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Abstract 13 
Supergenes link allelic combinations into non-recombining units known to play an essential role in 14 
maintaining adaptive genetic variation. However, because supergenes can be maintained over millions of 15 
years by balancing selection and typically exhibit strong recombination suppression, both the underlying 16 
functional variants and how the supergenes are formed are largely unknown. Particularly, questions remain 17 
over the importance of inversion breakpoint sequences and whether supergenes capture preexisting 18 
adaptive variation or accumulate this following recombination suppression. To investigate the process of 19 
supergene formation, we identified inversion polymorphisms in Atlantic salmon by assembling eleven 20 
genomes with nanopore long-read sequencing technology. A genome assembly from the sister species, 21 
brown trout, was used to determine the standard state of the inversions. We found evidence for adaptive 22 
variation through genotype-environment associations, but not for the accumulation of deleterious 23 
mutations. One young 3Mb inversion segregating in North American populations, has captured adaptive 24 
variation that is still segregating within the standard arrangement of the inversion, while some adaptive 25 
variation has accumulated after the inversion. This inversion and two others had breakpoints disrupting 26 
genes. Three multigene inversions with matched repeat structures at the breakpoints did not show any 27 
supergene signatures, suggesting that shared breakpoint repeats may obstruct supergene formation.       28 
 29 
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Introduction 33 
Supergenes are clusters of linked alleles which segregate as if they were a single locus and that determine 34 
alternate phenotypes in balanced polymorphisms [1]. They can evolve in regions of suppressed 35 
recombination caused by structural variation, including inversions, insertions and deletions where the 36 
linkage among favourable combinations of alleles is increased [2]. Chromosomal inversions are increasingly 37 
recognized as important for adaptation across taxa [1, 3-8] and often underlie supergenes. However, 38 
suppressed recombination makes them particularly vulnerable to the accumulation of recessive deleterious 39 
mutations and these may be key to supergene persistence through increased heterozygote fitness [2, 4]. 40 
Furthermore, breakpoints mutations themselves can have direct phenotypic effects [5, 7, 8] making it unclear 41 
which processes lead to the development of supergenes. The suppressed recombination that is central to 42 
supergene development hinders the dissection of the events leading to their formation. Many iconic 43 
supergenes are relatively old, (e.g. >1MY [3, 5]) obscuring the sequence of events leading to their 44 
development. Despite increasing numbers of supergenes being detected, the early stages of supergene 45 
formation remain poorly understood.   46 
 47 
Inversion supergenes can be maintained by various forms of balancing selection. For example, sexual 48 
antagonism [3, 9], negative frequency dependent selection [5, 8], temporally and spatially varying 49 
selection[3, 4] and heterozygote advantage [4]. These different forms of balancing selection can combine to 50 
promote supergene persistence [4] and their importance can change over the lifespan of the inversion [10]. 51 
Spatial variation in selection with migration can lead to a form of balancing selection, migration-selection 52 
balance, which can maintain inversion polymorphisms [11]. This is an attractive model as it explains both the 53 
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initial invasion, and subsequent maintenance as a polymorphism using a widespread process. When an 54 
inversion first occurs, and is rare, it is vulnerable to being lost by genetic drift or selection if it causes 55 
deleterious effects. The capture of locally adapted variation has been shown to increase the probability of 56 
an inversion increasing in frequency, however there is little empirical evidence to support its occurrence [12] 57 
(but see [6, 13]). Recombination suppression in inversions complicates the identification of the variants 58 
underlying their effects and the age of many inversions make it difficult to determine whether adaptive 59 
variation was present before the inversion occurred or accumulated afterwards. Likewise, the capture and 60 
accumulation of deleterious mutations can make heterozygotes more fit because they do not express this 61 
recessive genetic load leading to associative overdominance that prevents the inversion from becoming fixed 62 
[4, 11]. Capture of recessive deleterious variants within the inversion would not have an effect while the 63 
inversion is rare, because homozygotes would be very rare, but may influence its persistence as a 64 
polymorphism once it rises in frequency when the cost of reduced fitness of homozygotes is experienced [4].  65 
 66 
Although suppressed recombination causing tight linkage among adaptive variants located within inversions 67 
is thought to be central to their potential to develop into supergenes, inversions can also cause large 68 
effect mutations at their breakpoints. Breakpoint mutations can disrupt the coding sequence of genes (e.g. 69 
[5, 8]) or cause large deletions [2, 7]. These mutations can directly drive the phenotypic effects and be the 70 
target of selection themselves, or they can influence the evolutionary dynamics of the inversion, e.g. through 71 
recessive lethality of inversion homozygotes [5, 8]. Alternatively, selection may act on an adaptive breakpoint 72 
in combination with adaptive variants within the inversion, or in regions of reduced recombination extending 73 
beyond the breakpoints [7], to which they are linked. Unlike the variants contained within the inversion, 74 
breakpoint mutations occur concurrently with the inversion and so naturally segregate perfectly with it. 75 
However, because inversion breakpoints are often highly repetitive, they have been difficult to assemble and 76 
characterize using short-read sequencing and, consequently, our understanding of their contribution to 77 
supergene formation is incomplete [7].  78 
 79 
Atlantic salmon (Salmo salar) is an anadromous fish that spends its juvenile period in freshwater before 80 
undergoing a marine feeding migration and then returning to freshwater to spawn. Natal homing promotes 81 
local adaptation among heterogenous riverine environments [14]. Imperfect homing can lead to gene flow 82 
among these locally adapted populations that can promote the recruitment of large-effect loci [15]. These 83 
conditions are likely to favor inversion polymorphisms as shown in other salmonids (e.g. rainbow trout [3]). 84 
Salmonids experienced a whole-genome duplication (WGD) event 85-106 million years ago from which many 85 
duplicate genes are retained [16]. Large chromosomal rearrangements have been an important evolutionary 86 
mechanism during rediploidization following the WGD [16], but the present polymorphic inversion landscape 87 
in Atlantic salmon remains poorly characterized.  88 
 89 
Despite phenomenal advances in the detection and characterization of inversions, challenges remain 90 
regarding characterizing of inversion breakpoints, especially those containing inverted repeats or segmental 91 
duplications [7]. Here we identified polymorphic inversions using newly available long-read assemblies from 92 
11 Atlantic salmon sampled across the species range, representing all four phylogeographic groups; North 93 
American (NAm), Baltic (BAL), Barents/White Sea (BWS) and Atlantic (ATL) [17]. We systematically searched 94 
the Atlantic salmon genome for inversions using assembly-based detection and investigated their potential 95 
for supergene formation. Long-read sequencing of its sister species, brown trout (Salmo trutta), was used to 96 
determine the standard arrangement of the inversions and characterize breakpoints. We use these 97 
inversions to investigate the importance of the capture of preexisting variation for supergene emergence.  98 
 99 
Material and Methods 100 
Nanopore long-read sequencing and building of genome assemblies 101 
The Atlantic salmon reference genome (GCA_905237065.2) was built from 70x genome coverage with long-102 
read Oxford Nanopore reads generated from a Norwegian aquaculture salmon (AQGE; Table S1). Long-read 103 
libraries were prepared using the SQK-LSK109 kit following the Genomic DNA by ligation protocol and 104 
sequenced on a PromethION sequencer. Initially, five de novo assemblies were generated with varying 105 
sequence overlaps (5, 10, 15, 20 and 30kb) using Flye v2.7 and v2.8 [18]. Contigs from the five assemblies 106 
were combined into one assembly by merging contig ends overlapping with >20kb or more determined from 107 
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LASTZ alignments [19]. The combined assembly was polished with long-reads using PEPPER (v0.0.6) [20] and 108 
Illumina short-reads using pilon (v1.23) [21]. Hi-C data was used to build chromosome sequences. Except for 109 
Hi-C, the assembly pipeline described above was used to create 10 additional genome assemblies for Atlantic 110 
salmon, as well as the brown trout assembly used for determining the standard arrangement of the 111 
inversions (Table S1). 112 
 113 
Inversion detection 114 
We detected inversions in the long-read sequenced samples with both read-mapping and assembly 115 
comparisons. For the read-based SV-calling pipeline, see electronic supplementary material. Custom scripts 116 
can be found at https://github.com/kristinastenlokk/long_read_SV. Assembly alignments were made with 117 
Minimap2 v2.23 [22] and were used to verify the candidate inversions from the read-based SV-detection 118 
pipeline, limited to inversions >= 10kb that are visible in assembly alignments, and to detect additional large 119 
inversions that read-based methods have low power to detect. This provided a set of 11 high confidence 120 
inversions (for details see Data S1). For inspection of repeat blocks in inversion breakpoints, we created self-121 
alignments with LASTZ v1.0.4 [19], (Figure S1). These 11 inversions were genotyped by manual inspection of 122 
plots where contigs and nanopore reads were mapped to inversion breakpoints using Minimap2 v2.23 [22]. 123 
To validate heterozygous inversions in the reference AQGE, ultra-long reads were created with PromethION 124 
using the Ultra-Long DNA Sequencing Kit and protocol (SQK-ULK001, v.ULK_9124_v110_revA_24Mar2021). 125 
Figure S2B demonstrates how a AQGE ultra-long read mapped to the AQGE assembly reveals that both 126 
orientations of the inversion are present and resolving that AQGE is heterozygous for the inversion. Figure 127 
S2C shows mapping of a contig from the OULU assembly spanning the repeat structure of the upstream 128 
inversion breakpoint of chr9inv, validating the alternative state of the inversion in this sample.   129 
 130 
Illumina short-read mapping and variant calling 131 
For the short-read mapping and variant calling we used Illumina data from the whole genome re-sequencing 132 
of 482 Atlantic salmon sampled from a broad phylogeographic distribution [23] (Figure 1, Data S2). The 133 
Illumina reads were mapped to the Atlantic salmon genome (Ssal_v3.1; GCA_905237065.2) using the bcbio-134 
nextgen v1.2.3 pipeline [24] with the bwa-mem aligner v.0.7.17 [25]. Aligned reads were sorted with 135 
Samtools v1.9 [26] and duplicate reads were marked with Sambamba v0.7.1 [27]. Genomic variation was 136 
identified using Google’s DeepVariant pipeline v1.1.2 with default parameters [28]  and the individual 137 
genotypes were merged using Glnexus v1.2.2 with the ‘DeepVariantWGS’  configuration [29]. Variants were 138 
then filtered for depth >4 and <40, genotype quality >10 followed by missingness <30% in vcftools (v0.1.16).  139 
 140 
 141 

142 
Figure 1: Map of sampling sites. Location of wild Atlantic salmon and brown trout samples used in study. Blue triangles designate 143 
nanopore long-read sequenced samples used for inversion detection and red dots indicate populations sampled and sequenced with 144 
Illumina short-read in North America (A) and Europe (B). 145 
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 146 
Identifying tag-SNPs and inversions type in population samples 147 
To identify SNPs ‘tagging’ the standard and inverted haplotypes we used Illumina short-read genotype data 148 
for the same individuals as were genotyped using long-read data (Table S1). This comparison allowed us to 149 
validate the ability of the short-read data to correctly call inversion genotypes as determined from long-read 150 
assembly comparisons (see above). Haplotypes were determined separately for Europe and North America 151 
as there is strong genetic structure between the continents that is not linked to the inversion. No haplotype 152 
structure was determined for chr16inv because no short-read SNPs were called in this short (~77kb) 153 
inversion. To phase inversions variants and SNPs we used Princess v0.01 [30] with default parameters. After 154 
phasing, unphased loci were removed, and SNPs and inversion variants were refined and merged using 155 
Jasmine v1.1.0 [31]. Exemplified by chr18inv, a total of 146 SNPs, which perfectly match inversion types in 156 
the 11 long-read samples, were defined as tag-SNPs and used to genotype eight populations in North America 157 
using the short-read data (Figure 2A). Scripts can be found at 158 
https://github.com/mariesaitou/supergenes_inversions.    159 
 160 
Inversion dating 161 
For inversions with inversion-linked haplotype structure and length greater than 100kb (~1cM) (Data S1), we 162 
dated the inversions using the split function in smc++ v1.15.2 [32]. We used alternate homozygotes as 163 
defined from the haplotype analysis (Figure 2B, Figure S3), i.e. standard and inverted homozygotes, as 164 
populations and SNPs within the inverted region. These conditions were only met for chr18inv in North 165 
America (n=41 standard and 21 inverted homozygotes). A mutation rate of 1.06x10-8 was inferred by 166 
comparing sequence divergence between long-read sequenced individuals from Europe and North America 167 
and an estimated divergence time of 0.5MY [33].  168 
 169 
Genotype-Environment associations 170 
To test if inversions were associated with adaptive variation, we tested for genotype-environment 171 
associations (GEA) determined using the Latent Factor Mixed Model (LFMM) approach [34] in the R package 172 
lea (R v4.1)[35]. LFMM fits a linear mixed-model with population structure controlled simultaneously to 173 
model estimation using latent factors, where the expected number of genetic clusters (K) is the latent factor, 174 
which was estimated using admixture (v1.23) [36]. Environment associations were tested on the pooled 175 
European (n=402) and the North American (n=80) samples separately because the strong differentiation 176 
between these lineages would confound associations and some inversions were only polymorphic in one 177 
group. Environment associations were tested for all SNPs on chromosomes containing an inversion (8 178 
chromosomes, 1.07-1.23 million SNPs). False discovery control was employed using the Benjamini–Hochberg 179 
procedure with alpha thresholds of 0.05 and 0.01 across all tests. Variants were phased and imputed using 180 
Beagle v5.2 [37] (burnin 3, interactions 12, phase states 280) and then filtered for minor allele frequency 181 
>5%. Environment variables tested related to thermal, precipitation and river size conditions in the spawning 182 
and juvenile habitat expected to exert selection pressures on salmon. The individual river parameters were 183 
obtained from the WorldClim database for an arc of 30 translating to 1 square km at the river mouth 184 
(https://www.worldclim.org) to ensure comparable data quality and availability for all rivers. Air temperature 185 
has been shown to represent water temperature in Norway except at low temperatures [38], likely because 186 
winter ice cover in some rivers can lead to discrepancies in air and water temperatures. Annual temperature, 187 
and additionally the temperature in the coldest and warmest quarters, were selected as these influence the 188 
overwinter survival and growth potential respectively.  Inversions were inferred to have adaptive potential 189 
where they overlap with multiple variant associations suggesting that the inversion has the potential to link 190 
different adaptive variants and is capable of becoming a supergene. The frequency of associated loci was 191 
calculated for inversion homozygotes, to avoid any influence of phasing errors, by summing the allele count 192 
and dividing by twice the number of homozygous individuals for each arrangement.   193 
 194 
Mutation load 195 
To test for the accumulation of deleterious mutations we predicted missense variants with snpEff v5.0e [39] 196 
on variant calls (filtered with vcftools v0.1.16 on minor allele count = 2). PROVEAN scores (PROVEAN v1.1.5 197 
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[40]) were computed to assess the impact of the detected missense variants for each protein using the 198 
Ensembl Rapid Release annotation of GCA_905237065.2. PROVEAN scores >= |2.5| were defined as 199 
deleterious. We compared the density of deleterious mutations within inversions to the genome wide level 200 
by dividing the number of significant PROVEAN scores by the number of genes per megabase (Mb) to obtain 201 
the mutation load per gene and Mb. We used the Wilcoxon Rank Sum test to test for significant enrichment 202 
inside inversions.  203 
 204 
Detection of indels within inversions 205 
Indels were called using the long-read based detection pipeline (electronic supplementary material, 206 
Methods). Insertions and deletions were filtered based on length using a common minimum cut-off of 50bp 207 
and a maximum of 100kb, as earlier studies have shown that it is challenging to reliably call longer insertions 208 
[30]. To assess indel enrichment within inversions, we compared the indel density inside inversions by indel 209 
densities within corresponding homeologous regions in the Atlantic salmon genome. Indel density was 210 
calculated as the number of indels per sequence length.  211 
 212 
Results and Discussion 213 
Detection and characterization of inversions  214 
Long-read data from 11 Atlantic salmon sampled across the species’ range were used to systematically 215 
identify inversions, allowing us to detect and compare inversions that had not formed supergenes to those 216 
with supergene characteristics. Read-based methods for structural variant detection had low precision 217 
regarding the position and size of the inversions, indicating a high number of false positives. These 218 
inconsistencies are likely because of the complex breakpoint repeat structures as the only large inversion 219 
detected by these methods had simple non-repetitive breakpoints (chr18inv). In contrast, assembly-based 220 
methods were much more reliable for detecting and genotyping inversions. Assembly methods detected a 221 
modest but reliable set of 11 inversions, with five inversions being larger than 1.5 Mb and containing multiple 222 
genes (summarized in Data S1). All inversions detected by the method were observed in more than one 223 
individual corroborating that the inversions are real and polymorphic. The increasing availability of multiple 224 
assemblies (pangenomes) will facilitate the detection of inversions by this method in more species. 225 
Further, alignment of chromosome sequences in the Atlantic salmon reference (AQGE; GCA_905237065.2) 226 
with syntenic regions in the sister species brown trout, shows that for chr4inv, chr11inv3, chr16inv, chr18inv, 227 
chr22inv and chr26inv the reference has the standard configuration, whereas for chr3inv, chr9inv, chr10inv, 228 
chr11inv1 and chr11inv2 it has the inverted orientation (Figure S4).  229 
 230 
Characterization of inversion breakpoints 231 
Inversion breakpoints can have functional impacts, e.g. by disrupting coding genes, and can impact the 232 
evolution of inversions, but can be difficult to sequence through as they are often highly repetitive. To 233 
characterize inversion breakpoints, we analyzed both nanopore reads and multiple de novo assemblies of 234 
the 11 Atlantic salmon (Table S1). Five inversions (chr3inv, chr9inv, chr11inv3, chr22inv and chr26inv) are 235 
flanked by complex tandem repeats, four of which (chr3inv, chr9inv, chr22inv and chr26inv), have similar 236 
tandem motifs at both breakpoints (see Figure S1). Shared repeat expansions on either end of these 237 
inversions may indicate recurrence and may make the development of a supergene less likely by permitting 238 
recombination among haplotypes. chr18inv is the only large, multigene inversion with no obvious repeat 239 
structures at the inversion breakpoints (Figure S1-H). For the large inversions with matched tandem repeats 240 
at both breakpoints we were unable to detect extended LD and the development of divergent haplotypes, 241 
suggesting they are younger or recurrent inversions that may be unlikely to become supergenes. While the 242 
small chr3inv did have haplotype structure, this did not reflect the inversion genotype and so probably 243 
reflects the small size of the region. 244 
 245 
Three of the inversions have possible functional impacts through gene-disrupting breakpoints. The upstream 246 
breakpoint of chr18inv breaks in intron 1 of MRC2-like (Figure 3C), making the gene likely to become non-247 
functional. Mannose receptor genes have immune-related functions and have been shown to be upregulated 248 
following bacterial infection in fish [41]. Two copies of MRC2-like are found nearby that may compensate for 249 
the breakpoint mutation, preventing negative fitness effects (Figure S5). Chr22inv disrupts genes at both 250 
breakpoints, breaking TGM2-like and VRK3 at the upstream (Figure S6A) and DNASE1L3 at the downstream 251 
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breakpoint (Figure S6B). TGM2 is involved in cell death, pro-inflammatory response [42] and is associated 252 
with the environment in Arctic Charr [43]. VRK3 is also involved in apoptosis and inflammatory processes 253 
[44]. DNASE1L3 is known to mediate degradation of DNA during apoptosis [45]. We observed individuals 254 
homozygous for the gene breaks for chr18inv and chr22inv, implying that they are not lethal, as observed for 255 
some inversion supergenes (e.g. [5, 8]). Finally, the downstream breakpoint of chr26inv disrupts 256 
BAT1/DDX39B (Figure S7), a helicase involved in RNA metabolism and inflammatory disease [46]. 257 
Duplications are present at both the upstream (~300kb; pos. 52,003,636-52,306,925) and downstream 258 
(~100kb; pos. 53,816,770-53,913,337) breakpoints of chr26inv (Figure S1 J), however, no protein-coding 259 
genes are duplicated and so the functional consequences are unclear. Negative effects of breakpoint-induced 260 
gene disruptions may prevent these inversions from successfully spreading. However, many genes in the 261 
Atlantic salmon genome have functional duplicates originating from the salmonid whole genome duplication, 262 
which may compensate for eventual functional consequences of some of these gene disruptions.  263 
 264 
Accumulation of deleterious mutations and indel enrichment  265 
Recombination suppression makes inversions vulnerable to the accumulation of deleterious mutations, 266 
which could be important in determining their fate. If recessive deleterious mutations accumulate it can 267 
result in associative overdominance, where heterozygous individuals are more fit [2, 4, 10]. None of the 268 
inversions showed significant enrichment of deleterious mutations (Wilcoxon Rank Sum test; P>0.05) (Figure 269 
S8). For three of the inversions (chr3inv, chr18inv and chr26inv) there is a >2x enrichment of small indels 270 
compared to their corresponding homeologous region in the salmon genome (Table S2). One 260 bp deletion, 271 
fixed in the standard chr18inv arrangement in North American populations, overlaps the 3’-end of P2RY5 272 
(P2Y purinoceptor 5; ENSSSAG00000044266), indicating that it may be of functional importance (Figure S9). 273 
However, for chr18inv there is no evidence for a deleterious impact of inversion homozygosity, since both 274 
haplotypes were frequent in our population samples. These results suggest that it may be too early in the 275 
evolution of chr18inv for sufficient deleterious mutations to have accumulated to influence the maintenance 276 
of the inversion.  277 
 278 
Haplotype structure within inversions 279 
A key aspect of supergene formation and invasion is reduced recombination leading to strong linkage 280 
disequilibrium (LD) and divergent haplotypes. Only six inversions have haplotype structures extending across 281 
the inversion: chr3inv, chr11inv2, chr11inv3 and chr18inv in North America, and chr4inv and chr11inv1 in 282 
Europe (Figure S3). However, only for chr4inv and chr18inv did this structure match the inversion genotype 283 
from long-read analyses (Data S3). This suggests that the other inversions are either recurrent, so little 284 
structure has developed, or rare such that the haplotypes are dominated by one configuration. The large 285 
multigene chr18inv inversion is frequent (0.38) across eight North American populations (Figure 2A) and the 286 
short chr4inv was also frequent in Europe (0.31). Consistent with the clear haplotype structure, FST between 287 
alternative homozygotes for chr18inv was strongly elevated across the inversion (Figure 2C). The elevation 288 
of FST extends beyond the downstream breakpoint, suggesting that recombination is also suppressed for 289 
~490kb downstream of the inversion. We found no indication in the long-read assemblies for further linked 290 
structural variants that could explain this extended recombination suppression, but such may be present in 291 
other individuals.  292 
 293 
  294 
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 295 
Figure 2. Chr18inv haplotype structure and FST between inverted and standard arrangements. A. Location of samples and estimated 296 
chr18inv haplotype frequencies in different Canadian rivers based on short-read sequence data. BO: Bonaventure, CH, 297 
De_la_Chaloupe, JU: Jupiter, LA: Laval, MA: Malbaie_(Charlevoix), PC: Petite_riviere_Cascapedia, SP:  Saint-Paul, VF, Du_Vieux_Fort. 298 
B. Red: reference homozygous type, Light blue: heterozygous type, Navy blue: inversion homozygous type. B. Haplotype structure 299 
within the chr18inv region (The 1000th to the 2000th variants were selected from the 4828 variants to reduce the computational load 300 
for the effective visualization) based on short-read sequence data in North American populations. Individuals with long-read 301 
sequences are highlighted in black in the left bar. The haplotype structure of the entire inversion is described in Figure S3. C. FST (Weir 302 
and Cockerham) between homozygotes with alternative inversion orientations showing environment associated SNPs with p<0.05, 303 
black bars under plot show the positions of tag-SNPs used to genotype the inversion. 304 
 305 
Dating of the inversions 306 
Only one inversion could be dated because it had inversion-linked haplotype structure and was >100kb, i.e. 307 
>~1cM. The chr18inv inversion was estimated to have split from the standard arrangement ~5000 308 
generations, ~15,000 years ago (Figure S10) making this a young inversion, originating about the time of the 309 
last glacial retreat. 310 
 311 
Genotype-environment associations  312 
Local adaptation with gene flow, as occurs in Atlantic salmon, has been suggested as a driver for the 313 
establishment of inversions because recombination suppression within the inversion can protect locally co-314 
adapted variants from being broken apart by the influx of migrant variation [10, 12]. To become a supergene 315 
the region of suppressed recombination should link together multiple adaptive variants that behave as a 316 
single haplotype[1]. Larger inversions are expected to capture more genes and locally adapted alleles, which 317 
may help to explain their greater likelihood of being recruited as supergenes [10]. Consistent with this 318 
prediction, among 11 inversions only four large (>1.5Mb) multigene inversions (Data S1) overlapped with 319 
environment association peaks, three of which overlapped with multiple environments. Chr9inv and chr26inv 320 
have associations with two different environments in Europe and chr9inv with three in North America (Figure 321 
S11), which were weak to moderately correlated (r2 = 0.01-0.43 Table S3). Chr18inv is only polymorphic in 322 
North America where multiple associations were found with two environmental variables, annual mean 323 
precipitation (LFMM p < 0.05) and drainage basin area (LFMM p < 0.05) (see Figure 3, Figure S11a, S11c), 324 
which are weakly correlated (r2 = 0.17, Table S3). None of the associations overlapped the breakpoints, 325 
suggesting these are not involved in environmental adaptation to these variables. Further work will be 326 
required to determine if the gene disrupting breakpoint is adaptive, or just tolerated. These results suggest 327 
that the potential for large inversions to capture and link adaptive clusters is common, in line with 328 
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expectations [47]. However, only chr18inv had both environment associations and a strong inversion-linked 329 
haplotype structure (Figure 11c, Figure S3), indicative of supergene formation, suggesting the presence of 330 
pre-existing adaptive variation is not sufficient alone or favorable allele combinations were not captured in 331 
the three other inversions.  332 
 333 
 334 
 335 

336 
Figure 3. Genotype-environment associations for chr18inv. Associations with A annual precipitation and B drainage basin area, 337 
functional- and tag-SNPs are highlighted for the inversion (blue) and 2Mb flanking (grey). Significant associations, dashed horizontal 338 
line, indicates significance level p<0.05. Red squares (high) and dark read points (moderate) show functional impact estimated by 339 
SNPeff on protein-coding genes. Blue triangles show significant deleterious mutations estimated by PROVEAN, whereas pink 340 
diamonds represent tag-SNPs for chr18inv. Zoom-in of breakpoints C and D show one gene (MRC2-like, ENSSSAG00000081762) 341 
overlapping breakpoint at ~72.98Mb (purple frame).  342 
 343 
Capture and accumulation of adaptive variation 344 
Whether environment associations arise from the capture of pre-existing variation and, therefore, are 345 
important in establishing the inversion, or accumulate over time after inversions have occurred, is still 346 
unclear [6, 12, 13, 47]. When an inversion is first formed it is expected that the inverted arrangement will be 347 
invariant, having captured a single standard haplotype (Figure 4A). In contrast, initially the standard 348 
arrangement will still carry any allelic variation that was previously segregating in the population, including 349 
that captured by the inversion [10].  Over time, this variation will be lost by drift and selection in the standard 350 
arrangement and the inverted arrangement haplotypes will gain variation via new mutations [10] (Figure 4A). 351 
For the inversion to be maintained the linkage among adaptive variants within the inverted arrangement 352 
should confer higher fitness than the same variants within the recombining standard arrangement. Only 353 
three significant variants were found to be strongly differentiated (LFMM p<0.05 and Fst >0.8) across 354 
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chr18inv (Figure 2C), one of which is located outside of the inverted region, but within the area of suppressed 355 
recombination downstream of the distal breakpoint. The inverted arrangement is fixed or nearly fixed for all 356 
alleles associated with drainage basin area at p<0.05, while in the standard arrangement these alleles have 357 
intermediate frequencies (Figure 4B). This pattern explains the elevated but moderate Fsts for most adaptive 358 
variants (Figure 2C) and is consistent with retention of pre-existing adaptive polymorphisms in a young 359 
inversion. The pattern is less strong for weakly associated SNPs, p<0.1, where three SNPs had intermediate 360 
frequencies in the inverted arrangement. The pattern is reversed for precipitation associated SNPs, all of 361 
which are fixed in the standard arrangement but are variable in the inverted arrangement, suggesting that 362 
sufficient time has elapsed since the inversion event to allow the generation of new adaptive variation in the 363 
inverted arrangement (Figure 4B). These patterns suggest that the inversion has captured previously 364 
segregating adaptive polymorphisms, linking them within the inversion, but selection and drift have not yet 365 
removed the pre-existing variation within the standard arrangement. However, at least some adaptive 366 
variation has emerged within the inverted arrangement.  367 
 368 
The inversion remains polymorphic in all populations (Figure 2A), co-existence of both arrangements is 369 
expected if the migration rate is not so high that it leads to swamping. The maximum benefit of an inversion 370 
is expected when migration is just below this critical level [12]. If the spatial heterogeneity occurs over small 371 
scales, or environmental variation is continuous we also expect within population inversion polymorphisms 372 
to persist. All these factors are likely to contribute to the maintenance of within population polymorphism 373 
here. Lee et al. (2017) [6], also found support for capture in a young inversion (~2.1-8.8ka) in a relative of 374 
Arabidopsis. However, because high levels of self-fertilization would reduce the benefit of recombination 375 
suppression, invasion of a supergene by this mechanism was difficult to reconcile with model expectations 376 
[12]. Here we find evidence for capture and accumulation of adaptive variation in an outcrossed species 377 
where populations are connected by gene flow. Both capture of pre-existing and subsequent accumulation 378 
of adaptive variation is also suggested for a butterfly mimicry supergene in analysis presented by Jay et al in 379 
this special issue [13].  380 
 381 
 382 

 383 
Figure 4. Capture and accumulation of adaptive variation by inversions. A. When an inversion first occurs the inverted arrangement 384 
captures a single invariant haplotype, while the standard arrangement will still have multiple variable haplotypes including pre-385 
existing adaptive variation (upper left). Following the inversion event, the inverted arrangement may accumulate new adaptive 386 
mutations that are not present in the standard arrangement (lower left). Over time selection for alternatively coadapted allelic 387 
combinations results in the fixation of adaptive variation in the standard arrangement (upper right) and selective sweeps and fixation 388 
of adaptive new mutations in the inverted arrangement (lower right) making the origin of the variation hard to determine. B. 389 
Frequency of environment-associated SNPs (LFMM open symbols p<0.05, closed symbols p<0.1 circles: drainage basin, triangles: 390 
precipitation) in standard and inverted homozygotes pooled across eight North American populations. Drainage basin associated 391 
SNPs are almost all fixed or nearly fixed in the inverted arrangement, especially for p<0.05, as expected for a young inversion, whereas 392 
most variants segregate at intermediate frequencies in the standard arrangement. Only three SNPs were nearly fixed for alternative 393 
alleles between standard and inverted arrangements, a pattern expected to occur in older inversions. In contrast, precipitation 394 
associated SNPs are fixed in the standard arrangement, suggesting variation in the inverted arrangement has accumulated since the 395 
inversion occurred.  396 
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    397 
 398 
Conclusions 399 
Our genome wide survey of inversions in Atlantic salmon detected 11 highly reliable inversions. Of these, 400 
two showed evidence of inversion driven haplotype formation. Only large multigene inversions overlapped 401 
with adaptive variants as detected by GEA, and among these only chr18inv also had inversion-linked 402 
haplotype structure. For chr18inv we found evidence that the adaptive variants linked to the inverted 403 
haplotype also segregate as ancestral polymorphisms as they are still present in the standard arrangement 404 
haplotypes. Additionally, adaptive variation has accumulated within the inverted haplotype since its 405 
formation. These findings support that both the capture of preexisting variation and subsequent 406 
accumulation of variation has been important in forming this emerging supergene. Three of the 11 inversions 407 
had breakpoints that disrupted genes. For chr18inv, the disruption could be compensated for by local 408 
duplicates. Our results suggest that multiple processes contribute to the formation of supergenes from 409 
inversions, e.g. both capture and accumulation of adaptive variation and tolerated breakpoint mutations, 410 
but do not support an early role for deleterious mutation load.  411 
 412 
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