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Abstract 

Genome-scans in recently separated species can inform on molecular mechanisms and 

evolutionary processes driving divergence. Large-scale polymorphism data from multiple 

species pairs are also key to investigate the repeatability of divergence – if radiations tend to 

show parallel responses to similar selection pressures and/or underlying molecular forces. 

Here we used whole genome re-sequencing data from six wood white (Leptidea sp.) butterfly 

populations, representing three closely related species with karyomorph variation, to infer the 

species’ demographic history and characterize patterns of genomic diversity and 
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differentiation. The analyses supported previously established species relationships and there 

was no evidence for post-divergence gene flow. We identified significant intraspecific 

genetic structure, in particular between karyomorph extremes in the wood white (L. sinapis) – 

a species with a remarkable chromosome number cline across the distribution range. The 

genomic landscapes of differentiation were erratic and outlier regions were narrow and 

dispersed. Highly differentiated (FST) regions generally had low genetic diversity (θπ), but 

increased absolute divergence (DXY) and excess of rare frequency variants (low Tajima’s D). 

A minority of differentiation peaks were shared across species and population comparisons. 

However, highly differentiated regions contained genes with overrepresented functions 

related to metabolism, response to stimulus and cellular processes, indicating recurrent 

directional selection on a specific set of traits in all comparisons. In contrast to the majority 

of genome-scans in recently diverged lineages, our data suggest that divergence landscapes in 

Leptidea have been shaped by directional selection and genetic drift rather than stable 

recombination landscapes and/or introgression. 

 

Introduction 

The development of DNA sequencing techniques with high yield and comparatively low cost 

has triggered a massive effort to use population genomics for investigating divergence 

processes in natural populations (Ravinet et al., 2017; Seehausen et al., 2014; Wolf & 

Ellegren, 2017). In this pursuit, a wide range of more or less divergent species pairs across 

the tree of life have been subjected to genome-scan approaches with the main aim to identify 

differentiation outliers that could indicate barriers to gene flow (Berner & Roesti, 2017; Burri 

et al., 2015; Delmore et al., 2015; Ellegren et al., 2012; Ferchaud & Hansen, 2016; Harr, 

2006; Irwin et al., 2016; Jones et al., 2012; Martin et al., 2013; Poelstra et al., 2014; Renaut 

et al., 2013; Talla et al., 2017a; Turner et al., 2005; Vijay et al., 2016; Wolf & Ellegren, 
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2017; Zimmer et al., 2016). One common observation from these genome scans has been that 

genomic differentiation is highly heterogeneous with pronounced ‘differentiation islands’ 

(Berner & Roesti, 2017; Wolf & Ellegren, 2017; Zimmer et al., 2016). This is consistent with 

the hypothesis that incompatibility genes should be sheltered from interspecific gene flow 

and therefore stand out as more differentiated than surrounding regions (e.g. Berner & Roesti, 

2017; Feder et al., 2013; Nosil et al., 2009; Turner et al., 2005). However, a heterogeneous 

landscape of genomic differentiation is expected even without gene flow, predominantly as 

an effect of regional variation in recombination rate (Buerkle, 2017; Burri, 2017; 

Cruickshank & Hahn, 2014; Ellegren & Wolf, 2017; Jiggins & Martin, 2017; Lohse, 2017; 

Nachman & Payseur, 2012; Ravinet et al., 2017; Van Doren et al., 2017). Although the exact 

pin-pointing of genes involved in reproductive isolation likely is out of reach in most natural 

study systems, a genome-scan approach in recently diverged species can inform on the main 

molecular mechanisms and evolutionary forces underlying global patterns of genomic 

divergence during initial stages of the speciation process (Jiggins & Martin, 2017; Seehausen 

et al., 2014; Wolf & Ellegren, 2017; Zimmer et al., 2016). 

 

First, such studies may reveal candidate regions involved in lineage specific adaptations and 

inform whether the divergence process involves few genes with large effect, many genes with 

small effect, or a mix between the two (Jiggins & Martin, 2017). Second, the repeatability of 

evolutionary trajectories has been a long-standing topic (Conte et al., 2012; Gould, 1990; 

Meyer et al., 2012). This has been actualized by recent observations of conserved genomic 

diversity and differentiation across rather distant species pairs (Colosimo et al., 2005; Pereira 

et al., 2016; Renaut & Dion-Cote, 2016; Renaut et al., 2014; Talla et al., 2017a; Van Doren 

et al., 2017; Vijay et al., 2016). These studies point towards repeated patterns of diversity and 

differentiation in independent lineages, likely a consequence of conserved recombination 
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landscapes in these organisms (Burri, 2017; Ellegren & Wolf, 2017). However, such 

parallelism could also be a consequence of similar selection pressures in independent 

radiations, resulting in repeated changes in allele frequency in the same genomic regions. 

Investigating patterns of genomic differentiation and diversity across species complexes with 

different divergence times will aid in understanding the prevalence of both forms of 

parallelism in divergence processes. 

 

The three butterflies wood white (Leptidea sinapis), Real’s wood white (Leptidea reali) and 

cryptic wood white (Leptidea juvernica) represent one of the most striking examples of 

cryptic species in Eurasian butterflies (Dincă et al., 2011; Dincă et al., 2013). The estimated 

divergence times between species range from 1-2 million years (L. sinapis vs. L. reali) to 2.5-

3.5 million years (L. juvernica vs. the two other species) (Talla et al., 2017b). The three 

species are indistinguishable in the field, only partially discernible by genitalia (L. sinapis 

from the other two) and karyotype (L. reali from L. juvernica), but can be reliably identified 

by DNA analysis. Overall, the species in the complex are distributed over a vast geographic 

range (Figure 1), covering a wide variety of habitats. They exhibit complex differences in life 

history characteristics, pupal and genital morphology, mating behaviour, pheromone profiles, 

habitat preference, karyotype set-up and genome size (Dincă et al., 2011; Dincă et al., 2013; 

Freese & Fiedler, 2002; Friberg, 2007; Friberg et al., 2008a; Friberg et al., 2008b; Friberg & 

Wiklund, 2010; Lorkovic, 1993; Lukhtanov et al., 2011; Šíchová et al., 2015; Talla et al., 

2017b; Wiklund, 1977a, 1977b). Moreover, both L. sinapis and L. juvernica are further 

subdivided into multiple geographically distinct ecotypes with complex habitat utilization 

preferences and life-history characteristics, potentially reflecting variation in environmental 

conditions across the distribution ranges (Friberg et al., 2013; Friberg et al., 2008a; Friberg & 

Wiklund, 2009, 2010). Leptidea sinapis also shows striking intraspecific chromosome 
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number variation present in a cline with a gradual increase from 2n  56 - 58 in the northern 

and eastern parts (Scandinavia – Kazakhstan) to 2n  106 - 108 in the southwestern parts 

(Iberia) of the distribution range  (Dincă et al., 2011; Dincă et al., 2013; Šíchová et al., 2016; 

Šíchová et al., 2015). The exact mechanism behind this karyotype variation is unknown, but 

both visual inspection of metaphase spreads (Lukhtanov et al., 2011) and genome size 

analysis (Talla et al., 2017b) strongly suggest that this is a result of a large number of 

chromosome fissions/fusions rather than whole or partial genome duplications. Leptidea 

sinapis individuals belonging to different karyotypes can reproduce when brought together, 

although offspring fitness is considerably reduced for F2 and later generations if the most 

distant karyotypes are crossed (Lukhtanov et al., 2018). This has raised the prospect that, 

although still part of the same species, different local populations have accumulated intrinsic 

reproductive barriers, potentially as a result of a combination of local adaptation and 

chromosome rearrangements. 

 

Here we applied a population genomics approach to quantify patterns of genetic diversity and 

differentiation across the triplet of wood white cryptic species. The primary aims of the study 

were to, i) understand the demographic history of the three species, ii) investigate if gene 

flow, underlying molecular mechanisms or adaptive processes have been the main drivers of 

divergence, and iii) estimate genome wide statistics of diversity and differentiation to identify 

regions underlying potential lineage-specific adaptations. 
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Materials and methods 

Sampling and sequencing 

A total of 60 specimens representing L. sinapis, L. reali and L. juvernica were sampled 

(Figure 1). These included 10 male individuals from each of six populations (L. sinapis 

Sweden (LsSwe), L. sinapis Spain (LsSpa), L. sinapis Kazakhstan (LsKaz), L. reali Spain 

(LrSpa), L. juvernica Kazakhstan (LjKaz), and L. juvernica Ireland (LjIre)), representing 

both allopatric and sympatric species pairs as well as the most extreme karyotypes within L. 

sinapis (Figure 1). Species identity was determined based on genital morphology (Dincă et 

al., 2011; Lukhtanov et al., 2011). Individually barcoded 380 bp paired-end libraries were 

prepared, multiplexed and sequenced using Illumina HiSeq technology (Illumina, Inc., San 

Diego, USA). A reference genome was assembled from a combination of paired-end and 

mate-pair libraries from a five-generation full-sib inbred male Swedish L. sinapis. The 

reference genome was 643 Mb and the average genome sequence coverage across individuals 

was 12X. For details regarding the library preparations, sequencing and genome assembly, 

see Talla et al. (2017b). 

 

Read mapping and polymorphism scoring 

The reads obtained were trimmed for adapter sequences and low quality bases using Cutadapt 

v. 1.14 (Martin, 2011). Trimmed reads were mapped to the reference genome assembly with 

BWA v. 0.7.12 (Li & Durbin, 2010) using the algorithm “mem”, and resulting .sam files 

were pre-processed in SAMtools v. 1.2 (Li et al., 2009). Local insertion/deletion (indel) 

realignment and duplicate marking was done using GATK v. 3.2.2 (McKenna et al., 2010) 

and final mapping qualities were assessed using BamQC (Andrews, 2016). The mapping 

success across samples was very high; 97.9 ± 0.6% in L. sinapis, 97.5 ± 0.45% in L. 

juvernica and 98.56 ± 0.08% in L. reali. The average genome coverage was 12.9X for L. 
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sinapis, 12.7X for L. juvernica and 10.9X for L. reali (Supplementary Table 1). Alignments 

were improved by removing duplicate reads using MarkDuplicates in Picard tools v. 1.127 

(http://broadinstitute.github.io/picard/), and realigning around problematic regions using 

RealignerTargetCreator / IndelRealigner in GATK v. 3.4.46 (McKenna et al., 2010). With 

the aim of finding a ‘golden set’ of polymorphisms that could be used for further 

recalibration of the data, variants were called using both HaplotypeCaller (McKenna et al., 

2010), FreeBayes v. 0.9.10 (Garrison & Marth, 2012) and SAMtools v. 1.2 (Li et al., 2009). 

All singleton variants were removed, and only variants homozygous in at least one individual 

and scored by at least two methods were kept. This set contained 14,367,566 variants and 

was used as input for the GATK BaseRecalibrator / PrintReads before individual genotyping 

was performed with HaplotypeCaller, where individuals were genotyped together with the 

GenotypeGVCFs in GATK v. 3.4.46 (McKenna et al., 2010). SNPs with the highest quality 

(10%) were then used for variant quality score recalibration (VQSR) filtering using the 

VariantRecalibrator in GATK v. 3.4.46 (McKenna et al., 2010). Only variants that passed the 

VQSR filtering were used for down-stream analysis. The work-flow for variant calling is 

presented in Supplementary Figure 1.  

 

Analysis of population structure 

The mitochondrial genomes were assembled for each individual separately and aligned using 

MAFFT v. 7 (Katoh & Standley, 2013). A mitochondrial DNA (mtDNA) phylogeny was 

inferred using the Neighbor-Joining method (Saitou & Nei, 1987) with distances estimated 

using Maximum Composite Likelihood (Tamura et al., 2004) and among sites rate variance 

modelled using a gamma distribution (α = 1) as implemented in MEGA7 (Kumar et al., 

2016). Missing positions were removed for pairwise comparisons. 
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To further characterize potential genetic structure among populations and species we used 

both a maximum likelihood clustering approach that estimates ancestries based on specified 

number of clusters as implemented in ADMIXTURE (Alexander et al., 2009), and principal 

component analysis (PCA) of the nuclear genetic variance across individuals. To minimize 

any potential bias due to coverage variation we only used SNPs covered in all individuals in 

each population for these analyses. ADMIXTURE was run with default settings and the PCA 

was conducted using the R/Bioconductor package SNPRelate (Zheng et al., 2012) after 

filtering out sites with linkage disequilibrium (r
2
) > 0.2. Both ADMIXTURE and PCA 

analysis were initially conducted with all 60 individuals from the six populations, and 

separate intraspecific analyses were subsequently conducted for the 30 L. sinapis individuals 

and the 20 L. juvernica individuals, respectively. The optimal number of clusters in the 

ADMIXTURE analysis was specified based on the lowest cross validation error rates 

(Alexander et al., 2009; Evanno et al., 2005).  

 

Introgression analysis 

The ABBA/BABA approach, as implemented in ANGSD (Korneliussen et al., 2014), was 

used to identify potential introgression between the sympatric population pairs LsSpa – 

LrSpa and LsKaz – LjKaz. To polarize the ABBA/BABA informative polymorphisms and 

calculate the Patterson’s D-statistic [(nABBA-nBABA)/(nABBA+nBABA)], we used LjKaz 

and Pieris rapae as outgroups for each test, respectively (Supplementary Figure 2). Pieris 

rapae belongs to a different Pieridae subfamily (Pierinae) than Leptidea (Dismorphiinae). 

The genomic reads used to generate the P. rapae reference were obtained from the Sequence 

Read Archive (SRA; accession number SRR4339879). The P. rapae reads were mapped to 

the L. sinapis reference genome using Stampy (Lunter & Goodson, 2011) and the output 

.bam files were converted to .fasta format using ANGSD (Korneliussen et al., 2014). For 
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both analyses, only the sample with the highest genome wide average coverage in each 

population was used. ABBA and BABA sites were counted in 10 kb windows across the 

genome in both the tests, and genomic blocks were then bootstrapped using an R-script 

(jackKnife.R) provided by ANGSD to obtain the mean and variance of the D-statistic 

(Korneliussen et al., 2014). 

 

Analysis of past population size changes 

To trace potential historical fluctuations in population size, a pairwise sequentially 

Markovian coalescent (PSMC) model analysis was applied. The method extracts information 

about temporal variation in coalescence times estimated from the genome-wide distribution 

of polymorphisms in a single diploid genome (Li & Durbin, 2011). Parameter settings were 

set according to recommendations (Li & Durbin, 2011) for a range of recombination / 

mutation (ρ / θ) ratios from 0.1 – 5.0. Average generation time was set to one year and the 

mutation rate to 2.9*10
-9

 per site per generation (Keightley et al., 2014). 

 

Population genomic analysis 

We inferred levels of mtDNA nucleotide diversity by calculating the average sequence 

differences over all sequence pairs (π) in each population, omitting missing data in pairwise 

comparisons, using the Maximum Composite Likelihood method (Tamura et al., 2004) as 

implemented in MEGA7 (Kumar et al., 2016). In addition, mtDNA divergence across 

population pairs (average number of differences between all inter-population pairs of 

sequences, missing data omitted) was estimated using the Maximum Composite Likelihood 

method (Tamura et al., 2004) as implemented in MEGA7 (Kumar et al., 2016). 
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For the nuclear genomic data, a set of different population genetic summary statistics were 

calculated based on SNPs (including invariant sites). To minimize effects of potential false 

genotype calls, only sites covered in all individuals from a population were used to calculate 

nucleotide diversity (θπ) and Tajima’s D (TD) (Tajima, 1989) within each population. 

Similarly, for pairwise comparisons between species and populations (FST and DXY), only 

sites covered in all 10 individuals in all included populations were used. TD, θπ and FST (Weir 

& Cockerham, 1984) were estimated using vcftools (Danecek et al., 2011) and DXY was 

estimated using an in-house developed python script (see data accessibility paragraph). Rates 

of fixed, shared and private polymorphisms for pairwise species- and population comparisons 

were calculated from the allele frequency estimates generated in vcftools. To identify regions 

in the genome linked to potential lineage specific adaptations we combined information about 

differentiation (FST) and absolute divergence (DXY). Relative FST (FST
Z
: (window FST - 

genome-wide FST) / standard deviation of genome-wide FST) scores were estimated for each 

10 kb window and the top 1% were considered differentiation outliers. If a FST
Z
 outlier 

window also had a higher than genomic average DXY value it was considered a candidate 

window for containing genes under divergent selection. Note that lineage specific directional 

selection is not expected to generate elevated DXY, this is just a means to avoid including loci 

with reduced diversity in the ancestral lineage (before divergence). Binomial sampling, as 

implemented in R, was used to assess potential overrepresentation of overlapping outlier 

windows in the FST
Z
 and TD distributions across pair-wise population and species 

comparisons. 

 

All population genetic summary statistics were estimated in non-overlapping 10 kb windows 

across all scaffolds. Windows with less than 10% of the bases covered in any individual 

included in the analysis were removed from downstream analysis. Species level summary 
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statistics were estimated by including all individuals from a species in the analysis, 

implementing the filtering threshold for sites of ≥ 7X coverage in ≥ 7 individuals from each 

population. For visualization purposes, all scaffolds in the L. sinapis genome assembly were 

aligned to the genome assembly of Heliconius melpomene to anchor the scaffolds on 

chromosomes. The assignment to chromosomes was based on the best (lowest e-value) 

BLAST hit of a L. sinapis scaffold to a H. melpomene chromosome. Although this procedure 

inevitably results in some erroneous assignments due to chromosome rearrangements 

between L. sinapis and H. melpomene, the lepidopteran karyotype is generally very stable 

(Ahola et al., 2014; The Heliconius Genome Consortium, 2012) and the quantitative results 

and the interpretations in this study should only be marginally affected. 

 

Ontology enrichment analysis 

The top 1% of the 10 kb windows with highest relative differentiation (FST
Z
) and higher than 

genomic average DXY were used for an outlier gene enrichment analysis. Genes within outlier 

windows were identified by BLAST to the entire gene set of Drosophila melanogaster 

(obtained from FlyBase; http://flybase.org/), and a gene-ontology enrichment analysis for 

genes in outlier regions was done using the PANTHER data base (pantherdb.org; Mi et al., 

2016). 

 

Results 

Population structure and speciation history 

To provide a clear picture of species and population relationships and potential variation in 

past demographic events that could influence patterns of genome differentiation, the mtDNA 

and genome-wide SNP data were initially used to assess global relationships, genetic 

clustering, historical variation in Ne and potential gene flow between sympatric species pairs. 
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The mtDNA phylogeny recovered each of the three species as monophyletic, L. juvernica 

being the outgroup to the sister species L. sinapis and L. reali. Populations of LsSpa, LrSpa, 

LjIre and LjKaz were reciprocally monophyletic, while LsSwe and LsKaz showed a 

paraphyletic pattern (Figure 2). The analyses of genetic clustering with ADMIXTURE and 

PCA using genomic data showed consistent results with the mtDNA tree; all species 

clustered in distinct groups and the cross-entropy error rates in ADMIXTURE were lowest 

for K-values 3 – 5 (Figure 2). At the population level, again the PCA and the ADMIXTURE 

analysis revealed intraspecific structure within L. sinapis and L. juvernica with LsSpa being 

distinct from LsSwe and LsKaz, and LjIre being distinct from LjKaz (Figure 2, 

Supplementary Figure 3). When all samples were analysed jointly, there was no indication of 

structure between LsSwe and LsKaz but the two populations were separated in both the PCA 

and ADMIXTURE analyses when only the three L. sinapis populations were included in the 

analysis (Supplementary Figure 4). The ABBA/BABA tests failed to identify any traces of 

introgression between species in sympatric regions; LsSpa – LrSpa D = -0.012 and LsKaz – 

LjKaz D = -0.021. This indicates that all three species are genetically distinct, with no 

evidence for post divergence gene flow, and that there is considerable genetic structure 

between LjKaz and LjIre and between karyotype extremes within L. sinapis. The analysis of 

past demographic changes in population size revealed considerable differences across species 

and populations. Both L. reali and L. juvernica showed marginal fluctuations in Ne over time 

with some evidence for recent declines in LjIre and LrSpa. All L. sinapis populations showed 

a marked increase in Ne over the last 10s of thousands of generations with the most dramatic 

expansion in LsSwe (Figure 2, Supplementary Figure 5). 
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Global genetic diversity and allele frequency distributions in species/populations 

To obtain a detailed picture of global levels of genetic diversity and allele frequency 

distributions, both at the species level and for all populations separately, θπ and TD were 

estimated for both the mtDNA genomes and in non-overlapping 10 kb windows across all 

nuclear scaffolds. The mtDNA diversity varied extensively across populations, being lowest 

in LjIre and LrSpa and highest in LjKaz (Supplementary Table 2). We identified a total of ~ 

8.51 million nuclear SNPs in L. sinapis, ~ 4.20 million in L. reali and ~ 3.35 million in L. 

juvernica (Table 1). In line with this, θπ varied across species being highest in L. sinapis, 

followed by L. reali and L. juvernica (Table 1, Figure 3). When populations were analysed 

separately, θπ and TD followed the expectations from the inference of historical changes in Ne, 

with comparatively low θπ in LjIre, LjKaz and LrSpa while all L. sinapis populations showed 

higher θπ (Figure 3) and a lower TD (Table 1, Figure 4, Supplementary Figure 6). As expected 

from a smaller Ne as compared to autosomes, the Z-chromosome had a lower θπ in all 

populations (Table 1); the ratio of Z-chromosome to autosomal θπ ranged from  0.73 (both 

LsKaz and LrSpa) to  0.87 (both LjKaz and LjIre).  

 

Global levels of genetic differentiation and absolute divergence across species/populations 

The number of fixed differences supported the previously established phylogenetic 

relationship between species (Supplementary Table 3). As expected, given the substantially 

lower genetic diversity in L. reali and L. juvernica as compared to L. sinapis, an overall 

higher FST was observed between L. reali and L. juvernica (0.28 ± 0.081) than between L. 

sinapis and any of the other two species (0.15 ± 0.055 vs. L. reali; 0.16 ± 0.044 vs. L. 

juvernica) (Figure 4, Figure 5, Supplementary Figure 6). In contrast, although DXY varied 

considerably across genomic regions in all species and population comparisons, similar levels 

of average DXY were observed across the three species comparisons (Table 2, Figure 4, 
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Supplementary Figure 6, Supplementary Figure 7). In line with differences in effective 

population size across chromosome classes, FST was significantly lower on the autosomes as 

compared to the Z-chromosome (Table 2, Figure 5; Mann-Whitney U-tests, p-values: 8.4*10
-

296
 – 8.3*10

-44
). 

 

Regional variation in genetic diversity, differentiation and divergence 

Nucleotide diversity was heterogeneous across the genome, both at the species (Figure 4) and 

population level (Supplementary Figure 7), and there were significant positive correlations in 

regional θπ between species and population pairs (Pearson’s r
 
-values > 0, p-values < 0.001; 

Supplementary Figure 8). In agreement with varying levels of θπ, FST and DXY also varied 

extensively across the genome in pairwise species- and population comparisons (Figure 4, 

Supplementary Figure 7). There was a significant positive correlation between θπ and DXY 

and a significant negative correlation between θπ and FST in all comparisons (p-values < 

0.001; Figure 6, Supplementary Figure 9). The relative differentiation (FST
Z
) outliers had on 

average lower θπ, but higher absolute DXY, than other regions, in all species and population 

pair comparisons, but the difference in DXY was not significant for the interspecific analysis 

involving L. juvernica (Table 3, Figure 6, Supplementary Table 4, Supplementary Figure 9). 

In all comparisons, FST
Z
 outlier windows with higher than average absolute DXY also had 

significant excess of rare alleles indicated by a low TD (p-values < 2.2*10
-16

; Supplementary 

Table 5). These patterns indicate that post-divergence lineage specific processes rather than 

linked selection in the ancestral lineage have been the main drivers of genome differentiation 

in this species complex. 
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There was limited overlap in outlier regions between comparisons (Supplementary Table 6). 

Specifically, only 17 outlier windows were observed across all species comparisons. Within 

L. sinapis, LsSpa had a large number of lineage specific outlier windows (n = 204) and there 

were only two outlier windows that were identified in all three population comparisons 

(Supplementary Table 6). There was also limited clustering of outlier windows in all 

comparisons (Supplementary Table 7). Although the numbers of adjacent outlier windows 

were higher than expected based on random sampling, the maximum ranged between four 

and six adjacent windows in a single comparison (Supplementary Table 7). Hence, most 

outlier windows were narrow and scattered across the genome and extremely few outlier 

regions were detected across all species or population comparisons. 

 

Genome differentiation patterns 

As already indicated in the population structure and phylogenetic analyses, we observed 

significant genetic differentiation between some population pairs within the same species. 

LsSwe and LsKaz, which have similar karyotype set-ups (2n = 56 - 58) but are 

geographically far apart, showed a low level of genetic differentiation (FST = 0.019 ± 0.030). 

Comparisons between LsSwe or LsKaz on the one hand and LsSpa (2n = 106 - 108) on the 

other, revealed considerably higher levels of genetic differentiation (FST = 0.13 - 0.14; Figure 

5). The two L. juvernica populations, LjIre and LjKaz, were moderately genetically 

differentiated (FST = 0.09 ± 0.056; Figure 5, Supplementary Figure 7). This allowed us to use 

independent intraspecific population pairs to investigate if the same regions have been 

involved in driving genomic divergence between lineages. Although the correlations of 

genetic differentiation in independent comparisons were significant, as expected given the 

extremely large number of data points, there were no strong associations (Pearson’s r varied 
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from 0.058 to 0.075) between particular genomic regions and the level of genetic 

differentiation in independent species or population comparisons (Supplementary Figure 10).  

 

Outlier analyses to detect genomic regions under selection 

The ‘outlier’ windows, i.e. the windows in the top 1% of the distribution of FST
Z
 which also 

had a higher than average DXY, were screened to identify potential target genes for lineage 

specific adaptations. In the species pair comparisons, we identified 20 genes in the scan using 

L. sinapis vs. L. reali, 18 genes in L. reali vs. L. juvernica and 25 genes in L. sinapis vs. L. 

juvernica (Supplementary Table 8A). The gene ontology enrichment analysis revealed that 

cellular and metabolic processes, as well as response to stimulus (GO:0009987, GO:0008152, 

GO:0050896) were most significantly overrepresented in all three comparisons 

(Supplementary Table 9A). In the comparisons between intraspecific population pairs we 

identified 14 genes in LsKaz vs. LsSwe, 29 genes in LsSpa vs. LsSwe, 22 genes in LsKaz vs. 

LsSpa, and 9 genes in LjIre vs. LjKaz (Supplementary Table 8B). Consistent with the species 

level comparisons, cellular and metabolic processes came out as the most overrepresented 

gene ontology terms in all of the population-level comparisons and response to stimulus in 

two out of three (Supplementary Table 9B). 

 

Discussion 

Speciation and demographic history 

Our data supported previously established taxonomic groups and their relationships, both at 

the species level and for the intraspecific structure identified within the cryptic wood white, 

L. juvernica (Dincă et al., 2011; Dincă et al., 2013; Talla et al., 2017b) and the common 

wood white, L. sinapis (Talla et al., 2017b). Within L. sinapis, there was limited genetic 

differentiation between the Swedish (2n = 57, 58) and the Kazakhstan populations (2n = 56-
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64) despite being separated by a geographic distance > 4,000 km, while both of these 

populations were considerably differentiated from the Spanish population (2n = 106, 108). 

This suggests that the chromosome number cline observed across Eurasia for this species 

(Dincă et al., 2011; Dincă et al., 2013; Šíchová et al., 2016; Šíchová et al., 2015) likely has 

evolved as a consequence of secondary contact after separation in discrete glacial refugia. A 

hypothetical but straightforward scenario could be that the ancestral population – probably 

harbouring a karyotype similar to the ancestral Lepidoptera type (2n approximately = 60; 

Ahola et al., 2014) as seen in the sister species, L. reali (2n = 52-54) – was widespread across 

Eurasia and that glacial intervals forced individuals to refugia in both the Iberian Peninsula 

and south-central Asia. Due to low effective population size during glaciation periods, the 

Spanish population experienced fixation of multiple chromosomal fissions, leading to a larger 

number of chromosomes. Recolonization then occurred, with a more dramatic expansion 

from the refugium in the east all the way to north-central Europe (Scandinavia), so that 

populations with discrete karyotypes met in an elongated contact zone from south-central to 

central Europe. Hybrids with intermediate karyotypes which are still fertile (Lukhtanov et al., 

2018), then recurrently backcrossed into parental populations on each side of the contact 

zone, generating the chromosome number cline that currently stretches from south-west 

towards north and east (Dincă et al., 2011; Dincă et al., 2013; Šíchová et al., 2015). Both the 

analyses of demographic changes and the allele frequency distributions support such a 

scenario, with a more dramatic expansion in Swedish and Kazakhstan L. sinapis. 

 

Discovery of a hybrid specimen between L. sinapis and L. reali in the sympatric region in 

Catalonia, Spain (Vlad Dincă, unpublished observation) and indications of potential 

hybridization events between L. juvernica and L. sinapis in south-eastern Europe (Solovyev 

et al., 2015; Verovnik & Glogovcan, 2007) show that hybridization can occur. However, the 
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visual inspection of genetic clustering (PCA), the admixture analysis and the ABBA/BABA 

approach all failed to identify any traces of post-divergence gene flow between any species 

pair. This indicates that reproductive barriers are virtually complete between the species, 

despite comparatively short divergence times (Talla et al., 2017b) and that the few hybrids 

that may exist are largely or completely infertile. The three species differ in several aspects 

that could be directly linked to reproductive isolation; L. juvernica males have a distinct 

display behaviour during courtship (Dincă et al., 2013; Friberg et al., 2008b), L. sinapis 

shows considerable size and shape differences in genital morphology as compared to the 

other species (Dincă et al., 2011), L. sinapis and L. juvernica show geographically variable 

habitat preferences (Friberg et al., 2013; Friberg et al., 2008a; Friberg & Wiklund, 2009), and 

all species have distinct karyotype structures (Dincă et al., 2011; Lukhtanov et al., 2011). It is 

tempting to speculate that changes in karyotype should provide the key factor for isolation 

between the three species, especially since fissions and/or fusions also have involved the sex-

chromosomes (Šíchová et al., 2016). Chromosome rearrangements should generally lead to 

segregation distortion problems during meiosis in F1 hybrids, resulting in reduced hybrid 

fertility. However, even the most extreme karyotype variants in L. sinapis (2n = 56 and 108, 

respectively) can be crossed and the hybrids can produce fertile offspring via a mechanism of 

inverted meiosis (Lukhtanov et al., 2018). Consequently, it is not obvious that the 

chromosome number variation across Leptidea species – which is actually less pronounced 

than between L. sinapis population extremes – has generated a complete barrier, although it 

seems to have contributed to it. All three species show strong pre-mating reproductive 

isolation that is maintained by female acceptance of conspecific males exclusively (Dincă et 

al., 2013; Friberg et al., 2008b). If reproductive isolation evolved in allopatry prior to 

secondary contact, then the power to identify barrier loci will be limited, because the genome 

divergence landscape will not be affected by regional homogenizing effects of introgression 
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(Cruickshank & Hahn, 2014; Irwin et al., 2016; Ravinet et al., 2017; Wolf & Ellegren, 2017). 

However, characterization of genome-wide patterns of population genetic summary statistics 

may still lead to a more comprehensive picture of the relative importance of different factors 

driving genomic divergence between incipient species. 

 

Global patterns of genetic variation 

The global levels of genetic diversity in all species were in the range of 2-4*10
-3

, indicating 

that long term effective population sizes have been small compared to many other butterfly 

species (e.g. Ahola et al., 2014; Cong et al., 2016; Martin et al., 2016). The diversity levels 

of mtDNA were reduced as compared to nuclear genome levels, as expected since the 

mitochondria are uniparentally inherited and lack recombination. 

 

As a consequence of the considerable variation in global levels of genetic diversity across 

species and populations, the genome wide estimates of genetic differentiation, absolute 

divergence and the number of fixed differences also varied across species and population 

comparisons. In essence, a reduced genetic diversity in one or both populations used for 

estimating differentiation, inherently leads to elevated FST levels, since FST is calculated as 

the proportion of genetic variation explained by interpopulation variation scaled by the 

average level of variation in each respective population (Wright, 1965). In our data, this leads 

to a higher overall level of genetic differentiation between for example L. reali and L. 

juvernica, than between L. sinapis and L. juvernica, although the divergence time between 

these species pairs is the same – i.e. L. juvernica is an outgroup to L. sinapis and L. reali 

(Dincă et al., 2011). The difference in diversity across species, reflects differences in long-

term Ne, which affects the fixation rate. The number of fixed differences was smaller in the 

comparison involving L. sinapis – L. juvernica than in the comparison of L. juvernica – L. 
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reali. This is most likely a consequence of a larger Ne, and a lower rate of allele loss in L. 

sinapis. 

 

We observed a significantly reduced genetic diversity on the Z-chromosome as compared to 

the autosomes in all species and populations. This was also reflected in a significantly higher 

level of genetic differentiation on the Z-chromosome. This is expected based on the lower 

effective population size of the Z-chromosome which, in Lepidoptera, is found in one copy in 

females (ZW) and two copies in males (ZZ). At equal sex ratios, the heterogametic state in 

females leads to a 25% reduction in Ne for the Z-chromosome as compared to autosomes. 

However, there is reason to believe that males have higher reproductive variance than 

females in Leptidea species (Wiklund & Solbreck, 1982), leading to an even more 

pronounced reduction in Ne for the Z, since fewer males than females contribute genetic 

variation passed on to the next generation. This reduction in Ne should be counteracted by the 

expected higher rate of recombination on the Z-chromosome compared to the autosomes. The 

reason for this is that female achiasmy (lack of recombination in female meiosis) is 

ubiquitous in Lepidoptera (Marec, 1996). Since the Z-chromosome spends 2/3 of the time, 

from an evolutionary perspective, in the male germline, it will be affected by the male 

recombination rate more than the autosomes, which spend ½ of the time in the male and ½ in 

the female germline. Interestingly, the observed ratio of Z/autosome genetic diversity was 

above 73% in all populations. This indicates that the reduction in Ne as a joint effect of lower 

chromosome copy numbers in the population and a female biased operational sex ratio, is 

counteracted, and actually overcompensated for, by a higher overall cross-over rate of the Z-

chromosome as compared to the autosomes. 
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Regional variation in diversity, differentiation and divergence 

To investigate the mechanisms driving the differentiation processes, we conducted a genome-

scan analysis where population genetic summary statistics were calculated in 10 kb non-

overlapping windows. Since FST is heavily influenced by the θπ within populations, we also 

used DXY as a measure of cross species and cross population divergence. Our results are in 

contrast to many previous genome scan analyses of closely related species (Burri, 2017; 

Ellegren & Wolf, 2017; Irwin et al., 2016; Ravinet et al., 2017). First, we did not observe 

pronounced differentiation islands in any species or population comparison. The windows 

that had high relative genetic differentiation were only marginally clustered together and 

never spanned large (Mb scale) genomic regions as has commonly been observed in other 

studies (Wolf & Ellegren, 2017). These windows also had lower genetic diversity than other 

regions. This pattern is expected as a consequence of either i) increased drift due to low 

recombination (Hill & Robertson, 1966) or ii) divergent selection in either or both lineages 

compared, or both forces combined. Second, in contrast to an effect of a conserved 

underlying recombination landscape and linked selection in the ancestral population prior to 

species/population divergence, the outlier windows also in general had higher than average 

absolute divergence and an excess of rare frequency variants. A recombination landscape 

with considerable regional rate variation, that is stable across lineages, leads to a regional 

reduction in Ne in orthologous (low recombination rate) regions and higher effect of genetic 

drift in the same regions in different lineages (Hill & Robertson, 1966). Typically, this results 

in elevated genetic differentiation but reduced absolute divergence as compared to the 

genomic average (Burri, 2017; Cruickshank & Hahn, 2014; Ravinet et al., 2017). The 

recombination landscape is therefore likely rather even across Leptidea chromosomes, similar 

to what recently has been found in bumblebees outside of centromeres (Kawakami et al., 

2019). Alternatively, if there is considerable regional variation in recombination rate, the high 
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and low recombination regions may be highly ephemeral. Both of these options would be 

minimizing the effect of linked selection reducing diversity (Hill & Robertson, 1966), in 

particular regions with low recombination rate in all species. Discriminating between these 

two scenarios would require detailed recombination maps for each respective population, 

something that is currently lacking in this system. Third, the genetic differentiation outliers 

were often specific to each respective species and population comparison and not shared 

across all comparisons. This is different from the situation in many other systems, where 

genome scan approaches have identified more or less the same set of outlier regions even 

when independent species comparisons have been made across very divergent families (Van 

Doren et al., 2017; Vijay et al., 2016). Taken together, the divergence landscapes in Leptidea 

seem to be shaped by lineage-specific selection and genetic drift, generating narrow and 

dispersed differentiation peaks. Hence, virtually complete reproductive barriers were likely 

established already before secondary contact. This is in contrast to the vast majority of recent 

genome-scans in many other lineages, where conserved recombination landscapes and/or 

recurrent introgression have been key factors shaping landscapes of genomic divergence 

(Berner & Roesti, 2017; Burri et al., 2015; Delmore et al., 2015; Ellegren et al., 2012; 

Ferchaud & Hansen, 2016; Harr, 2006; Irwin et al., 2016; Jones et al., 2012; Martin et al., 

2013; Poelstra et al., 2014; Ravinet et al., 2017; Renaut et al., 2013; Talla et al., 2017a; 

Turner et al., 2005; Vijay et al., 2016; Wolf & Ellegren, 2017; Zimmer et al., 2016).  

 

Functions of genes in differentiation outlier regions 

In a first attempt to characterize the gene functions that might be involved in lineage specific 

adaptive processes, we selected the most differentiated regions in each respective species and 

intraspecific population comparison and i) investigated if the same regions showed elevated 

differentiation in multiple comparisons and ii) characterized the functions of genes located in 
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differentiation outliers in all species and intraspecific population comparisons. We found that 

outlier regions often were unique to specific comparisons and the level of differentiation was 

only marginally correlated in independent pair-wise population analyses. This indicates that 

the parts of the genome that diverge at the highest rate are distinctive in each lineage. From a 

positional point of view, there is hence no parallelism, indicating that divergence involves 

different target loci in different species and populations. However, there is considerable 

overlap in the ontology terms associated with outlier regions in all species and population 

comparisons. The three main overlapping terms are cellular process, metabolic process and 

response to stimulus, which are among the top ontology terms in all analyses. Key 

differences between species (and to some extent populations) involve habitat preference, host 

plant utilization and mate recognition. Response to stimuli (light, chemical cues, temperature) 

and metabolic rate and efficiency (host plant usage, temperature) are obviously important 

processes for optimization of habitat usage and can be directly linked to these key differences 

across the three wood whites. 
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Tables 

Table 1. 

Summary of number of polymorphic sites (#SNPs), average pair-wise nucleotide diversity 

(θπ) and Tajima’s D estimates (TD) for the three species (a) and all six populations 

individually (b) as estimated from non-overlapping 10 kb windows across the genome. The 

nucleotide diversity was significantly reduced on the Z-chromosome as compared to the 

autosome in all species / populations (Mann-Whitney U-tests, P-value range: 7.9*10
-249

 - 

1.5*10
-51

) 

 

a) 

Species # SNPs θπ total θπ Autosomes θπ Z TD 

L. sinapis 8,514,582 0.0033±0.0015 0.0033±0.0015 0.0029±0.0012 -0.4±0.6 

L. reali 4,209,882 0.0026±0.0014 0.0026±0.0014 0.0019±0.0012 0.3±0.8 

L. juvernica 3,352,368 0.0016±0.0009 0.0017±0.0009 0.0015±0.0007 0.0±0.6 

 

b) 

Population # SNPs θπ total θπ Autosomes θπ Z TD 

L. sinapis (Swe) 6,087,199 0.0032±0.0016 0.0032±0.0016 0.0025±0.0014 -0.1±0.8 

L. sinapis (Kaz) 5,308,021 0.0030±0.0016 0.0030±0.0016 0.0022±0.0013 0.1±0.8 

L. sinapis (Spa) 5,810,369 0.0031±0.0015 0.0031±0.0015 0.0025±0.0012 -0.2±0.6 

L. reali (Spa) 4,209,882 0.0026±0.0014 0.0026±0.0014 0.0019±0.0012 0.3±0.8 

L. juvernica (Kaz) 3,818,134 0.0023±0.0012 0.0023±0.0012 0.0020±0.0009 0.1±0.6 

L. juvernica (Ire) 2,262,560 0.0015±0.0009 0.0015±0.0009 0.0013±0.0007 0.8±0.8 
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Table 2. 

Levels of genetic differentiation (FST) and absolute divergence (DXY) across species and 

population comparisons. Summary statistics are given for all chromosomes combined (All) 

and the autosomes (Auto) and the Z-chromosome (Z), separately. Lsin = Leptidea sinapis, 

Lrea = Leptidea reali, Ljuv = Leptidea juvernica. Population abbreviations follow the 

standard in the main paper. 

 

  FST   DXY (*10
-3

)  

Pair All Auto Z All Auto Z 

Lsin-Lrea 0.15±0.05 0.15±0.05 0.20±0.06 4.0±1.7 4.0±1.7 4.4±1.6 

Lrea-Ljuv 0.28±0.08 0.28±0.08 0.34±0.08 3.8±1.5 3.8±1.5 4.3±1.5 

Lsin-Ljuv 0.16±0.04 0.16±0.04 0.20±0.04 3.4±1.4 3.4±1.4 3.9±1.3 

LsSwe-LsKaz 0.02±0.03 0.02±0.03 0.03±0.04 3.1±1.5 3.1±1.5 2.4±1.3 

LsSwe-LsSpa 0.13±0.06 0.13±0.06 0.17±0.07 4.0±1.7 4.0±1.8 3.7±1.5 

LsKaz-LsSpa 0.14±0.07 0.14±0.07 0.19±0.08 3.9±1.7 4.0±1.7 3.7±1.5 

LjKaz-LjIre 0.09±0.06 0.09±0.06 0.11±0.05 1.8±0.9 1.8±0.9 1.7±0.8 
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Table 3. 

Levels of absolute divergence (DXY *10
-3

) in relative differentiation (FST
Z
) outliers as 

compared to all other genomic regions (Global) for the three species comparisons and the 

four intraspecific population comparisons. P-values represent Mann-Whitney U-tests for each 

comparison, respectively. 

 

Pair Outliers Global P-value 

Lsin-Lrea 5.3±2.8 4.0±1.7 8.8*10
-29

 

Lrea-Ljuv 4.0±2.1 3.8±1.5 0.32 

Lsin-Ljuv 3.6±1.8 3.4±1.4 0.082 

LsSwe-LsKaz 3.4±1.8 3.1±1.5 1.1*10
-4

 

LsSwe-LsSpa 4.7±2.3 4.0±1.8 2.1*10
-12

 

LsKaz-LsSpa 4.7±2.2 4.0±1.7 2.4*10
-17

 

LjKaz-LjIre 1.7±1.2 1.8±0.9 2.5*10
-8
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Figures 

Figure 1. 

Approximate distribution ranges and sampling locations of specimens. Pink distribution 

range = L. sinapis, violet range = L. reali, green range = L. juvernica. L. sinapis and L. reali 

are sympatric over the entire range of L. reali. L. juvernica and L. sinapis are sympatric in the 

major part of the distribution range but L. juvernica is mostly allopatric on Ireland and L. 

sinapis occurs in allopatry (with respect to L. juvernica) mainly in the southmost and 

northmost parts of the distribution range and in UK. Red circles = L. sinapis samples, blue 

circle = L. reali samples and green circles = L. juvernica samples. Note that the distribution 

ranges are inferred from previous sampling efforts and detailed knowledge about the exact 

ranges is not available, especially in the eastern parts. A L. sinapis male is shown in the top 

left corner. Note that L. juvernica and L. reali are virtually identical. 
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Figure 2. 

Analyses of species and population relationships and changes in population size across time. 

A) A neighbor-joining phylogenetic tree based on the entire mitochondrial genome showing 

the relationship of all individuals in the Leptidea clade. Bombyx mori, Heliconius melpomene 

and Phoebis sennae were used as outgroups. Colour coding of individuals follows the 

standard throughout the paper. Bootstrap support values are given when 100%. The scale bar 

indicates the number of substitutions per site. B) Admixture proportions of individuals when 

all samples were analysed jointly for K = 3-5. Colour coding of individuals follows the 

standard throughout the paper. C) Error estimates for different K-values ranging from 1 to 11. 

The lowest error score was observed for K = 3, 4 and 5, corresponding to species separation 

(K = 3), additional structure within L. juvernica (K = 4) and additional structure within L. 

sinapis (K = 5). D) PCA plot showing the clustering of individuals based on the two principal 

components (PC1 and PC2) explaining most of the variance. E) Historical variation in 

effective population size as estimated by a PSMC-analysis. 
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Figure 3. 

Density distributions of genetic diversity (θπ), calculated in non-overlapping 10-kb windows 

across the genome of the three Leptidea species (A) and for each of the six populations, 

separately (B). 
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Figure 4. 

Illustration of the regional variation in genetic differentiation (FST, top panel), absolute 

divergence (DXY, second panel), genetic diversity (θπ, third panel) and Tajima’s D (Taj D, 

bottom panel) across the genome for the three species. The position along the genome (x-

axis) is inferred from synteny with H. melpomene. Note that potential chromosomal 

rearrangements between Leptidea and Heliconius are not accounted for. Chromosomes are 

represented by grey and white blocks, the last block (far right) represents the Z-chromosome. 
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Figure 5. 

Violin plots showing the distribution of absolute differentiation across 10 kb windows on 

autosomes (green) and the Z-chromosome (orange) for intraspecific population pairs (left 

part, bold face text) and species comparisons (right part, italics style text). Horizontal lines 

within each distribution indicate mean (dashed) and standard deviation (dotted). 
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Figure 6. 

Scatter plots illustrating the correlation between genetic diversity (θπ, y-axis) and absolute 

divergence (DXY, x-axis) across species (A) and population pairs (B). Significantly 

differentiated regions (top 1% of FST
Z
 windows) are indicated with grey triangles. 
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