetic 

345 diversification rate analysis for the best-covered genera, we show that, overall, increased rates 

346 of chromosomal evolution are associated with increased rates of speciation (Fig. 4A). Similar 

347 positive relationships between rates of speciation and karyotypic variation were reported for 

348 Sceloporus lizards [63], some plant genera, including Carex and Helianthus (reviewed in 

349 [64]), and mammals [65]. 

350 In principle, it is possible that factors covarying with chromosome number exert 

351 effects on speciation, rather than chromosomal evolution per se. Changes in genome size 

352 have been suggested to affect rates of speciation themselves [66], and indeed, we observed 

353 that genome size significantly increases with the number of chromosomes (Fig. 2). It is, 

354 however, unlikely that the effects we ascribe to karyotypical variation (Fig. 4) are primarily 

355 due to genome size differences. This is because the effect of genome size differs among 

356 taxonomic groups, where increased genome size correlates positively with speciation rates in 

357 mammals, the opposite is true for insects including Lepidoptera [66]. For plants the rate of 

358 genome size evolution rather than genome size itself is positively correlated with speciation 

359 [67]. Also, chromosome number is only loosely associated with genome size (r2=0.01; Fig. 

360 2), while the association of chromosome number with speciation rates was tight (Fig. 4). The 

361 paucity of broadly sampled species level phylogenies with associated genome size estimates 

362 for Lepidoptera (Table ESM1.2) precludes testing for associations between genome size and 

363 speciation directly. However, we cannot rule out other unaccounted factors. For example, 
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364 genetic diversity was previously found to be positively correlated with chromosome numbers 

365 rather than genome size in Lepidoptera [68], though this association has to be considered with 

366 care, given the small sample size (N=34) and the limited range of chromosome numbers 

367 covered (range n: 13-34). Among the factors that could explain some of the variation in 

368 genome size that we observed are the genetic features suggested to underlie fusion and fission 

369 sites. These include transposable elements and may lead to increased genome size, as has 

370 been found in Pieris [34]. However, the currently available taxonomic breadth and sample 

371 sizes are limited (Table ESM1.2) and comparative studies of the presence and abundance of 

372 transposable elements are missing. 

373 The reliability of our results also critically depends on the robustness of our analytical 

374 approach. The ChromoSSE model belongs to a family of state-dependent speciation and 

375 extinction models (SSE; [69]) that evaluate the effect of a focal character state on the rate of 

376 lineage origination and loss. Though widely used, their statistical performance remains 

377 debated, and much potentially undesired behaviour has been evaluated, including unbalanced 

378 prevalence of the focal character [70], assumptions about its root state [71], and effects of 

379 covarying, unevaluated characters [72,73]. The effects of these issues are mixed, i.e. they can 

380 lead to inflated Type I [74] or Type II error [70] rates, and partly addressed in more recent 

381 implementations (e.g., [73]) and alternatives approaches (e.g. [75]), that themselves have also 

382 received criticism. Overall, SSE models require careful interpretation and adequate 

383 accounting for relevant sources of error [76]. The recently developed ChromoSSE has been 

384 evaluated under a wide range of simulated conditions [53], that demonstrate its reliability for 

385 our study: Although parameter estimates were typically accurate and precise, cladogenetic 

386 components of chromosomal change tended to be underestimated relative to anagenetic 

387 change [53], making the approach in our context rather conservative. Most importantly, even 

388 when as little as 10% of extant species are sampled, the accuracy of ChromoSSE model 

389 estimates was only marginally compromised [53]. Given that we accounted for various 

390 sources of error in a Bayesian framework and only included the most densely-sampled 

391 genera, these findings suggest that our estimated parameters are robust. Our implementation 
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392 of the phylogenetic linear model analysis [41] further accounted for inaccuracy of parameter 

393 estimates for individual clade. Importantly, our result was also robust regarding phylogenetic 

394 uncertainty and different analytical approaches, as the analyses based on the ChromoSSE 

395 model (Fig. 4) yielded results fully congruent with those based on Brownian motion, while 

396 accounting for extinction rates and dating uncertainty (ESM3). Our statistically significant 

397 results are therefore unlikely to be artefactual.

398 The contribution of chromosomal speciation to all cladogenetic events differed 

399 among genera (Fig 4B), where the rate of anagenetic chromosomal change, i.e. along 

400 branches, exceeded that of cladogenetic chromosomal changes in nine genera (Fig. 

401 ESM4.3). This suggests that only some fusion and fission events may directly lead to 

402 speciation and that the probability of chromosomal speciation differs considerably among. 

403 The difference between anagenetic and cladogenetic changes could furthermore suggest that 

404 the evolutionary mechanisms underlying the role of chromosomal change in speciation may 

405 differ among genera: For genera where cladogenetic changes predominate, chromosomal 

406 changes may act as Dobzhansky-Muller incompatibilities (DMIs) as has been found in plants 

407 with holocentric chromosomes [14]. Conversely, when chromosomal changes are 

408 predominantly anagenetic, novel chromosomes may suppress recombination, leading 

409 eventually to the buildup of genic DMIs, suggesting indirect, gradual effects of anagenetic 

410 chromosomal change on speciation. These are hypotheses and need thorough investigation 

411 (see section 5). 

412 Interestingly, species turnover, measured as the ratio of extinction over speciation 

413 rates, was highest in the genera Lysandra, Oleria, and Pteronymia, (Fig. 4B) that also had 

414 highest rates of chromosomal change, suggesting that new species form frequently through 

415 chromosomal change but may not persist [77]. If selection against new karyotypes is weak, 

416 novel karyotypes may form new species and proliferate before going extinct also reducing 

417 effective population sizes, with suspected effects promoting extinction rate [78]. Conversely, 

418 if selection is stronger, new karyotypes may be selected against immediately without ever 

419 giving rise to new species. While the former scenario is congruent with the pattern in the 
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420 aforementioned three genera, the latter scenario would result in an apparent 

421 macroevolutionary stasis as seen in the genera with lowest rates of chromosomal change (Fig. 

422 4; see ESM2 for the phylogenetic distribution of chromosome numbers per genus). 

423 Understanding why the effect of chromosomal change differs among genera might thus be 

424 achieved by comparing the potentially different selective forces acting on newly arising 

425 karyotypes.

426 Whereas our phylogenetic analyses suggest that increased chromosomal variation is 

427 associated with increased rates of speciation, we did not detect a significant effect of 

428 difference in chromosome number on reproductive isolation between closely related species 

429 pairs (Fig. 3). This observation could reflect that prezygotic barriers may be more likely to 

430 drive reproductive isolation in some genera [3,79]. However, we note that the available 

431 number of estimates for reproductive isolation was limited and that the data were strongly 

432 phylogenetically structured, yet the lack of relevant phylogenetic information precluded a 

433 formal phylogenetic analysis (Table ESM1.4). As a consequence, we could also not account 

434 for differences in reproductive isolation due to different evolutionary ages. In the following, 

435 we discuss the evidence for chromosomal variation driving diversification among the best-

436 studied genera of Lepidoptera.

437 With a range of 10 to 223 chromosomes in the haploid karyotype, Polyommatus is 

438 karyotypically the most diverse known Lepidoptera genus (Fig. 1; [2,3]). Together with its 

439 sister genus Lysandra, Polyommatus showed the highest speciation rates in our analyses 

440 based on Brownian motion (1.80 sp-1my; ESM3), which is consistent with former genus-

441 specific inferences [4,80,81]. Species of both genera occur across the Palearctic region and 

442 have diversified recently, i.e. over the last 1-3 million years [4,12,80]. Comparative 

443 phylogenetic analyses suggested that chromosomal variation may gradually accumulate in a 

444 random walk manner, consistent with neutral evolution [12], where the fixation of a particular 

445 karyotype has been suggested to occur through bottleneck events [4]. While hybrids between 

446 Polyommatus species with distinct karyotypes can suffer from reduced fertility due to 

447 segregation problems during meiotic division, promoting reproductive barriers [3,81], in 
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448 some cases hybridization can lead to homoploid hybrid speciation [82], further boosting 

449 species diversification. Karyotypic changes in Polyommatus are thought to primarily 

450 accumulate in allopatry and speciation to become complete through reinforcement upon 

451 secondary contact [3]. Closely related Polyommatus species indeed exhibit a higher 

452 karyotypic difference in sympatry than closely related allopatric populations where 

453 reinforcement leads to increased phenotypic differentiation in zones of secondary contact 

454 [3,81]. The genomic features underlying fusion and fission sites in both Polyommatus and 

455 Lysandra are not resolved and genomic data is lacking. Jointly, these data suggest that 

456 chromosomal change likely has an important role in driving speciation in these genera 

457 potentially as intrinsic post-zygotic barrier, however, causality remains to be shown.

458 In contrast to Polyommatus, species of the family Pieridae often show the putatively 

459 ancestral karyotype of n = 31, with comparatively little interspecific karyotypic variation 

460 (Table ESM1.1). Consistent with this observation, we documented both low rates of 

461 chromosomal evolution and low rates of species diversification for the genera Colias, Eurema 

462 and Pieris (Fig. 4). This result is in line with the idea that genera that remained close to the 

463 ancestral chromosome number of 31 diversify at lower rates than those in which 

464 chromosomal change has been substantial. However, while in Pieridae karyotypes rarely 

465 differ between species, intraspecific and even intra-population chromosomal variation can 

466 occur, e.g. in wood whites – Leptidea [10,83]. L. sinapis shows the highest non-polyploid 

467 intraspecific chromosomal variation documented to date in Lepidoptera (n = 28-54) [10]. The 

468 polymorphic Leptidea karyotypes are thought to result from rapid accumulation of fusion and 

469 fission events, as well as other complex rearrangements, followed by extinction of 

470 intermediate forms [83]. Notably, heterozygotes between chromosomal races of Leptidea are 

471 abundant and do not appear to be selected against. The lack of fitness disadvantages of such 

472 chromosomal hybrids may be a result of inverted meiosis, in which the order of the meiotic 

473 steps is switched in order to facilitate the proper segregation of chromosomes [10]. Despite 

474 the lack of hybrid dysfunction, chromosomal rearrangements are still expected to promote the 

475 evolution of reproductive isolation by reducing gene flow and recombination among 
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476 chromosomal races of Leptidea [84] or through the evolution of novel sex chromosomes [83]. 

477 Smaller chromosomal rearrangements may furthermore be abundant within genera that show 

478 little karyotypic variation. For example, in a recent comparative study on Pieris napi and P. 

479 rapae, the genomes of both species were shown to be reorganized into collinear blocks 

480 mainly through translocations, with a minor role for fusion and fission. The rearranged 

481 genomic sections were locally enriched with functional gene clusters, highlighting the 

482 potential selective advantage of chromosomal rearrangements [16]. In the case of Pieris, 

483 diversification is mainly driven by an arms race with their Brassicaceae host plants, though 

484 the potential role of chromosomal rearrangements for speciation has not been assessed [85]. 

485 Our results suggest these effects are rather weak in this genus (Fig. 4).

486 The well-studied radiation of Heliconius butterflies has emerged over the last 10-13 

487 million years in the Neotropics, where speciation has been shown to be predominantly driven 

488 by strong natural selection on wing patterns, resulting in different mimicry rings. Interspecific 

489 gene flow and adaptive introgression occurs among distantly related species that have the 

490 same karyotype [20,86], where different co-adapted loci are in some cases maintained by 

491 small-scale chromosomal rearrangements such as inversions [87]. While most Heliconius 

492 species have only 21 chromosomes, higher chromosome numbers have evolved at least twice, 

493 i.e. in the doris group and more recently in the sapho group (Table ESM1.1, [88]). In contrast 

494 to the rest of the radiation, very little is known about these species and none of their genomes 

495 have so far been sequenced (Table ESM1.2). If differences in chromosome numbers restrict 

496 interspecific gene flow, the otherwise abundant adaptive introgression is expected to be 

497 significantly reduced or absent and may thus limit the evolutionary potential in these groups. 

498 While mimicry is similarly prevalent in many other Neotropical butterfly groups, these often 

499 also show karyotypic variation that is thought to have evolved through non-adaptive 

500 processes such as drift or genetic bottlenecks, and which may further reinforce speciation 

501 [89]. 

502 Taken together, the evolution of chromosomal variation may be a significant factor 

503 for speciation, but its effect and magnitude seems to differ among (Fig. 4) and potentially 
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504 within genera. The latter is indicated by the observation that the strength of reproductive 

505 isolation caused by differences in chromosome numbers can be limited when species have 

506 only recently diverged [10,11]. While some large-scale chromosomal rearrangements may act 

507 as DMIs, suggested by our inferred cases of cladogenetic chromosomal change (ESM 4.3), 

508 changes are more often anagenetic and may suggest that chromosomal rearrangements could, 

509 if at all, promote speciation by suppressing recombination in genomic regions underlying 

510 adaptation [6,7]. Combined with other evolutionary forces such as reinforcement or sexual 

511 selection, they may then lead towards complete reproductive isolation and overall accelerate 

512 speciation as is indicated by our macroevolutionary inferences.

513

514 5. Knowledge gaps and future directions

515 The evolutionary mechanisms that may lead toward the completion of speciation are 

516 still not fully understood [90]. Chromosomal rearrangements resulting in karyotypic variation 

517 have been suggested to promote reproductive isolation, either by promoting hybrid sterility 

518 [7,22,24] or by suppressing recombination promoting the accumulation of reproductive 

519 isolation over time [6,7,25]. Importantly, the theory underlying the aforementioned 

520 predictions was developed for species with monocentric chromosomes. To which degree they 

521 also apply for species with holocentric chromosomes needs further investigation. By 

522 executing 16 parallel case studies of the karyologically best-covered genera, our analyses 

523 suggest that chromosomal variability in Lepidoptera is overall associated with increased rates 

524 of speciation (Fig. 4). The underlying evolutionary mechanisms seem to differ with the timing 

525 of chromosomal change relative to speciation: while they are primarily cladogenetic in some, 

526 they are anagenetic in most genera (Figure ESM 4.3). Further in-depth studies are thus needed 

527 to understand if cladogenetic events represent cases where karyological differences result in 

528 DMIs or if speciation is rapidly completed by other factors such as sexual selection or 

529 reinforcement, with a minor role of chromosomal change. Similarly, genomic investigations 

530 are needed to assess if and to which degree novel chromosomes may suppress recombination 

531 particularly in clades that show primarily anagenetic speciation events such as Erebia. Given 
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532 that karyotypes were only available for a third of all Lepidoptera families (Table ESM1.1), 

533 further investigations comprising genera from many more families are needed to assess the 

534 generality of our observed pattern across the order of Lepidoptera, ideally including a very 

535 high fraction of extant species sampled for more speciose genera, which would also allow for 

536 accurate extinction rate estimates. 

537 As for the evolutionary processes, our understanding of the genomic architecture of 

538 fusion and fission sites is limited. Only few genomes are currently sequenced, with a bias 

539 towards a few model species such as the genus Heliconius (Table ESM1.2), where we 

540 document exceptionally low chromosome-associated speciation (Fig. 4). The sequenced 

541 species primarily cover taxonomic groups that show little karyotypic variation, and have 

542 karyotypes that evolved mainly through chromosomal fusions from the putative ancestral 

543 karyotype. The few genomic studies suggest genus-specific mechanisms and genomic 

544 features that could underlie chromosomal rearrangements [16,18,91]. However, the genomic 

545 features underlying increased rates of chromosomal fission, as e.g. seen in Lysandra and 

546 Polyommatus, are unresolved. Also, it remains unknown whether fusion and fission processes 

547 always involve the same chromosomes, and whether species groups that show conservatism 

548 in terms of chromosome numbers may have degenerated fusion and fission sites, and are thus 

549 genetically constrained [15]. Given that similar genomic architectures are likely to be at play 

550 across very distinct taxonomic groups [14,15,17], resolving the aforementioned issues – by 

551 using e.g. novel long-read sequencing methodologies and a broader taxonomic scope – will 

552 help to resolve the evolution of one of the most speciose taxonomic orders and provide 

553 insights for evolution in species with holocentric chromosomes in general.

554
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802 Fig. 1: Distribution of chromosome numbers in Lepidoptera based on 2399 taxa (Table 

803 ESM1.1) with boxplots summarizing chromosome numbers for the 16 genera used for the 

804 phylogenetic analysis. The number under each boxplot indicates the available number of taxa 

805 with chromosome counts.

806

807 Fig. 2: Weakly positive relationship between genome size and chromosome numbers 

808 (phylogenetic linear model, t = 3.53, p = 0.0006, r2 = 0.01). Data on genome size is either 

809 based on genome sequences (open circles) or estimates from flow cytometry (filled circles). 

810

811 Fig. 3: Estimates of reproductive isolation (Total Isolation Index from [32]) between closely 

812 related species pairs that either differ in their karyotype or not. 

813

814 Fig. 4. Joint phylogenetic analyses of chromosomal evolution and speciation rates based on 

815 the ChromoSSE model across 15 Lepidoptera genera. Panel (A): total speciation (the sum of 

816 all speciation rate parameters) is positively associated with total chromosomal variation (the 

817 sum of all chromosomal change parameters - phylogenetic linear model, t = 3.26, p = 0.006, 

818 black line). Dots indicate posterior mean rates estimated for each genus, with error bars, 

819 extending one standard deviation in either direction. Names of genera for each observation 

820 are indicated. Panel (B): the cladogenetic component of chromosomal change (in % of total 

821 chromosomal evolution) differs strongly among genera, but is not significantly associated 

822 with total chromosomal evolution (phylogenetic linear model, logit-transformation, t = 1.52  p 

823 = 0.150). Annotation as in (A). Panel (C): Rates of fission exceed rates of fusion (summing 

824 cladogenetic and anagenetic components) in most genera, indicated by their position above 

825 the dashed line that indicates y=x. Annotation as in (A).
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