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Abstract 35 

In many species, polymorphic inversions underlie complex phenotypic polymorphisms and 36 

appear to facilitate local adaptation in the face of gene flow. Multiple polymorphic inversions 37 

can co-occur in a genome, but the prevalence, evolutionary significance, and limits to complexity 38 

of genomic inversion landscapes remain poorly understood. Here, we examine genome-wide 39 

variation in one of Europe's most destructive forest pests, the spruce bark beetle Ips typographus, 40 

scan for polymorphic inversions, and test whether inversions are involved in key adaptations in 41 

this species. We sampled 244 individuals from 18 populations across the species' European range 42 

and, using a whole-genome resequencing approach, identified 27 polymorphic inversions 43 

covering at least 28% of the genome. The inversions vary in size and in levels of intra-inversion 44 

recombination, are highly polymorphic across the species range, and often overlap, forming an 45 

extremely complex genomic architecture. We show that the heterogeneous inversion landscape is 46 

likely maintained by the combined action of several evolutionary forces and that inversions are 47 

enriched in odorant receptor genes encoding key elements of recognition pathways for host 48 

plants, mates, and symbiotic fungi. Our results indicate that the genome of this major forest pest 49 

of growing social, political, and economic importance harbors one of the most complex inversion 50 

landscapes described to date and is pushing the limits of genomic architecture complexity. 51 

Introduction 52 

The eight spined spruce bark beetle (Ips typographus; hereafter spruce bark beetle) is one of the 53 

most destructive insect pests in Europe, causing mass mortality in spruce-dominated forests1,2. 54 

The extent of recent outbreaks is unprecedented and impacts will likely increase in the coming 55 

decades in response to climate change3–5. Increasing bark beetle attacks and other forest 56 

disturbances have already triggered social and political conflicts in parts of Europe and have 57 

highlighted the urgent need for improved management strategies2,6,7. Indeed, a rapidly growing 58 

body of research focuses on the species9 ecology, the causes and consequences of outbreaks, and 59 

their social aspects2,4,8,9. Despite this enormous interest, one aspect of the species9 biology 60 

remains largely unexplored: we know almost nothing about the species9 genome-wide variation 61 

and the evolutionary mechanisms that shape this variation. The lack of population genomics 62 

studies restricts our understanding of the genomic basis of adaptation and adaptive potential in 63 
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the spruce bark beetle. Such information could provide a critical missing link between applied 64 

and basic research and serve as a foundation for effective management. This is particularly 65 

important because, as discovered and described in this study, the spruce bark beetle genome 66 

harbors an extremely complex inversion polymorphism landscape that may play a critical role in 67 

many evolutionary processes, including key species adaptations10–12.  68 

Polymorphic chromosomal inversions are chromosomal segments that occur in two orientations 69 

within populations: collinear and inverted haplotypes/arrangements. Inversions have been shown 70 

to be involved in speciation, local adaptation, and/or maintenance of complex phenotypes12–15. 71 

This is due to a key property of inversions: they suppress recombination within heterozygotes 72 

and thereby prevent separation of coadapted variants. Because of their role as recombination 73 

modifiers, inversions can act as supergenes, i.e., large elements of genomic architecture with 74 

multiple linked functional elements16. Supergenes keep coadapted alleles together in the face of 75 

gene flow and prevent the formation of maladaptive recombinant genotypes.      76 

Classic examples of supergenes include inversions associated with different mating strategies in 77 

ruffs (Calidris pugnax)15, mimicry phenotypes in Heliconius butterflies17, and social organization 78 

in fire ants (Solenopsis spp.)18,19. In many other species, polymorphic inversions define locally 79 

adapted ecotypes20,21 or exhibit spatial frequency differences, e.g. by forming geographic and 80 

climatic gradients22,23. While the vast majority of described cases are organisms with one or a 81 

few inversions, several recent studies have reported species with many polymorphic inversions24–
82 

26. These recent findings raise questions about the prevalence and evolutionary significance of 83 

polymorphic inversions in natural populations. Are inversion-rich genomes the exception or the 84 

rule? How much of the genome can be situated within polymorphic inversions and, 85 

consequently, how large can the fraction of the genome with reduced recombination be? The 86 

latter question is particularly important because, in addition to suppressing recombination and 87 

keeping coadapted alleles together, inversion heterozygotes will also prevent the formation of 88 

new allelic combinations and thus reduce the efficacy of natural selection27.  89 

Given the importance of recombination in purging deleterious mutations28, the presence of 90 

multiple inversions that cover a substantial fraction of the genome raises other questions. First, as 91 

the degree of recombination suppression depends on the number of heterozygous genotypes, how 92 
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frequent are inversion haplotypes in inversion-rich species? Second, are balanced 93 

polymorphisms (where both inversion arrangements are equally common across the species9 94 

range) more common than inversions with one common and one rare haplotype? Third, how 95 

common are mechanisms that mitigate negative consequences of reduced recombination? Such 96 

mechanisms include double crossover-events and gene conversion in heterozygotes, which can 97 

reshuffle allelic content between large parts of two inversion arrangements and thereby reduce 98 

mutational load and create new haplotypes10,29. 99 

Long-term persistence of two inversion haplotypes can be facilitated by two main types of 100 

selection: divergent and balancing30. Divergent selection can favor different inversion genotypes 101 

in different environments and, when coupled with reduced migration between divergent 102 

populations, can lead to speciation. Even when intraspecific gene flow is high, divergent 103 

selection can lead to divergent ecotypes associated with locally advantageous inversion 104 

genotypes. Alternatively, balancing selection may maintain balanced inversion polymorphisms 105 

over time via several, not mutually exclusive, mechanisms, such as overdominance, negative 106 

frequency dependence, antagonistic pleiotropy, and spatially or temporally varying selection30,31. 107 

Importantly, regardless of the selection mechanism, inversions will accumulate mutations 108 

independently since recombination is suppressed in inversion heterozygotes. This will lead to 109 

differentiated allelic content and increased differentiation between inversion haplotypes over 110 

time30. Each inversion haplotype can be treated as a separate <population= with a size that 111 

corresponds to the frequency of that arrangement within studied population or species. Rare 112 

inversion arrangements will suffer from a high mutational load due to reduced recombination 113 

and limited purging since homozygotes are rare. However, deleterious mutations can also 114 

accumulate on more frequent inversion haplotype10 and lead to associative overdominance. This 115 

contributes to the maintenance of inversion polymorphisms since independent accumulation of 116 

mutations continues over the time but recessive deleterious alleles private to an inversion 117 

arrangement are not visible to selection in inversion heterozygotes.  118 

Here, we investigated genome-wide variation across spruce bark beetle populations with a 119 

special focus on chromosomal inversion polymorphisms. We found one of the most complex 120 

polymorphic inversion architectures described to date and tested several evolutionary 121 

mechanisms, including directional and balancing selection, that can maintain inversion 122 
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polymorphisms in the genome. We also tested associations between inversion polymorphisms 123 

and the two key fitness-related traits diapause and olfaction. Our results suggest that inversions 124 

are involved in key species adaptations and raise questions about the prevalence and role of 125 

inversion polymorphisms in species characterized by large effective population sizes, little 126 

geographic subdivision, and no clear phenotypic variation across the species range. 127 

 128 

Results and Discussion 129 

After careful filtering of the whole-genome re-sequencing data, we used 240 individuals in 130 

downstream analyses. The mean per individual sequencing depth was 23.2× (range: 5 - 53×). 131 

Sequencing coverage on IpsContig9 was consistently lower in individuals sexed as males (on 132 

average 0.57 individual coverage). Thus, we considered IpsContig 9 to be a sex (X) 133 

chromosome. After quality filtering, we retained 5.245 million SNPs covering the entire genome 134 

assembly but analyzed a subset of 5.067 million SNPs located on the 35 longest contigs and 135 

representing 75% of the genome assembly.  136 

  137 

Complex genomic inversion landscape 138 

Twenty-nine candidate inversions (<inversions= henceforth) were identified following the criteria 139 

described in the Methods section (Table 1, Figure 1, Figure S1, and Figure S2). Two possible 140 

inversions (Inv16.1 and Inv23.1) were most likely part of the same inversion: the same beetle 141 

individuals were genotyped as both homo- and heterozygotes, which is unlikely to occur for two 142 

unlinked inversions. The same situation was found for Inv16.2 and Inv23.2. No other inversions 143 

were in strong linkage disequilibrium (LD) with each other, which would suggest co-segregation 144 

(Figure S3). Thus, overall, we found 27 inversions in 17 contigs, including one located on the X 145 

chromosome (Inv9). Inversion size varied from 0.1 to 10.8 Mb (Table 1) and inversions 146 

constituted 28% of the analyzed part of the genome. Estimated inversion age ranged from 0.5 to 147 

2.6 My (Table 1, assuming a mutation rate of 2.9 × 10-9; see Table S1 for results for different 148 

mutation rates). Inversion regions exhibited a reduced population recombination rate (rho, Figure 149 

S4) and moderate to high genetic differentiation between inversion arrangements (FST between 150 

homozygous individuals was 0.15-0.64; Figure 1; Figure S1).  151 

  152 
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While 12 contigs contained single inversions, five contigs showed patterns consistent with 153 

multiple adjacent or overlapping inversions (Figure 1, Figure S1, Figure S2). IpsContig14 and 154 

IpsContig22 contained complexes of multiple adjacent and sometimes overlapping inversions 155 

(Figure 1 j-o), and three other contigs contained two overlapping inversions each (IpsContigs: 7, 156 

16 and 23, Figure S1). Additionally, four putative double crossover-events were identified within 157 

four inversions (Inv5, Inv18, Inv22.3, Inv22.4; Figure 1, Figure S1, Figure S2). In these cases, 158 

LD clusters were separated by regions of lower LD and intermediate groups of individuals were 159 

visible between the main clusters along the first principal component. 160 

 161 

It was not surprising that we detected polymorphic inversions in the spruce bark beetle genome, 162 

as there are many well-known examples of polymorphic inversions in natural populations12. 163 

What was striking, however, was the extremely complex genomic landscape of polymorphic 164 

inversions we found in this species. The spruce bark beetle has at least 27 large inversions 165 

covering a substantial part of the genome (28% of the analyzed part of the genome, but this is 166 

probably an underestimate since we focused on ca. 75% of the genome and on large inversions > 167 

0.1 Mb only). Numerous (a dozen or more) polymorphic inversions have so far only been 168 

described for a few species (e.g.26,32,33). It is still an open question whether many polymorphic 169 

inversions within species is the exception or the rule. 170 

  171 

The exceptionally complex inversion architecture we found in the spruce bark beetle, with 172 

multiple adjacent and often overlapping inversions, resembles well known examples from 173 

Heliconius butterflies34 or fire ants35. In these insects multiple adjacent inversions are the basis 174 

for mimicry phenotypes and complex social organization, respectively. The presence of clusters 175 

of adjacent inversions and inversion overlaps are consistent with theoretical expectations of 176 

stepwise extension of recombination suppression on supergenes36 and with a highly polygenic 177 

architecture of adaptation37.  178 

 179 

Genome-wide variation and its geographic structuring – collinear vs. inversion regions  180 

Analyses based on both the whole genome and collinear parts only revealed a clear latitudinal 181 

structuring of genetic variation in the spruce bark beetle (Figure 2). PCA and NGSadmix 182 

supported the presence of two distinct genetic groups corresponding to southern and northern 183 
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populations, with Polish populations showing varying degrees of admixture between the two 184 

clusters. Based on these results, we divided the 18 studied populations into a northern, southern, 185 

and Polish group. Despite unambiguous NGSadmix-division into two genetic clusters, the 186 

genome-wide genetic differentiation between the northern and southern group was extremely 187 

low (FST = 0.021). Similarly, FST between all population pairs showed low levels of 188 

differentiation, ranging from 0.000 to 0.035 (Table S2). Mean genome-wide nucleotide diversity 189 

was moderate (π = 0.0062) and per population  ranged from 0.0055 to 0.0066 (Figure S5). 190 

There was a weak negative correlation between nucleotide diversity and latitude (r2 = 0.32, p = 191 

0.033, Figure S6), as northern populations had slightly lower genetic variation than southern 192 

populations (πsouthern = 0.0065; northern = 0.0061; Polish = 0.0066). Southern populations had an 193 

excess of rare alleles and, consequently, had more negative Tajima9s D values along the genome 194 

than northern populations (mean Tajima9s D was -0.458 and -0.062 in the southern and northern 195 

group, respectively; Figure S7). All these results are consistent with previous phylogeographic 196 

studies of the spruce bark beetle that analyzed a much smaller number of genetic markers. The 197 

data suggests high levels of connectivity among spruce bark beetle populations and a very recent 198 

differentiation into two genetic clusters38–41. More recent RADseq data confirms a very weak 199 

genetic structure in the spruce bark beetle across much of Sweden42, as is expected in a species 200 

with high dispersal43 and recent divergence. 201 

 202 

Inversion regions in the spruce bark beetle did not structure geographically into a southern and 203 

northern group. Almost all identified inversions were polymorphic across the European species 204 

range, except for one inversion (Inv9) that was polymorphic only within northern populations. 205 

For three inversions (Inv2, Inv5, Inv16.2+Inv23.2) unambiguous genotyping was only possible 206 

across part of the species range. The differentiation between inversion haplotypes was high, 207 

suggesting long-term persistence of inversion polymorphisms within this species (Figure 1; 208 

Figure S1). According to our age estimates, the origin of the inversions in the spruce bark beetle 209 

predates the Last Glacial Period and many inversions may be several million years old, likely 210 

also predating the within-species differentiation into a southern and northern group. This was not 211 

unexpected, as many known inversion polymorphisms have been segregating within species for 212 

hundreds of thousands or millions of years (see table in12), sometimes even persisting through 213 

multiple speciation events44. 214 
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 215 

Inversions and key fitness-related traits 216 

Inversion polymorphism is often associated with the maintenance of complex polymorphic 217 

phenotypes15,45. Although the spruce bark beetle does not exhibit easily identifiable phenotypes, 218 

such as distinct color patterns or mating types, we were able to test for associations between 219 

inversions and two complex traits of key importance for many insects: diapause and olfaction. 220 

Diapause allows species to suspend development during unfavorable conditions. While multiple 221 

environmental factors can influence this complex process, many aspects of diapause, such as its 222 

induction and termination, are heritable46 and may be controlled by a small number of loci or be 223 

highly polygenic47–50. The spruce bark beetle exhibits two diapause strategies that could be 224 

associated with polymorphic inversions: a facultative photoperiod-regulated diapause and an 225 

obligate photoperiod-independent diapause51. However, we found no association between 226 

diapause phenotypes and inversion genotypes (exact G test, Table S3, Figure S8), nor did we 227 

find any highly differentiated genomic regions between facultatively and obligately diapausing 228 

individuals (Figure S9). This suggests a polygenic nature of diapause phenotypes in the spruce 229 

bark beetle. 230 

  231 

Olfaction is another key fitness-related trait in many insects, including bark beetles. Insect 232 

odorant receptors (ORs) are encoded by a large and dynamically evolving gene family. Some of 233 

the receptors are evolutionarily conserved across species within insect orders, however, many are 234 

species- or genus-specific. In the spruce bark beetle, detection of odorants is essential for host 235 

and mate finding, as well as recognition and maintenance of symbiosis with specific fungi52,53. 236 

We examined 73 antennally expressed ORs54 and found that 46% of these were located within 237 

inverted regions (Table 1), even though inverted regions constituted only 28% of the analyzed 238 

part of the genome. A permutation test confirmed this over-representation of OR genes within 239 

inversions (p = 0.03). In addition, several Ips-specific ORs (5 out of 7 ORs from an Ips-specific 240 

OR clade55) were located in inverted regions, specifically on IpsContig13 (4 out of 7 ORs). 241 

These 5 ORs (ItypOR23, ItypOR27, ItypOR28, ItypOR29, and ItypOR49) have been 242 

functionally characterized, responding to selectively compounds primarily produced by beetles 243 

(pheromones), the host tree, or fungal symbionts, respectively (Powell et al., 2021; Hou et al., 244 
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2021). We found no difference in the OR composition (no OR deletions) between inversion 245 

haplotypes. 246 

Two inversions harboring multiple OR genes showed significant latitudinal variation (Figure 3; 247 

Inv13 and Inv16.1+23.1, Table 1). Interestingly, one of the inversion, Inv13, include a gene 248 

encoding ItypOR23, receptor that has been previously shown to primarily respond to an odor 249 

from fungi55. We hypothesize that different OR alleles associated with these inversions are 250 

involved in spruce bark beetle interactions with fungal associates present in different parts of 251 

Europe. Not only are spruce bark beetle populations exposed to different fungal species 252 

throughout the beetle9s range, but individual beetles may also have preferences for different 253 

fungal species53,56. German spruce bark beetles have, for example, been shown to be more 254 

attracted to fungal species that are common in Germany (Grosmannia penicillata, 255 

Endoconidiophora polonica) than to rarer species (Leptographium europhioides). Unpublished 256 

data from Swedish beetles suggests that they are more attracted to L. europhioides, which is 257 

common in Sweden (personal communication D. Kandasamy).  Although preliminary, these 258 

observations suggest that beetle preferences may be tuned to the local fungal flora and we 259 

speculate that inversions may be involved in recognition of region-specific fungal species. 260 

 261 

Several other interesting behavioral strategies are polymorphic among spruce bark beetle 262 

individuals, including the existence of pioneer individuals that are the first to infest host trees, 263 

and re-emergence of females after egg laying to establish so-called sister broods in new trees. 264 

Other less obvious/visible phenotypes could also be associated with inversion polymorphisms. 265 

Comprehensive research, both bottom-up and top-down, is needed to understand the relationship 266 

between spruce bark beetle phenotypes and the inversion polymorphism landscape.    267 

    268 

Evolutionary mechanisms maintaining inversion polymorphism in the spruce bark beetle 269 

Several non-mutually exclusive evolutionary processes can maintain polymorphic inversions 270 

within species, particularly divergent and balancing selection12,30. The importance of divergent 271 

selection has been postulated based on allele frequency patterns and associations of polymorphic 272 

inversions with local adaptations that persist despite extensive intraspecific gene flow57. For 273 

example, a recent study of deer mice (Peromyscus maniculatus)26 identified multiple 274 

polymorphic inversions with clinal variation across environmental gradients in two distinct 275 
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habitats. Such frequency changes have also been reported across hybrid zones33 or latitudinal 276 

gradients23. Although the spruce bark beetle does not occupy distinct environmental niches, it 277 

inhabits forests across a very wide latitudinal gradient (spanning at least 16 degrees). It is also a 278 

species with high dispersal capacity and extensive gene flow, as indicated by low FST across its 279 

range. We found a significant correlation between the frequency of inversion haplotypes in 280 

populations and geographic location (latitude) for five inversions (Figure 3; r2 ranged from 0.34 281 

to 0.68). There were no significant correlations between haplotype frequencies and longitude 282 

(Figure S10). In most cases, differences in inversion haplotype frequencies were small (Figure 283 

3), except for the two inversions with the strongest correlations (r2 > 0.6; Inv12 and Inv13). We 284 

found no association between inversion genotypes and climate or land cover variables (Figure 4), 285 

but several SNPs showed significant correlation with the first principal component in a PCA of 286 

many environmental variables. These results indicated that there probably is selection across 287 

environmental gradients in the spruce bark beetle but that this is not the only, or even a major, 288 

force maintaining inversion polymorphism within the species. 289 

 290 

While the 8local adaptation9 hypothesis is a major hypothesis proposed to explain inversion 291 

polymorphism26,58,59, balancing selection and related mechanisms may also be important in 292 

maintaining polymorphic arrangements10,30,60. Such mechanisms include overdominance, 293 

associative overdominance, frequency-dependent selection, and spatially and temporally varying 294 

selection. We found no support for overdominance playing a role in the spruce bark beetle, as no 295 

excess of inversion heterozygotes was detected in any of the populations, geographic regions or 296 

across the whole species range. We therefore looked more closely at mutation load, which can 297 

say something about the role of associative overdominance in the maintenance of inversion 298 

polymorphism. Theory predicts that recessive deleterious mutations will accumulate on both 299 

inversion arrangements but that most of these mutations will be private to only one 300 

arrangement10,30,61. This would lead to associative overdominance, as in heterozygotes the effects 301 

of deleterious recessive alleles on one arrangement would be masked by the wild-type alleles on 302 

the other arrangement. The result would be long-term maintenance of the inversion 303 

polymorphism, resulting in strong divergence between inversion haplotypes10,61,62.  304 

 305 
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Interestingly, several stable evolutionary scenarios that maintain polymorphic inversions are 306 

possible (for details see Figure 4 in10). These scenarios differ in the expected mutation load, 307 

fitness, and frequency of the corresponding genotypes. Given the haplotype frequencies we 308 

observed in spruce bark beetle inversions, two scenarios are likely. First, that minority 309 

arrangements suffer from higher mutation load (due to reduced recombination and lower 310 

population size) but are maintained in the population at low frequency due to, e.g., associative 311 

overdominance. Such a mechanism would favor balanced inversion polymorphisms of 312 

intermediate to large sizes63,64 and has been shown to play a role in maintaining polymorphic 313 

inversions in several insect species34,65. Second, mutation load may accumulate on one or both 314 

inversion arrangements but be mitigated by the haplotype structuring process, i.e., the existence 315 

of multiple diverged sub-haplotypes among inversion homozygotes that reduces the mutation 316 

load within homozygotes. If this process operates within one or both inversion haplotypes it may 317 

result in more equal frequencies of alternative inversion haplotypes. However, such a mechanism 318 

is only possible when genetic variation and mutation load is high10.  319 

 320 

In contrast to these theoretical expectations, we observed no sign of increased mutation load 321 

(measured by the N/S ratio) in inversion regions compared to the collinear part of the spruce 322 

bark beetle genome (Table S4; Figure 5). We also found no sign of haplotype structuring capable 323 

of reducing mutation load within inversion homozygotes (Figure S11). The only significant 324 

within-homozygote clustering we observed was in a few inversion haplotypes, divided 325 

individuals into southern and northern clades and suggests that divergent selection has been 326 

acting on one of the inversion arrangements, rather than haplotype structuring being associated 327 

with mutation load (Figure S11). These results are consistent with observations of no significant 328 

mutation load in other species where inversion haplotypes are subject to divergent selection that 329 

results in geographic structuring26,66.  In such cases, inversions facilitate adaptive divergence but 330 

do not tend to accumulate a mutation load. However, geographic clustering of inversion 331 

polymorphisms is weak in the spruce bark beetle, and many inversions appear to have a slightly 332 

lower mutation load associated with the more common inversion haplotype (Figure 5, Table S4). 333 

It is possible that accumulation of a mutation load in the spruce bark beetle is mitigated by high 334 

effective population size in this species and/or gene conversion and double crossover events, 335 

which despite their apparent rarity have been detected in several spruce bark beetle inversions.  336 
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 337 

Overall, the absence of heterozygote excess observed in the spruce bark beetle does not support a 338 

role of overdominance in the maintenance of inversion polymorphism in this species. Likewise, 339 

the absence of an elevated mutation load in inverted regions does not support a role of 340 

associative overdominance either. However, since we only have genomic data available, we 341 

cannot conclusively rule out that other potential mechanisms, such as negative frequency-342 

dependent selection or antagonistic pleiotropy, could maintain balanced inversion 343 

polymorphisms. Additional temporal data are needed to test whether temporally varying 344 

selection has affected the frequencies of inversion haplotypes in the spruce bark beetle. Our 345 

results indicate that inversions in this species are maintained as polymorphic by a complex 346 

interaction of different, not mutually exclusive mechanisms. Further research is essential to 347 

determine the role of different mechanisms.   348 

  349 

Far-reaching consequences of having an inversion-rich genome  350 

The presence of multiple polymorphic inversions can have significant consequences for the 351 

evolution of a species, as well as for evolutionary inferences based on genome-wide 352 

polymorphism data. Importantly, polymorphic inversions are a reservoir of genetic variation that 353 

can facilitate adaptation to rapidly changing environments. Indeed, several studies have shown 354 

that polymorphic inversions support rapid adaptation to changing climatic conditions67–69 or 355 

adaptive tracking of fluctuating environments70. Spruce bark beetle populations are subject to 356 

seasonal weather changes and a rapidly changing environment due to strong anthropogenic 357 

pressures. Warmer weather and drought periods have been associated with a predicted 358 

intensification of bark beetle outbreaks3,4,6, which may act as a strong selection factor within 359 

bark beetle populations. Whether inversions are involved in rapid adaptations in the spruce bark 360 

beetle is an open question that requires further investigation. 361 

  362 

Abundant polymorphic inversions within the genome can have far-reaching consequences for 363 

inferences about demographic history and selection. It is well known that non-equilibrium 364 

demography and selection can leave similar genomic signatures. Traditionally, demographic 365 

analyses have used non-coding parts of the genome, based on the assumption that directional 366 

selection mostly affects protein-coding regions. However, growing evidence for the importance 367 
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of background selection in shaping genome-wide diversity is moving the field towards 368 

incorporating linked selection into inferences of demographic history71,72. We believe that new 369 

approaches should also consider the potential influence of polymorphic inversion landscapes, 370 

because variation patterns of inverted regions can be shaped by different types of balancing 371 

selection. In addition, genomics scans for selection in inversion-rich genomes may be biased due 372 

to reduced recombination within inversion regions. Importantly, the effect of reduced 373 

recombination may extend outside inversions73,74. 374 

  375 

Materials and methods 376 

 377 

Study system 378 

The spruce bark beetle, Ips typographus (Coleoptera: Curculionidae: Scolytinae), plays a key 379 

role in Eurasian forest ecosystems. Under normal (endemic) conditions, this forest pest attacks 380 

mainly weakened Norway spruce (Picea abies) trees. However, if tree resistance is compromised 381 

by certain abiotic disturbances (e.g. snowbreaks, windfalls, high temperatures, drought), an 382 

increased availability of stressed trees can trigger mass-propagation, leading to rapid population 383 

increase and devastating outbreaks. During outbreaks, the beetles attack healthy trees and cause 384 

massive tree mortality with hundreds or thousands of hectares of dead spruce stands.  385 

 386 

During the first decade of the 21st century the spruce bark beetle killed an estimated 14.5 million 387 

m3 of timber per year on average, and this number is expected to increase due to climate 388 

change75. The Czech Republic provides a particularly striking example of the beetles9 destructive 389 

potential. During the peak outbreak years 2017-2019 the beetles killed annually 3.1-5.4% of the 390 

country9s growing stock of Norway spruce, which in 2019 translated to 23 million m3. In some 391 

regions there was an almost total depletion of Norway spruce76. From a socio-economic 392 

perspective, bark beetle outbreaks and subsequent intensive salvage cuttings negatively affects 393 

the quality of life for people living in outbreak areas and cause serious disturbances to the wood 394 

market. In the Czech Republic, decreasing timber prices caused severe revenue losses for forest 395 

owners and required state interventions in the amount of 260 million EUR in 2018-201976.  396 

 397 
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Historically, spruce forests in Central Europe have been most heavily affected by bark beetle 398 

outbreaks, while in northern Europe outbreaks have been less frequent and destructive1. 399 

However, this may change with climate warming that probably will make the boreal forests of 400 

northern Europe more vulnerable to bark beetle outbreaks3,5,7,77,78. As an example, heatwaves and 401 

severe summer drought in Sweden in 2018 initiated a bark beetle outbreak killing over 30 402 

million m3 Norway spruce the next years79,80.  403 

Sampling 404 

Adult spruce bark beetles were collected with pheromone-baited traps in the spring and summer 405 

of 2020. In total, we sampled 18 populations throughout Europe with 13-14 individuals per 406 

locality (244 individuals in total) (Figure 2; Table S5). Throughout the text, we use the term 407 

8population9 to refer to a particular site or a collection of closely situated sites (within about 50 408 

km). In Austria, we pooled individuals from three localities that were up to 120 km apart because 409 

of small sample sizes (five beetles or less per site). Populations from Scandinavia will be referred 410 

to as northern populations (or the northern group) and populations from central Europe will be 411 

referred to as southern populations (or the southern group). Polish populations are considered 412 

separately from other central European populations (due to high admixture proportions from 413 

northern group identified in downstream analysis). Beetles were brought alive to the laboratory, 414 

kept on a paper diet for several days, dissected, sexed based on genitalia morphology, and 415 

subjected to DNA extraction (described below). 416 

DNA extraction and genome re-sequencing 417 

DNA was extracted from the whole body of dissected beetles using the Wizard Genomic DNA 418 

Purification Kit (Promega). The concentration of extracted DNA was estimated using a Qubit 419 

fluorometer (Thermo Fisher Scientific). Genomic libraries were prepared with NEBNext Ultra II 420 

FS DNA Library Prep with Beads (New England Biolabs), with single indexes. Individual 421 

libraries were combined into three pools and 2×150 bp paired-end sequenced in three lanes of a 422 

S4 flowcell using the NovaSeq 6000 instrument and v1 sequencing chemistry (Illumina Inc.). 423 

Sequencing was done by the National Genomics Infrastructure, SNP&SEQ Technology Platform 424 

(Uppsala, Sweden). To assess the overall genotyping error, we prepared and sequenced duplicate 425 

libraries for nine individuals. 426 
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Data preparation and filtering 427 

Details of raw data processing and filtering are described in the Supplementary Files. Shortly, 428 

raw reads were mapped to the reference genome81 using Bowtie 282. Duplicated reads were 429 

removed using Picard MarkDuplicates (Broad Institute 2019). To detect and correct systematic 430 

errors in base quality scores, recalibration was done using the Genome Analysis Toolkit 431 

(GATK), BaseRecalibrator, and ApplyBQSR83,84. Variant calling and genotyping was done using 432 

GATK HaplotypeCaller, CombineGVCFs, and GenotypeGVCFs. GATK VariantRecalibrator 433 

and ApplyVQSR were used to calculate and filter (by variant) quality score log-odds 434 

(VQSLOD). Bcftools85 was used to remove insertions and deletions (indels) as well 435 

polymorphisms five bases up- and downstream. GATK VariantFiltration was applied to mask all 436 

genotypes with low sequencing depth or low genotype quality83,84. Variants which were not 437 

biallelic single nucleotide polymorphisms or did not meet the recommended hard filtering 438 

thresholds (GATK Team, see Supplementary materials) were filtered out. To filter out 439 

polymorphisms that could come from duplicated regions we removed variants located within 440 

reapeat-masked regions of the genome81, variants with excessive overall coverage, and variants 441 

with heterozygote excess. Variants for which genotypes could be detected in less than half of the 442 

individuals were also removed. We used PLINK86 to detect sample contaminations, swaps and 443 

duplications, and unknown familial relationships (e.g. sibling pairs present in the data) which 444 

might bias downstream analyses. Individuals with excessive coverage were removed, as these 445 

could be a result of human errors during library preparation or pooling. We focused on contigs 446 

longer than 1 Mb that together constituted 78% of the genome assembly, i.e. a total of 186 Mb. 447 

Since part of IpsContig33 had high similarity to mtDNA this contig was not included in the 448 

downstream analysis. Genotyping error was assessed using GATK Genotype Concordance. 449 

 450 

Genome-wide genetic variation and its geographic structuring  451 

Genome-wide genetic structuring was explored by PCA using PLINK. The most likely number 452 

of genetic clusters and admixture proportions was estimated using NGSadmix87. The analysis 453 

was run for five different K-values (1-5; 10 replicates per K-value), using a minor allele 454 

frequency (MAF) filter of 0.05 and 10,000 iterations, and a SNP dataset that was pruned for 455 

linkage disequilibrium using PLINK (–indep-pairwise 50 10 0.1 option). To choose the most 456 

likely number of genetic clusters, the results were examined using CLUMPAK 457 
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(http://clumpak.tau.ac.il/index.html). To examine the influence of inversions on genetic 458 

clustering and to facilitate inversion genotyping, NGSadmix was run separately for (1) all 459 

autosomal contigs without potential inversions and (2) each potential inversion.  460 

 461 

To assess genetic differentiation among different spruce bark beetle populations Weir and 462 

Cockerham9s88 FST was estimated using VCFtools89. FST was calculated between population 463 

groups identified by NGSadmix, as well as among all population pairs. Additionally, we 464 

summarized FST values in 100 kb overlapping windows (using 20 kb steps) along the contigs. 465 

Window-based analyses were done for each contig and each population pair. In addition, 466 

absolute sequence divergence (dxy), nucleotide diversity, and Tajima9s D statistic were estimated 467 

and summarized for 100 kb non-overlapping windows using ANGSD90. These statistics were 468 

calculated for each population separately and were based on a maximum likelihood estimate of 469 

the folded site frequency spectrum (SFS). We excluded sites with mapping quality below 30 470 

phred, quality score below 20, and coverage less than three times the population sample size and 471 

more than three times the average coverage, following the approach used in Delmore et al.91. The 472 

ANGSD calculations were based on allele frequencies estimated from genotype likelihoods92 and 473 

ngsPopGen scripts (https://github.com/mfumagalli/ngsPopGen).  474 

 475 

Population recombination rates were estimated following the approach used in Jones et al.93, 476 

using 20 individuals from the southern and northern group (10 individuals per group). Watterson 477 

theta estimates were used to create a custom likelihood lookup table using the Ldhat program 478 

complete94. The Interval program was used to estimate the population recombination rate across 479 

investigated contigs in 1 Mb segments. The interval algorithm was run for 2 million iterations 480 

and the chain was sampled every 10,000 iterations with a burn-in of 100,000 generations (stat 481 

program in Ldhat package, block penalty = 5). Population recombination rates were estimated 482 

for each contig, and the results were summarized in non-overlapping 100 kb windows using a 483 

custom perl script.  484 

 485 

Identification of inversions, their geographic distribution, and variation patterns 486 

Potential chromosomal inversion regions were identified based on the results of per contig PCAs, 487 

local PCAs, patterns of heterozygosity, and LD clustering.  Per contig PCAs were performed 488 
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using PLINK86. Local PCAs were performed using the lostruct R package95, following the 489 

approach described in Huang et al.96. Linkage disequilibrium among SNPs (thinned by selecting 490 

one SNP every 10 kb; MAF > 5%) was calculated for each contig using PLINK. We considered 491 

a genomic region to be an inversion region if (1) local PCA analysis identified the region as an 492 

outlier, and/or (2) the region exhibited high LD (most SNPs having r2 > 0.4), and (3) PCA 493 

performed on SNPs from this region separated individuals into two (or more) distinct groups 494 

with heterozygosity patterns matching the expectation of at least one group having lower levels 495 

of heterozygosity (i.e., the group consisting of individuals with homozygous inversion). 496 

Genotyping of individual beetles with respect to the inversion haplotypes they carried was done 497 

based on inversion region PCA1 loading scores and/or inversion-specific NGSadmix clustering 498 

(with K = 2 inversion heterozygotes having mixed ancestry in approximate 50/50 proportions; 499 

Figure S12). In a few special cases (such as overlapping inversions or complex double crossover 500 

patterns) genotyping was done based on inversion region PCA2 loading scores or was limited to 501 

either the southern or northern group. Contigs with less than 10,000 variants provided ambiguous 502 

results and were excluded from genotyping. Putative inversion boundaries were defined based on 503 

local PCAs and sharp borders detected in LD clusters.   504 

 505 

Inversion genotype and haplotype frequencies were calculated using an in-house R-script. 506 

Frequencies were calculated (1) within each population, (2) within the southern and northern 507 

group, and (3) for all sampled populations combined. Deviations from Hardy-Weinberg 508 

equilibrium were estimated for all three datasets. Inversions with only two haplotypes were 509 

tested using exact Fisher tests. Inversions with more than two haplotypes (including recombinant 510 

haplotypes between two inversion arrangements) were tested using permutation test, and sex 511 

chromosome inversions were tested as described in Graffelman & Weir97. All tests were done 512 

using the R package HardyWeinberg98. To investigate if inversion haplotypes differed in 513 

frequency along environmental gradients, Pearson correlation coefficients between inversion 514 

haplotype frequencies and latitude/longitude was calculated.  515 

 516 

To assess levels of genetic differentiation between inversion haplotypes, FST and dxy between 517 

alternative inversion haplotypes (AA, BB) were estimated following the approach described 518 
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above. Deletions present in alternative inversion haplotypes were not included in dxy calculations 519 

but were summarized separately using custom scripts.  520 

 521 

Inversion age estimates 522 

Absolute sequence divergence between alternative inversion haplotypes was used to calculate the 523 

approximate time of divergence of inverted and non-inverted haplotypes. We used the equation T 524 

= dxy/2�, where T is the divergence time in generations, � is the mutation rate per site per 525 

generation, and dxy is a mean dxy calculated based on per SNP values estimated in ANGSD. 526 

Since mutation rates of the spruce bark beetle are unknown, we used a selection of mutation rate 527 

estimates available for some diploid, sexually reproducing insects including Drosophila 528 

melanogaster99, Heliconius melpomene100, and Chironomus riparius101. Per generation mutation 529 

rate estimates varied from 2.1 to 11.7 × 10-9. This approach could only give us rough inversion 530 

age estimates due to the uncertainty of the mutation rate estimates, probable intraspecific 531 

variation in mutation rate99, and a (likely) substantial influence of gene flux29.  532 

 533 

Mutation load estimation 534 

To estimate mutation load we calculated the ratio of nucleotide diversity at non-synonymous 535 

sites (πN) vs. synonymous sites (πS). Mutation load (πN/πS) was calculated separately for each 536 

inversion homozygote and for the collinear part of the genome. We computed nucleotide 537 

diversity for each site using SNPGenie102. The πN/πS ratio was estimated in windows of 200 kb 538 

using an in-house R script. To account for the fact that inversions can greatly suppress 539 

recombination in surrounding parts of the genome74 the collinear part of the genome was divided 540 

into two groups: (1) a group including all collinear 200 kb windows outside inversions and (2) a 541 

group including all collinear windows outside inversions but excluding windows that came from 542 

contigs with inversions (so called strict filtering). Both collinear datasets were used to test for 543 

overall differences in mutation load between inversions and the collinear part of the genome 544 

(using two-sided t-test). One-sided t-tests were used to test whether minor (less frequent) 545 

homokaryotypes had higher mutation loads than major (more frequent) homokaryotypes. 546 

Homokaryotypes that contained fewer than four 200 kb windows and were present in few 547 

individuals (two thresholds were tested: < 4 and < 10 individuals) were excluded from the 548 
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analysis. Additionally, windows with a small number of genes were excluded (two thresholds 549 

were tested: < 5 and < 10 genes).  550 

 551 

Haplotype structuring, i.e., the existence of two or more distinct sub-haplotypes among inversion 552 

homozygote haplotypes, can halt fitness degeneration on one or both inversion haplotypes by 553 

carrying partially complementary sets of deleterious recessive alleles10,103. To check if any 554 

inversion homozygotes exhibited haplotype structuring we first phased the data using Beagle 5.2 555 

(default settings104). Next, in each inverted region and homokaryotype we filtered out all variants 556 

with MAF < 0.1 and used PGDSpider 2.1.1.0105 to convert variant call formats (VCF) to full 557 

length sequences. Finally, we constructed neighbor-joining trees for alleles within haplotypes 558 

using MEGA7106.   559 

 560 

Phenotype-genotype associations 561 

To test whether inversion polymorphisms were associated with diapause phenotypes we genome 562 

sequenced 18 individuals from a spruce bark beetle diapause study by Schebeck et al.51 (10 563 

beetles expressing facultative diapause and 8 beetles expressing obligatory diapause). DNA 564 

sequencing was performed using the DNBseq platform (BGI Tech Solutions, Poland) to a mean 565 

coverage of 20×. The data was processed in the same way as described above and combined with 566 

other sequenced individuals before performing PCA in PLINK. To test for differentiation in 567 

inversion haplotype frequencies between diapause phenotypes an exact G test was run using 568 

Genepop 4.1.2107. FST between individuals expressing facultative and obligate diapause was 569 

estimated using VCFtools89 and summarized in 100 kb overlapping windows (20 kb steps). 570 

 571 

To check if spruce bark beetle odorant receptors (ORs) genes were associated with inversions we 572 

examined 73 OR genes recently annotated by Yuvaraj et al.54. OR sequences were mapped to the 573 

bark beetle reference genome using minimap2108, and 71 out of 73 ORs were located in the 186 574 

Mb covered by the 36 contigs we analyzed. Three ORs mapped to more than one contig. 575 

ItypOR9 and ItypOR58 mapped to the end of IpsContig16 and 23, suggesting possible assembly 576 

error and duplication of end-of-contig sequences, which are difficult to assemble. ItypOR59NTE 577 

mapped to three nearby locations on IpsContig6, suggesting either assembly error or recent 578 

duplication. For these three ORs we used one randomly chosen location in downstream analyses. 579 
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To test if inversions were enriched in OR genes, we ran permutation tests (10,000 iterations; 580 

permutating inversions locations). To check if alternative inversion arrangements harbored 581 

different numbers of OR genes (e.g. that one arrangement carried a deletion) we compared 582 

sequence coverage within ORs in individual beetles identified as inversion homozygotes.  583 

 584 

Genotype-environment association  585 

Genotype-environment association (GEA) analyses were done to test if allele frequency changes 586 

in SNPs were associated with the beetle populations9 local environmental. Many different 587 

environmental variables were summarized along two principal components (see below). To 588 

control for confounders due to the overall genetic differentiation, we used Latent Factors Mixed 589 

Models (LFMM109) as implemented in the lfmm2() function from the R package LEA110. We 590 

used only SNPs with < 20% missing data and MAF >= 0.1, and that occurred in individuals with 591 

< 30% missing data. Because LFMM cannot handle missing data, we imputed missing genotypes 592 

with impute() from LEA. We ran LFMM for (1) all SNPs that passed the filters described above 593 

and (2) for a dataset where each inversion was represented as a single <SNP= inversion genotype. 594 

We used five latent factors (K = 5) in lfmm2(). P-values were calculated using lfmm2.test() from 595 

LEA and false discovery rate (FDR)-corrected using the p.adjust() R function with method = 596 

<fdr=. 597 

 598 

Each beetle population9s local environment was characterized according to climate and land-599 

cover data. We used all 19 bioclimatic variables from WorldClim version 2.1.111 with a resolution 600 

of ~1 km2. These variables are averaged over the years 1970-2000. Proportions of forest, 601 

cropland, and built-up areas were downloaded from https://lcviewer.vito.be/ for 2015 with a 602 

spatial resolution of ~100 m2112. These global land-cover maps are part of the Copernicus Land 603 

Service, derived from PROBA-V satellite observations, and have an accuracy of 80% as 604 

measured by the CEOS land product validation subgroup. We also included the proportion of 605 

land area covered by spruce trees (genus Picea) at a resolution of ~1 km2, as obtained by Brus et 606 

al.113 using a statistical mapping approach. All environmental variables were reprojected to a 607 

final resolution of ~1 km2 using the Lambert azimuthal equal area method. We then extracted 608 

mean values for all environmental variables (Figure S13) within a 50 km radius from each 609 

population location using the R package terra114. Finally, PCA was used to summarize the multi-610 
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scale environmental variation among populations. The first two PCA components (PC1 and PC2) 611 

explained 25% and 23% of the environmental variation, respectively, and were used as the final 612 

input for the GEA analyses. PC1 represented environmental variation mainly related to latitude, 613 

with northern populations showing higher values indicative of higher temperature seasonality 614 

and lower temperatures during the coldest months. PC2 represented environmental variation 615 

mostly related to temperature and amount of cropland, with higher values representing localities 616 

with higher temperatures during the warmest months and a higher proportion of cropland (and 617 

conversely less forest cover and spruce) (Figure S14). 618 

  619 

Data Availability  620 

All DNA sequences have been deposited to the European Nucleotide Archive under the 621 

BioProject ID PRJNA1013983. 622 
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Tables 908 

 909 

Table 1 List of identified chromosomal inversions in the Ips typographus genome. ID: inversion 910 

name; Contig: contig name; Size: size of the inversions (Mb); Start and End: coordinates of the 911 

inversion (Mb); Age: approximate age of the inversion in Myr; Odorant receptors: odorant 912 

receptors present within inversion. Note that Inv16.1 and Inv23.1 are parts of the same inversion 913 

and Inv16.2 and Inv23.2 are a part of another single inversion. 914 

ID Contig Size Start End Age Odorant receptors 

Inv2 IpsContig2 4.04 12.67 16.71 0.5  

Inv3 IpsContig3 0.14 1.11 1.25 1.1  

Inv5 IpsContig5 10.84 0.00 10.84 1.3 

ItypOR33, ItypOR41, 

ItypOR40, ItypOR10, 

ItypOR47, ItypOR50, 

ItypOR29, ItypOR43JOI, 

ItypOR34, ItypOR52NTE, 

ItypOR4, ItypOR3, 

ItypOR53, ItypOR2, 

ItypOR19 

Inv6 IpsContig6 0.34 8.93 9.27 1.0  

Inv7.1 IpsContig7 0.67 0.00 0.67 1.7  

Inv7.2 IpsContig7 6.92 0.00 6.92 1.1 ItypOR1, ItypOR17 

Inv9 IpsContig9 3.30 1.71 5.01 0.6  

Inv10 IpsContig10 0.08 6.05 6.13 1.8  

Inv12 IpsContig12 0.07 3.63 3.70 1.5  

Inv13 IpsContig13 4.50 0.00 4.50 1.7 
ItypOR28, ItypOR23, 

ItypOR49, ItypOR27 

Inv14.1 IpsContig14 2.08 0.00 2.08 1.9 

ItypOR36, ItypOR44, 

ItypOR18JF, 

ItypOR20NTE 

Inv14.2 IpsContig14 0.67 2.08 2.75 1.0  

Inv14.3 IpsContig14 0.76 2.78 3.54 2.1  

Inv14.4 IpsContig14 0.11 3.73 3.84 2.1  

Inv14.5 IpsContig14 0.57 4.23 4.80 2.3  

Inv14.6 IpsContig14 2.48 0.00 2.48 0.6 

ItypOR36, ItypOR44, 

ItypOR18JF, 

ItypOR20NTE 

Inv15 IpsContig15 1.92 0.86 2.78 1.9  

Inv16.1 IpsContig16 4.83 0.00 4.83 1.6 

ItypOR58, ItypOR9, 

ItypOR11, ItypOR31, 

ItypOR30, ItypOR16, 

ItypOR35JF 

Inv16.2 IpsContig16 4.83 0.00 4.83 0.7 

ItypOR58, ItypOR9, 

ItypOR11, ItypOR31, 

ItypOR30, ItypOR16, 
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ItypOR35JF 

Inv17 IpsContig17 0.21 2.48 2.69 2.2  

Inv18 IpsContig18 2.32 0.00 2.32 2.1  

Inv22.1 IpsContig22 0.32 0.00 0.32 2.1  

Inv22.2 IpsContig22 0.23 0.42 0.65 2.1  

Inv22.3 IpsContig22 1.23 0.68 1.91 2.0 ItypOR22CTE 

Inv22.4 IpsContig22 0.20 1.92 2.12 2.1  

Inv22.5 IpsContig22 2.24 0.00 2.24 0.6 ItypOR22CTE 

Inv23.1 IpsContig23 2.10 0.00 2.10 1.4 ItypOR58, ItypOR9 

Inv23.2 IpsContig23 1.84 0.26 2.10 0.6 ItypOR58, ItypOR9 

Inv26 IpsContig26 0.10 0.12 0.22 2.6  

915 
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Figures 916 

 917 

Figure 1 Identification of chromosomal inversions in Ips typographus. Each row of figure panels 918 

shows the results of per contig PCA, per contig linkage disequilibrium analysis, and genetic 919 

differentiation (FST) analysis for a selected contig. Panels a-c show results for a contig with no 920 

inversions (IpsContig8) and little differentiation between southern and northern populations. 921 

Panels d-o show different contigs with increasingly complex inversion patterns: a single 922 

inversion (d-f, Inv15); a single inversion with a double-crossover signal (g-i, Inv18); multiple 923 

adjacent inversions with one inversion overlapping with the first two inversions on the contig (j-924 

l,  Inv14.1, Inv14.2, Inv14.3, Inv14.4, Inv14.5, and Inv.14.6); multiple adjacent inversions with 925 

one large inversion overlapping with several smaller ones (m-o, Inv22.1, Inv22.2, Inv22.3, 926 

Inv22.4, and Inv22.5). The large overlapping inversion is visible as a yellow background in the 927 

LD plot (n). The PCA grouping shown in (m) corresponds to genotypes of the largest inversion 928 

on IpsContig22 (Inv22.3), including genotypes that include haplotypes produced with the double 929 

crossover event. The last panel (p) shows the 36 largest contigs of the spruce bark beetle genome 930 

with inversions indicated in red. Dots in the PCA plots represent individual beetles and are 931 

colored according to the heterozygosity of the individual (darker color represents low 932 

heterozygosity). Both axis on LD plots (b,e,h,k,n) represent conting9s positions in megabases 933 

(Mb); low levels of linkage are shown in blue and higher levels in yellow to dark red. FST values 934 

in panels f,i,l,o show genetic differentiation between inversion haplotypes along the contig in 935 

question.  936 
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Figure 2 Genomic structure and differentiation in Ips typographus. (a) Whole-genome PCA, 939 

where colors correspond to genetic clustering of beetle individuals revealed by NGSadmix 940 

analysis. (b,c) Geographical distribution and genetic differentiation of the 18 beetle populations 941 

analyzed. Blue dots and bars: northern populations (N); red dots and bars: southern populations 942 

(S); violet dots: Polish populations (P). (d) Genome-wide genetic differentiation (FST) calculated 943 

between northern and southern populations. Vertical lines separate different contigs shown in 944 

grey and black. 945 

 946 

 947 
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Figure 3 Correlation between inversion haplotype frequency and population origin (latitude) for 949 

chromosomal inversions detected in European Ips typographus populations. Significant 950 

correlations are indicated with asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.001). Inversions 951 

harboring odorant receptors are indicated in green. 952 

 953 
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Figure 4 Genotype-environment associations across 36 contigs in the Ips typographus genome. 955 

Different colors represent different contigs. The upper three panels show results for all SNPs and 956 

the lower three panels show results using data where each inversion was coded as a single locus 957 

(shown in a blue circle). MAF: Minor Allele Frequency. PC1, PC2, and PC3 represent the first 958 

three of PCA used to summarize the environmental variation among populations. 959 

 960 
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Figure 5 Mutation load analysis in Ips typographus. (a) 962 

The ratio of nonsynonymous to synonymous nucleotide diversity πN/πS computed for 200 kb 963 

windows along collinear parts of the genome (COL) and different inversion haplotypes (blue: 964 

major haplotype; yellow: minor haplotype; green: haplotype produced by double crossover 965 

events between minor and major haplotypes). n = 4 to 55 windows per inversion haplotype and n 966 

= 531 for the collinear genome. Inversion haplotypes that were present in less than four 967 

individuals, did not include four or more 200 kb windows or include less than five genes were 968 

not included in the analysis. For better visibility, πN/πS outliers above 0.5 are not shown (a total 969 

of 58 πN/πS values, 45 of them belonging to COL). The lower and upper box hinges correspond 970 

to the first and third quartiles, whiskers show 1.5 * the inter-quartile range. (b) Distribution of 971 

πN/πS values per 200 kb window (c) Correlation between mean πN/πS for all inversion haplotypes 972 

and their frequency across spruce bark beetle populations.  973 

 974 
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