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ABSTRACT

Salmonids have a remarkable ability to form sympatric morphs after postglacial colonisation of freshwater lakes. These morphs
often differ in morphology, feeding and spawning behaviour. Here, we explored the genetic basis of morph differentiation in
Arctic charr (n=283) by first establishing a high-quality reference genome and then using this in whole genome sequencing of
distinct morphs present in two Norwegian and two Icelandic lakes. The four lakes represent the spectrum of genetic differentia-
tion between morphs from one lake with no genetic differentiation between morphs, implying phenotypic plasticity, to two lakes
with locus-specific genetic differentiation, implying incomplete reproductive isolation, and one lake with strong genome-wide
divergence consistent with complete reproductive isolation. As many as 12 putative inversions ranging from 0.45 to 3.25 Mbp in
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size segregated among the four morphs present in one lake, Thingvallavatn, and these contributed significantly to the genetic dif-

ferentiation among morphs. None of the putative inversions were found in any of the other lakes, but there were cases of partial

haplotype sharing in similar morph contrasts in other lakes. Our findings are consistent with a highly polygenic basis of morph
differentiation with population-specific selection on alleles linked to the development of similar morph phenotypes. The results
support a model where morph differentiation is first established through phenotypic plasticity, leading to niche expansion and
separation. This may be followed by gradual development of reproductive isolation, locus-specific differentiation and eventually

complete reproductive isolation and genome-wide divergence.

1 | Introduction

One of the major challenges in evolutionary biology is to under-
stand how species diversify into genetically distinct populations,
subspecies and ultimately separate species (Coyne and Orr 2004;
Grant and Grant 2020). As the Arctic ice caps receded at the end
of the last glacial epoch, many species of salmonids colonised
different freshwater systems across the Northern hemisphere.
Salmonid species belonging to five different genera (Coregonus,
Oncorhynchus, Prosopium, Salmo and Salvelinus) are known for
their ability to form genetically differentiated sympatric morphs
that differ in morphology and/or feeding behaviour (reviewed by
Salisbury and Ruzzante 2022). Considering that environmental
factors are crucial drivers of sympatric differentiation (Corrigan
et al. 2011), phenotypic plasticity has been regarded as a rapid
response mechanism that could generate functional variation
and foster adaptation (Fox et al. 2020; Skudlason et al. 2019).
Under conditions where the environmental pressures remain
consistent over generations, these plastic responses can facil-
itate the establishment of genetically differentiated morphs
(Gudbrandsson et al. 2019). The presence of such sympatric
morphs in freshwater systems across the Northern hemisphere
provides an excellent opportunity to explore questions of fun-
damental importance in evolutionary biology, including the
genetics of phenotypic differentiation, genetic parallelism and
mechanisms underlying reproductive isolation.

The Arctic charr (Salvelinus alpinus) has a Holarctic distribution
and is found both as permanent freshwater resident and anad-
romous populations (Johnson 1980; Smith et al. 2024). It has
colonised thousands of lake systems across the Holarctic region
and in alpine regions of the boreal zone (Brunner et al. 2001) and
shows extensive phenotypic differentiation within and among
lakes (see e.g., Adams and Maitland 2007; Klemetsen 2010). The
co-existence of two or more discrete phenotypes (or morphs) dif-
fering in traits such as body size, morphology, diet, habitat use and
life-history strategies of Arctic charr within a lake has repeatedly
been reported, as reviewed by Salisbury and Ruzzante (2022). To
name some well-known examples, genetically distinct small and
large morphs of Arctic charr occur in lakes in Labrador, Canada
(Salisbury et al. 2020) and dwarf, small and large charr each occur
in multiple lakes in northern Transbaikalia, Russia (Gordeeva
et al. 2014). In Iceland, sympatric morphs differing in feeding
ecology and habitat use have been described in several lakes
(Brachmann et al. 2022; Gislason et al. 1999) and, most notably,
Lake Thingvallavatn, which contains four genetically and ecologi-
cally distinct morphs (Malmquist et al. 1985; Sandlund et al. 1992).
Similar patterns have also been observed in Norway, where two
(Hindar et al. 1986; Moccetti et al. 2019) to four genetically dif-
ferentiated morphs co-occur in multiple lakes (@stbye et al. 2020;

Simonsen et al. 2017). Given the rich data on phenotypic and ge-
netic differentiation among Arctic charr morphs, they represent
an excellent model for investigating the genetic basis of sympatric
divergence.

The presence of sympatric morphs of Arctic charr, suggestive
of at least partial reproductive isolation, is well documented
(Gislason et al. 1999; Gudbrandsson et al. 2019; Jonsson and
Hindar 1982). Furthermore, many studies suggest repeated
independent evolution of the morphs in different lake sys-
tems, as morphs within the same lake are often more geneti-
cally related to each other than to similar morphs from other
lakes (Alekseyev et al. 2002; Gislason et al. 1999; Gordeeva
et al. 2014; Salisbury et al. 2020). Though not all morphs show
clear genetic divergence. In some cases, the differentiation of
Arctic charr into distinct morphs might occur via plastic re-
sponses during development, for example, due to varying food
resource utilisation, without specific genetic factors involved
(Hindar and Jonsson 1993; Snorrason et al. 1994). However,
the absence of genetic contributions to phenotypic differenti-
ation can only be concluded after whole genome sequencing
(WGS) has been performed because gene flow between sym-
patric populations can erase genetic differentiation at neutral
loci. While other approaches have been successful in detect-
ing genetic differences between some morphs, WGS has the
power to uncover subtle, ‘cryptic differences’ that may not
be detected with limited marker sets (Andersson et al. 2024).
Furthermore, access to a high-quality reference genome is a
prerequisite for high-resolution genomic, transcriptomic and
epigenomic studies. However, omic studies in salmonids have
been hampered by genome complexity due to an ancestral
whole genome duplication that happened about 100 million
years ago (Mya) (Macqueen and Johnston 2014). The varying
degree of rediploidisation and presence of highly similar pa-
ralogs make it challenging to establish high-quality genome
assemblies and to accurately characterise many types of se-
quence variation. Previous studies on sympatric differen-
tiation in Arctic charr have been based on restricted sets of
genetic markers (microsatellites, AFLP—amplified fragment
length polymorphisms and RADseq—restriction site associ-
ated DNA markers; Saha et al. 2024). Until recently, the only
available reference genome for Arctic charr genomics was a ge-
nome assembly of a possible hybrid with a closely related spe-
cies, the Northern Dolly Varden (S. malma malma: accession
number GCA_002910315.2). However, recently two additional
genome assemblies have been made public: (i) a scaffold-level
assembly of a Canadian Arctic charr subspecies (Salvelinus al-
pinus oquassa; accession number GCA_036784965.1), and (ii)
an assembly representing a selectively bred line of Arctic charr
(Salvelinus alpinus; accession number GCA_045679555.1).
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In this study, we have performed whole-genome sequencing
of Arctic charr with the aim to close gaps in understanding
the genetic basis of sympatric differentiation in Arctic charr.
As a foundation for this analysis, we generated a high-quality,
chromosome-level reference genome with annotated protein-
coding genes. We use this resource as a powerful tool for a
population genomics project involving low-pass, whole ge-
nome sequencing of 283 individuals representing different
sympatric morphs from two Icelandic and two Norwegian
lakes. A total of seven different morphs were included in the
study: dwarf benthic (DB), large pelagic (LP), large general-
ist (LG), piscivorous (Pi), planktivorous (PL), large benthic
(LB) and small benthic (SB). The specific objectives of this
study were to: (i) characterise genome-wide patterns of ge-
netic differentiation among sympatric Arctic charr morphs
across ecologically diverse lake systems; (ii) assess the extent
of parallelism and divergence in morph differentiation across
lakes; and (iii) identify genomic regions and sequence vari-
ants potentially involved in morph-specific adaptation. By
reanalysing the original samples from previous genetic stud-
ies in Norwegian charr (Hindar et al. 1986) alongside new
samples from ongoing research in Iceland utilising ddRAD-
sequencing (Xiao et al. 2024) (see Table S1), this work provides
a comprehensive and updated genome-wide analysis of Arctic
charr morph differentiation.

2 | Materials and Methods
2.1 | Reference Genome Assembly and Annotation

A large benthivorous charr from Lake Thingvallavatn was cho-
sen for genome and transcriptome sequencing as part of the
Pilot Project of the European Reference Genome Atlas (ERGA)
initiative (Mc Cartney et al. 2024). Data generation, genome as-
sembly and gene annotation were carried out at the Earlham
Institute (United Kingdom), with the exception of Hi-C library
preparation (University of Antwerp, Belgium), Hi-C sequenc-
ing (University of Florence, Italy) and genome curation post-
assembly (Wellcome Sanger Institute, United Kingdom). Full
details are available in Methods S1.

2.2 | Samples for Whole Genome Resequencing

Arctic charr samples for WGS were obtained from two lakes
in Iceland: Thingvallavatn and Myvatn and from two lakes in
Norway: Vangsvatnet and Sirdalsvatnet (Figure 1). Samples
from the two Norwegian lakes were from a previously published
study (Hindar et al. 1986).

The four charr morphs of Lake Thingvallavatn were sampled
at the respective spawning grounds using gillnets of various
mesh sizes. LB charr were sampled at Olafsdrattur. PL, Pi and
SB charr were sampled on both sides of the Mjéanes peninsula.
The sampling effort and DNA extraction are described in detail
in Xiao et al. (2024).

Samples of the large generalist morph (LG) from Lake Myvatn
were caught in gillnets in the main basin of the lake as part of
regular fisheries surveys by the Icelandic Marine and Freshwater

Research Institute and kindly provided by Gudni Gudbergsson.
Sampling for the SB morph (locally known as ‘Kras’) was
conducted at Kalfastrond, in an area of cold-water springs (N
65°33.841 W 16°56.681). The fish were caught by electrofishing,
anaesthetised using phenoxyethanol at low concentration and
measured, weighed and photographed. Small clippings from
the caudal fin were stored in ethanol, and the fish were then
released. Many fish from Kalfastrénd were 0+ and 1+ juve-
niles that could not be assigned to morph based on morphology.
As the cold spring area is a known habitat harbouring the SB
morph, all the fish caught at Kalfastrond were pre-assigned to
that morph. Morph assignment was later revised based on the
photographs and genetic data (Figure S3).

Detailed information on the number of samples from each
morph at each sample location is presented in Table S1.

2.3 | DNA Extraction and Sequencing

Extracted genomic DNA was available for the Icelandic samples
(Xiao et al. 2024). Briefly, ethanol-preserved tissue from fin clips
or muscle was rehydrated and digested with proteinase K, fol-
lowed by DNA isolation using standard phenol/chloroform ex-
traction. Muscle tissue preserved in 99% ethanol was used for
DNA extraction from the Norwegian samples. Genomic DNA
was extracted using the Monarch Genomic DNA Purification
Kit (New England Biolabs). The purity of the DNA was assessed
with Nanodrop 1000, and the DNA quantity was assessed using
the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific) and
a Tecan microplate reader. The DNA was diluted to a final con-
centration of 10ng/uL for library preparation. Custom Tn5-
based libraries (Picelli et al. 2014) with a target size of 350bp
were constructed for each DNA sample (n=283). All libraries
were individually barcoded and pooled. The TapeStation D1000
(Agilent Technologies) was used to visualise library size. The
library pool was sequenced on two Illumina NovaSeq S4 lanes.

The Illumina raw reads were mapped to the Arctic charr assem-
bly (ENA Project PRIEB76174), developed as part of this study.
Mapping was done using ‘bwa mem -M’ v0.7.17 (Li 2013). The
resulting alignments were sorted using Samtools v1.10 (http://
www.htslib.org/) and finally processed with MarkDuplicates
from PicardTools v1.92 (https://broadinstitute.github.io/
picard/). The average sequencing depth per individual was
2.1+£0.9X (range: 0.22-6.11X). The majority of individuals
(n=264) had genome-wide average coverage above 1.19X (the
mean minus one standard deviation; Figure S4).

2.4 | Genotype Likelihood Estimation and Quality
Control

Due to the limitations of the low sequencing coverage approach
for genotype calling, we estimated genotype likelihoods using
ANGSD v0.933 (Korneliussen et al. 2014). The genotype likeli-
hoods were used to estimate allele frequencies for each morph
(n=22-40, Table S1) or population (n=52-111, Table S1). Given
the salmonid-specific whole-genome duplication, we recognise
that retained homeologous sequences may lead to ambiguous
read mapping and inflated variant calling. To mitigate this, and
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FIGURE 1 | Geographical location and phenotypic differentiation of Arctic charr (Salvelinus alpinus) morphs from Norway (Vangsvatnet and
Sirdalsvatnet) and Iceland (Myvatn and Thingvallavatn). Fork lengths of the fish are shown in brackets next to the morph name. The reference ge-

nome generated in this study came from the large benthivorous charr (LB-charr) shown in the bottom right corner. Photo credits: Tormod A. Schei

(Vangsvatnet), Ragnvald Andersen (Sirdalsvatnet), Gylfi Yngvason and Arni Einarsson (LG, Myvatn); Sigurdur S. Snorrason and Zophonias O.

Joénsson (SB, Myvatn); Sigurdur S. Snorrason, Zophonias O. Jénsson and Arnar Palsoon (Thingvallavatn).

minimise potential mis-mapping to duplicated or repetitive ge-
nomic regions, we applied stringent filtering criteria in ANGSD:
“minMapQ30 -uniqueOnly 1 -remove_bads 1 - only_proper_
pairs 0 -trim 0 -GL 2’.

We used ‘~doMajorMinor 4 -minMaf 0.05” options to generate
the list of positions with minor allele frequency (MAF) > 5%. To
generate the high-confidence variants for the analysis, we sup-
plied ‘-SNP_pval 1le-6’ to ANGSD. The total set of variant po-
sitions across the entire dataset was ~12 million, of which 1.5
million were on unplaced scaffolds. The list of polymorphic
positions was supplied as “sites’ argument for genotype likeli-
hood, population- or morph-wise allele frequencies estimation
and genome-wide contrast (GWC) study. We performed princi-
pal component analysis (PCA), estimated ancestry proportions
and calculated pairwise Nei distances based on a SNP dataset
that was pruned to reduce linkage disequilibrium (LD). LD
pruning was performed with PLINK v1.9 using a window size of
100 SNPs, a step size of 5 SNPs and a VIF threshold of 2 (indep
100 5 2). The resulting set of pruned SNPs per population was
~1 million SNPs for all lakes combined, 0.95 million SNPs for
Sirdalsvatnet, 0.91 million SNPs for Vangsvatnet, 0.69 million
SNPs for Myvatn and 0.70 million SNPs for Thingvallavatn.

Nucleotide diversity calculation used all observed positions. All
data were obtained for 40 scaffolds, while unplaced scaffolds
were summarised into a NA scaffold.

2.5 | Analysis of Population Structure

To examine population structure and genetic divergence, we
ran PCA using PCAngsd v1.11 (Meisner and Albrechtsen 2018)
for the datasets across and within lakes. The built-in R function
‘eigen()” was used to extract eigenvalues and eigenvectors, ‘gg-
plot2’ package was used to plot the data.

We calculated individual admixture proportions using PCAngsd
v1.11 (Meisner and Albrechtsen 2018) and NGSadmix v. 32
(Skotte et al. 2013) modules from ANGSD. PCAngsd was used
for all lakes combined and determines the optimal number of
clusters (K) empirically based on the major principal compo-
nent (PC) loadings. In contrast, NGSadmix was applied within
each lake separately, with a predefined K. To identify the best-
supported number of clusters (K), we evaluated log-likelihoods
and Frobenius errors across a range of K values (1 to 10) fol-
lowing Meisner and Albrechtsen (2018). The optimal K was
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determined as the value that maximised the log-likelihood and
minimised the Frobenius error.

A neighbour-joining (NJ) genetic distance tree of samples
from a covariance matrix was derived based on individual al-
lele frequencies using the “tree’ flag in PCAngsd (Meisner and
Albrechtsen 2018). The NJ tree visualisation was done using an
online tool iTOL (https://itol.embl.de/; Ciccarelli et al. 2006).

2.6 | Genetic Diversity

To characterise nucleotide diversity for each sampling location
and morph, we calculated the average number of pairwise dif-
ferences between sequences (0). All 6 were calculated based on
allele frequencies generated without MAF cut-offs because MAF
cut-offs introduce bias in population-based frequency diversity
estimates. The following command, implemented in ANGSD
v.0.933 (Korneliussen et al. 2014), was used to estimate allele
frequencies for each sample group originating from the same
lake or separately from each morph within a lake. This approach
follows the recommended workflow described in the published
pipeline https://github.com/clairemerot/angsd_pipeline.

angsd -P $NB_CPU -underFlowProtect 1 -dosaf 1 -GL 2
-doMajorMinor 1 -doCounts 1 -anc $REFGENOME -fai
$REF_INDEXED -rf $REGION -remove_bads 1 -minMapQ 30
-minQ 20 -minInd $MIN_IND -setMaxDepth $SMAX_ DEPTH
-setMinDepthInd 1 -bam $POP -out $OUT.

The filters above select sites with high-quality sequencing depth
and alignment, and to ensure the selected sites have sequence
information in at least 50% (or 90% if sample size below 12) of
the individuals per population (-minInd). Maximum depth was
set to 3x the expected coverage to remove repeated regions, fol-
lowing the recommendation of Mérot et al. (2021). After that,
we used the ANGSD realSFS command to calculate a two-
dimensional folded site frequency spectrum (2D-SFS). This was
used as a prior to calculate diversity statistics with the saf2theta
command. Nucleotide diversity (8) was calculated in 20kb non-
overlapping windows. Obtained values were averaged per popu-
lation and divided by the number of sites per window to recover
an unbiased estimate of nucleotide diversity as described in
(Enbody et al. 2021).

Finally, population differences were assessed using pairwise
F.. The 2D-SFS, obtained using the filters and the script https://
github.com/clairemerot/angsd_pipeline/blob/master/01_scrip
ts/07_fst_by_group.sh, was used as a prior to estimate Fg statis-
tics with the ANGSD realSFS fst index command. To perform a
sliding window analysis, Fq; values were computed with a win-
dow size of 20kb and a step size of 10kb using the realSFS fst
stats2 command, with the options -win 20,000 and -step 10,000.
Known polymorphic sites were provided using the *sites’ option
based on a filtered SNP set (as described above, MAF >0.05,
SNP p-value <1e-6). The number of SNPs retained for analy-
sis ranged from approximately 9.6 to 12.2 million across lake
comparisons.

In the case of pairwise Fq; estimates between morphs within
each lake, scaffolds without putative inversions (e.g., scaffolds

2,6, 7,10 and 11) were used with ~2.0 to ~11.4 million sites be-
tween morph comparisons. The obtained Fg; values for each
population or morph pair were averaged across the scaffolds.

2.7 | Genome Wide Screen for Genetic
Differentiation

To identify genomic regions showing genetic differentiation
between populations, we performed genome-wide contrast
(GWC) analysis. Specifically, we used the -doAsso 1’ function
in ANGSD, which performs a likelihood ratio test for allele fre-
quency differences between groups (morphs) (Kim et al. 2011).
This association study is based on individual genotype likeli-
hoods and takes all uncertainty of the generated data into ac-
count (Korneliussen et al. 2014). The method used compares
allele frequencies between all pairs of morphs within a lake.
The genome-wide significance threshold was calculated using
a Bonferroni correction with a significance level at a=1073 and
a =108 using the following formula: Bonferroni = —log10(ct/N),
where N is the number of SNPs.

2.8 | Analysis of Putative Structural Variants

Candidate inversion regions were identified as clusters of highly
differentiated SNPs forming contiguous block-like patterns
along scaffolds with steep declines in differentiation at the block
edges, as described in Han et al. (2020). Within these regions,
we quantified linkage disequilibrium (LD) using ngsLD/1.1.1
between SNP pairs (Pearson 1) to support the presence of ex-
tended haplotype blocks.

To further explore the inversion haplotype structure, we es-
timated genotype posterior probabilities using the ‘-doGeno’
and ‘-doPost’ options in ANGSD. For each sample and site, we
summed genotype probabilities corresponding to the reference
and alternative alleles and identified the most common allele in
a predefined reference group. Only sites with high-confidence
posterior probabilities and significant differentiation (diagnos-
tic markers, SNPs exceeding a Bonferroni-corrected threshold
of a=10"%) were retained. We then performed principal com-
ponent analysis (PCA) on SNPs located within each candidate
inversion to visualise genotype clustering. Based on the PCA
and genotype likelihood profiles, individuals were grouped
into three genotype classes: homozygous for the major allele,
heterozygous and homozygous for the minor allele. Finally, we
compared nucleotide diversity (6) among these genotype groups
using the Wilcoxon rank-sum test to assess differences in ge-
netic diversity associated with inversion genotype status using
R software (R Core Team 2019).

2.9 | Analysis of Haplotype Sharing Outside
Putative Structural Variants

To investigate whether similar patterns of genetic differenti-
ation existed outside the putative structural variants among
the same morphs from different lakes, we generated heatmaps
of allele frequencies at diagnostic markers (SNPs exceed-
ing a Bonferroni-corrected threshold of a=10-%). Regions
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displaying similar allele frequency patterns across morphs
and lakes, particularly those spanning larger genomic inter-
vals and containing clusters of closely spaced diagnostic SNPs
with high LD, were defined as shared haplotype-like block
(hereafter referred to as shared haplotypes for simplicity). To
further explore the shared haplotype structure, we estimated
genotype posterior probabilities as described above. To vali-
date the presence of shared haplotypes, individuals clustered
as homozygous major and homozygous minor were then used
for the PCA and NIJ genetic distances tree using PCAngsd
(Meisner and Albrechtsen 2018).

2.10 | Functional Annotation of Gene Models

The gene models in the reference genome (described above)
initially only included gene IDs and lacked gene symbols and
descriptions. To address this and enhance interpretations of
the results, we utilised the functional gene annotation pipeline
provided by the National Bioinformatics Infrastructure Sweden
(NBIS, Binzer-Panchal et al. 2021) to obtain the missing infor-
mation. Briefly, the nucleotide sequence of each annotated gene
was extracted from the genome sequence in FASTA format
using the gene coordinates from the GFF annotation file. The
nucleotide sequence per gene was then translated into an amino
acid sequence using Another Gtf/Gff Analysis Toolkit (AGAT
v.1.3.2) (Dainat et al. 2024). The amino acid sequence was com-
pared against a reference protein database to infer which pro-
tein corresponds to each gene using BLASTp v.2.15.0+ (Altschul
et al. 1990) with blast e-value =1e-6. As a reference, we used
the reviewed Vertebrates protein database available from
UniProtKB/SwissProt in July 2021 (version 2021_03). Gene
function annotation was conducted using STRING v12 (https://
string-db.org/), with Homo sapiens selected as the reference
gene database for the analysis. Finally, we annotated the near-
est gene (within +5kb) and assessed the variant effects (such as
missense, synonymous, upstream, downstream or intergenic)
for the most differentiated SNPs (p < 1x107%5) identified in each
putative inversion or shared region of divergences using SnpEff
v.4.1 (Cingolani et al. 2012).

3 | Results
3.1 | Genome Assembly Overview

We assembled the genome of a male large benthic Arctic charr
sampled from Lake Thingvallavatn in Iceland using 8.7M
Pacific Biosciences high-fidelity (HiFi) reads with a mean
length of 18 kb, generating approximately 52-fold coverage of
the haploid genome (Table S2). Primary assembly contigs were
scaffolded with Hi-C chromosome conformation data from
386 M Illumina short reads, providing approximately 38-fold
coverage. The final, manually curated assembly has a total
length of 2.99 Gb in 5789 sequence scaffolds with a scaffold
N50 of 53.2Mb (Table 1). A total of 40 scaffolds were assem-
bled to chromosome level ranging from 91.8 to 8.2Mb in size.
Another 17 scaffolds were assigned to chromosomes but not
placed within the main scaffolds. The remaining 5732 scaf-
folds remained unplaced. The total span of chromosome-level
scaffolds and scaffolds assigned to chromosomes was 2.41 Gb.

TABLE1 | Genome assembly and annotation statistics for Salvelinus
alpinus (fSalAlpl.1.hapl.cur.20231016).

Assembly metrics

Span (bp) 2,996,861,510
Number of scaffolds 5,789
Scaffold N50 length (bp) 53,120,343
Number of contigs 10,412
Contig N50 length (bp) 859,180
Consensus quality (QV) 56.34
k-mer completeness 95.28%
BUSCO analysis

Complete (%) 97.2
Complete and single copy (%) 51.3
Complete and duplicated (%) 459
Annotation

Number of protein-coding genes 47,703
Number of protein-coding transcripts 128,882
Number of transposable element genes 12,061
Number of transposable element transcripts 13,030

With the exception of BUSCO metrics showing an excess of
duplicated genes consistent with tetraploid ancestry, assem-
bly metrics exceeded Earth BioGenome Project (EBP, https://
www.earthbiogenome.org/report-on-assembly-standards)
standards (Lawniczak et al. 2022) and were broadly similar
to those of published assemblies derived from other salmonid
species using equivalent data types, including HiC, for exam-
ple, (Christensen et al. 2024; De-Kayne et al. 2020; Lawniczak
et al. 2022; Rondeau et al. 2023). We also found extensive
synteny between our assembly and the high-density linkage
map of Canadian Arctic charr (Figure S1) as well as the two
chromosome-level assemblies currently associated with Arctic
charr (Figure S2 and Tables S3 and S4). In total, we identified
47,703 protein-coding genes and 12,061 transposable element
genes with high confidence. Our population genomic analyses
are based on the scaffold-level assembly of the genome. As a
quality control, we mapped all short reads from the popula-
tion genomics analysis (next section) to the reference assembly
(Figure S5). This analysis revealed a generally even sequence
coverage across the genome and we did not detect any whole
chromosomes as collapsed duplicated copies. However, we no-
ticed localised regions of elevated coverage on scaffolds 2, 13,
17, 22, 26 and 33 most likely due to collapsed repeats or dupli-
cations. This needs to be taken into account when interpreting
the population genomics data.

3.2 | Genome-Wide Differentiation and Population
Structure

Low pass sequencing was carried out on Arctic charr sampled
from four lakes: Thingvallavatn and Myvatn in Iceland, and
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Sirdalsvatnet and Vangsvatnet in Norway, representing 2-4
genetically and ecologically distinct morphs per lake (Figure 1;
Table S1). Sequence coverage per individual was on average
2.1+£0.9X (range: 0.22-6.11X; Figure S4). Inference of pop-
ulation structure was done using genotype likelihoods from
the ANGSD software (Korneliussen et al. 2014). As expected
from the geographic distances between these lakes and the to-
pography of their out-flowing rivers, we found strong genetic
differentiation between lakes (Figure 2a-c). Furthermore,
and consistent with earlier studies (Gislason 1998; Hindar
et al. 1986; Kapralova et al. 2011; Xiao et al. 2024), different
morphs from the same lake clustered tightly along the first
two principal component (PC) axes (Figure 2a,b). Admixture
analysis with PCAngsd gave the highest support at K=5
(Figure 2c) and, as in the case of the PCA, revealed genetic
separation by lakes, but also two distinct clusters in Lake
Sirdalsvatnet, highlighting strong genetic differentiation be-
tween the dwarf benthic and large pelagic morphs in this
lake. Consistently, the neighbour-joining tree showed four
clusters separating the four lakes with an additional split in
Sirdalsvatnet (Figure 2d). Pairwise Fst values between popu-
lation pairs (i.e., lakes) ranged from 0.30+0.20 to 0.41 +0.22
(Figure 2e), further indicating substantial genetic differentia-
tion among lakes. Notably, nucleotide diversity was higher in
the Norwegian lakes (0.20%-0.22%) compared to the Icelandic
lakes (0.16%-0.17%; Table S5).

3.3 | Genetic Differentiation and Population
Structure Between Morphs Within Each Lake

First, we compared dwarf benthic and large pelagic morphs
in the Norwegian lakes Sirdalsvatnet and Vangsvatnet and
found high genome-wide divergence between the morphs
from Sirdalsvatnet (Figure 3a,b). Admixture analysis showed
the highest support at K=2, separating the two morphs in
Sirdalsvatnet (Figure 3b). The average Fst value between the
two morphs in Sirdalsvatnet was 0.19+0.19 (meanzs.d).
In sharp contrast, the corresponding morphs (dwarf ben-
thic and large pelagic) in Vangsvatnet were not genetically
differentiated (Figure 3c,d), and average Fst was as low as
0.01+£0.00 (mean =+ s.d). The genome-wide contrast (GWC) de-
tected genome-wide differentiation between the Sirdalsvatnet
morphs (Figure S6a, Table S6), consistent with strong repro-
ductive isolation and genetic differentiation at both neutral
and adaptive loci. Genetic differentiation may have occurred
sympatrically or, alternatively, the two populations may have
colonised the lake separately. As expected, no significant dif-
ferentiation was found in a GWC between the two morphs in
Lake Vangsvatnet (Figure S6b). This could indicate that the
two morphs in Vangsvatnet are not reproductively isolated.

In Lake Myvatn, we compared fish classified as small benthic
and large generalist. PCA showed two distinct genetic groups
separated along the PC1 axis that explained 7.6% of the vari-
ance (Figure 3e). Additionally, admixture analysis suggested
the presence of K=2 distinct genetic backgrounds with little
evidence of shared genetic variation, as indicated by two LG
individuals exhibiting ~10%-24% admixture from the SB group
(Figure 3f). The average Fst+s.d. (0.03£0.05) indicates a mod-
erate level of genetic differentiation between morphs in Myvatn.

A GWC contrasting these genetically classified morphs detected
single nucleotide polymorphisms (SNPs, n=198) exceeding the
Bonferroni-adjusted significance threshold across 20 scaffolds
(Figure Sé6c, Table S6).

Lake Thingvallavatn harbours four morphs, and the first PC
(4.2% of variance) separated the benthic morphs from the plank-
tivorous morph and the majority of piscivorous individuals,
while PC2 (1.2% of variance) separated the small and large ben-
thivorous morphs (Figure 3g). The result confirms previously
published findings based on allozyme loci (Magnusson and
Ferguson 1987) and microsatellites (Gislason 1998). As pre-
viously reported (Gudbrandsson et al. 2019), most piscivorous
individuals grouped with or close to the planktivorous charr
cluster; however, several individuals fell in between the large
benthivorous and piscivorous/planktivorous clusters. Estimated
admixture proportions with PCAngsd suggested K=2 genetic
backgrounds, likely corresponding to the broad separation of
benthivorous and piscivorous/planktivorous morphs, as re-
vealed by PC1. However, NGSadmix detected an additional layer
of genetic structure (K =3, Figure S7a,b), consistent with the sep-
aration of the small and large benthivorous morphs (captured by
PC2) with evidence of shared genetic variation between the four
morphs (Figure 3h). Notably, the Fst values (Figure S7c) for the
benthivorous versus planktivorous morph pairs suggested mod-
erate differentiation (Fst in the range 0.06+0.03 to 0.08 £0.07),
while the piscivorous/planktivorous contrast exhibited minimal
differentiation (Fst=0.02+0.02). Fst between large/small ben-
thivorous morphs equalled 0.04+0.06. Consistent with these
data, the GWC analysis identified multiple genomic regions
showing significant genetic differentiation, defined by clusters
of SNPs (from 563 to 9861; Table S6) exceeding the genome-wide
significance threshold (p <1x1071%), between all morph pairs
from Thingvallavatn (Table S6, Figure S6d-i) except for the
piscivorous/planktivorous contrast, where a single significant
SNP was found on scaffold 15 (Figure S6i).

3.4 | Genetic Differentiation at Putative
Inversions Present in Lake Thingvallavatn

We next investigated the genomic regions that differentiate the
two benthivorous morphs (LB and SB) in Lake Thingvallavatn.
Highly differentiated SNPs above the Bonferroni threshold
(p<1x1071%) were detected across 33 scaffolds and unplaced
scaffolds (Figure 4a, Table S6). Notably, four of the major out-
lier loci involved large genomic regions spanning 0.88 Mb on
scaffold 4 (489 SNPs with p<1x1071), 0.45Mb on scaffold 5
(409 SNPs), 0.81 Mb on scaffold 9 (277 SNPs) and 0.75Mb on
scaffold 17 (273 SNPs) (Figure 4b-e). A closer look at these
loci revealed a block-like pattern with many SNPs showing
strong genetic differentiation and with sharp drops in differ-
entiation at each end of the block, a pattern consistent with
the presence of inversions (Han et al. 2020). However, we note
that similar patterns could also occur in the absence of inver-
sions in regions with suppressed recombination combined
with natural selection that maintains favourable haplotype
combinations. Strong linkage disequilibrium (LD) among
SNPs within inversions was restricted to a subset of SNPs
(p<1x1071% with the top outlier SNP, particularly on scaf-
folds: 4 (r> mean +SD: 0.5+0.07), 5 (> mean + SD: 0.5+ 0.09),
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FIGURE2 | Genetic differentiation in Arctic charr among lakes and morphs. PCA, Admixture and Neighbour-joining tree analyses generated in
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9 (r» mean+SD: 0.5+0.08) and 17 (r> mean=+SD: 0.4+0.9)
(Figure 4b-e, Table S5). These putative inversions contain al-
together 64 genes: 30 on scaffold 4, 1 on scaffold 5, 1 on scaf-
fold 9 and 32 on scaffold 17 (Table S8). A summary of the most

differentiated SNPs (p<1x1071%) for each region, including
their nearest gene and relative position to genes (e.g., nonsyn-
onymous, synonymous, upstream, downstream or intergenic)
as determined by snpEff are presented in Table S9.
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FIGURE 3 | Genetic differentiation among Arctic charr morphs in two Norwegian and two Icelandic lakes. Scores of individuals along PC1 and
PC2 with the genetic variance explained from PCA (left), and ancestry proportions (right) for each lake. PC scores were generated using PCAngsd,
and individual ancestry proportions were estimated with NGSadmix based on a list of SNPs pruned for linkage disequilibrium and MAF > 0.05 in ev-
ery lake. The numbers of SNPs used per population: (a, b) Sirdalsvatnet (0.95 million SNPs), (c, d) Vangsvatnet (0.91 million SNPs), (e, f) Myvatn (0.69
million SNPs) and (g, h) Thingvallavatn (0.70 million SNPs). Colours on PCA plots indicating the sympatric morphs of Arctic charr for Sirdalsvatnet
and Vangsvatnet: Dwarf benthic (DB) and Large pelagic (LP); for Myvatn, Large generalist (LG) and Small benthic (Krus, SB), and Thingvallavatn,
Piscivorous (Pi), Planktivorous (PL), Large benthivorous (LB) and Small benthivorous (SB).

We calculated nucleotide diversity (6) for each haplotype within
the four putative inversions to assess levels of genetic variation
that reflect their evolutionary history. First, we determined the
genotype at each locus (Table S10) and calculated nucleotide di-
versity for individuals homozygous for either the small or the
large benthivorous-associated inversion haplotype (Figure 4f).
While the genome-wide nucleotide diversity was very similar in
the two morphs (dwarf: 0.15%; large benthic: 0.14%), the average
6 values within the putative inversions at scaffolds 4, 5 and 9
were significantly higher (Wilcoxon test, p<0.01) in the small
(from 0.06% to 0.21%) than in the large benthivorous morph
(from 0.04% to 0.13%). In contrast, within the putative inversion

on scaffold 17, nucleotide diversity was similar between the two
benthivorous morphs, with an average of 0.04% in both cases
(Figure 4f, Table S11). We further explored the patterns of gen-
otypes over these putative inversions, using only diagnostic
markers (p <1x107'%) among morphs from Thingvallavatn and
the other lakes (Figure S8). This analysis illustrates the striking
genetic differentiation between small and large benthivorous
morphs of Thingvallavatn at these loci. These distinct patterns
were further supported by local PCA conducted on all SNPs
within each putative inversion region, with the exception of scaf-
fold 17, where the haplotype structure was less clearly resolved
(Figure S9). Furthermore, the large benthivorous haplotypes at
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FIGURE 4 | Genetic differentiation between small and large benthivorous morphs of Arctic charr in Thingvallavatn. (a) Genome scan based on
estimated allele frequencies for individual SNPs. Gene annotations are shown for the top 0.001% of significant SNPs at putative inversions marked
by stars. (b-€) Zoom-in profile of four putative inversion regions in (a). Top panel: Linkage disequilibrium (LD), measured as r?, between the top sig-
nificantly associated SNP and surrounding variants; bottom panel: Pairwise LD (r?) among all genotypes within each region, including the following
genomic regions (b) Scaffold 4: 75.25-76.13 Mb, (c) Scaffold 5: 22.30-22.75Mb, (d) Scaffold 9: 61.30-62.11Mb and (e) Scaffold 17: 32.45-33.20 Mb.
The horizontal red and blue lines indicate Bonferroni corrected significance thresholds with significance levels =103 and a=10"%, respectively,

after taking into account that 107 SNPs were used. (f) Wilcoxon rank test of theta (6, nucleotide diversity) distributions across the genome and within

putative inversion regions. Significance levels: *p <0.05, **p <0.01, ***p <0.001, ns indicates p>0.05.

scaffolds 4, 5 and 17 were strikingly similar to the haplotypes
dominating among the pelagic morphs in the lake. We also ex-
plored the possibility that these putative inversions might seg-
regate in any of the other three lakes included in this study, but
we found no evidence for a similar pattern involving the entire
regions (Figure S8). However, there was an interesting pattern
at two relatively large fragments (61,387,699-61,393,705bp; and
61,501,590-61,615,879bp) within the putative inversion region
on scaffold 9: 61.3-62.1 Mb, in which the small benthic morphs
from Thingvallavatn (Iceland) and Sirdalsvatnet (Norway)
shared haplotypes (Figure S8), whereas the planktivorous
morph from Sirdalsvatnet shared the haplotypes of the large
benthivorous morph from Thingvallavatn. This haplotype shar-
ing likely represents ancestral polymorphisms that may have
contributed to morph differentiation in many lake systems. In
Thingvallavatn, alleles at these ancestral loci became part of the
putative inversion.

We next pooled all benthivorous (SB and LB) individuals as
one group and compared allele frequencies SNP-by-SNP with
data consisting of all pelagic (Pi and PL) individuals from
Thingvallavatn. The analysis detected extremely differentiated
SNPs (p<1x107%5) across 37 scaffolds (Figure 5a). Moreover,
similar to the observed contrast between dwarf and large ben-
thivorous morphs, eight prominent outlier loci on six scaffolds
exhibited a pattern suggesting putative inversions. These in-
clude large regions of 2.3Mb (1429 SNPs with p<1x1071%)
and 2.7Mb (896 SNPs) on scaffold 1; 2.3Mb (787 SNPs) and
3.25Mb (846 SNPs) on scaffold 3; 0.78 Mb on scaffold 8 (487
SNPs), 2.4Mb on scaffold 9 (498 SNPs), 0.54Mb on scaffold 14
(462 SNPs) and 0.76 Mb on scaffold 40 (259 SNPs) (Figure 5b-g).
There is strong LD among alleles within the eight inversions
with the top significant SNP, particularly on scaffold 1:16.3-
18.6Mb (¥ mean+SD: 0.39+0.09), scaffold 1:19.5-22.2Mb
(r* mean+SD: 0.31+0.08), scaffold 3: 33.5-35.8Mb (r* range:
0.2-0.6, mean=+SD: 0.35+0.08), scaffold 3: 37.3-40.6Mb (r?
mean = SD: 0.47+0.07), scaffold 8 (#> mean+SD: 0.42+0.10),
scaffold 9 (> mean=SD: 0.32+0.06), scaffold 14 (r? range:
0.2-0.6, mean +SD: 0.45+0.08) and scaffold 40 (¥* mean +SD:
0.30£0.05) (Figure 5b-g, Table S7). These regions harbour a
total of 211 genes with 28 genes on scaffold 1:16.3-18.6 Mb, 42
on scaffold 1:19.5-22.2 Mb, 27 on scaffold 3: 33.5-35.8 Mb, 61 on
scaffold 3: 37.3-40.6 Mb, 11 on scaffold 8, 23 on scaffold 9, 5 on
scaffold 14 and 14 on scaffold 40 (Table S8). The most differ-
entiated SNPs (p <1x1071) for each region and their effects in
relation to the closest genes are summarised in Table S9.

We estimated nucleotide diversity per haplotype at each inver-
sion locus using individuals homozygous for the benthic and
pelagic inversion haplotypes (Tables S11 and S12; Figure Sh).

The analysis revealed consistent and significantly lower nucle-
otide diversities (Wilcoxon test, p<0.01) among benthic inver-
sion haplotypes at five out of eight candidate inversions despite
very similar genome-wide nucleotide diversity in the two morph
groups (Figure 5h).

The pattern of genotype distributions at the eight putative
inversion loci was further explored using diagnostic mark-
ers (p<1x107%) among benthic versus pelagic morphs from
Thingvallavatn (Figure S10). The genotype heatmap revealed
distinct genotype patterns between the benthic and pelagic
morphs. PCA conducted for each inversion region (including
all SNPs) further supported this pattern, consistently cluster-
ing individuals by genotype class (Figure S11). Notably, the
pattern of clear genotype-based clustering held across all in-
version regions except for the one located on scaffold 3: 37.3-
40.6 Mb, where the separation between genotype classes was
less distinct. Additionally, the analysis of genotype distribu-
tions showed that none of the putative inversions detected in
Thingvallavatn is shared intact with the other lakes, suggest-
ing that if these are true inversions, they do not have a wide
geographic distribution. However, there were several exam-
ples of haplotype sharing for parts of the putative inversions
for which the pattern was consistent across morphs and lake
systems. Patterns of haplotype sharing were observed between
Thingvallavatn and Myvatn morphs along three distinct re-
gions  (16,453,643-16,910,602bp;  17,026,128-17,057,348 bp;
17,464,035-17,653,321 bp) of the putative inversion on scaffold
1 (16.3-18.6 Mb). Additionally, similar patterns of differentia-
tion were evident between Thingvallavatn and Sirdalsvatnet
morphs along parts of the putative inversions 16.3-18.6 Mb
(17,464,035-17,653,321bp) and 19.5-22.2Mb  (20,429,418-
20,718,588bp) on scaffold 1, and within putative inversion
38.4-40.8Mb (39,292,876-39,384,683bp) on scaffold 9. An
exception to the rule that the small and large benthivorous
morphs shared haplotypes at these putative inversions occurs
at scaffold 8, where the large benthivorous morph shares hap-
lotypes with the pelagic and piscivorous morphs (Figure S10).

3.5 | Genetic Differentiation and Population
Structure Between Morphs Across Lakes

The analysis of the putative inversion regions suggested the
existence of some haplotype sharing between the same type of
morphs across lakes. We therefore extended this analysis to the
remaining part of the genome outside the putative inversions.
Thingvallavatn was selected as the starting point for our anal-
yses due to the clear signals of genetic differentiation among
morphs in this lake.
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FIGURE 5 | Genetic differentiation between benthic (large and small benthivorous) and pelagic (piscivorous and planktivorous) Arctic charr
morphs in Thingvallavatn. (a) Genome scan based on estimated allele frequencies for individual SNPs. Gene annotations are shown for the top
0.001% of significant SNPs at putative inversions marked by stars and at scaffold 34. (b-g) Zoom-in profile of four putative inversion regions in (a).
Top panel: Linkage disequilibrium (LD), measured as R?, between the top significantly associated SNP and surrounding variants; bottom panel:
Pairwise LD (r?) among all genotypes within each region, including the following genomic regions, including (b) Scaffold 1: 16.30-18.60 Mb and
19.50-22.20 Mb, (c) Scaffold 3: 33.50-35.80 Mb and 37.35-40.60 Mb, (d) Scaffold 8: 29.05-29.83 Mb, (e) Scaffold 9: 38.40-40.80 Mb, (f) Scaffold 14:
6.33-6.87Mb and (g) Scaffold 40: 16.25-17.01 Mb. The horizontal red and blue lines indicate Bonferroni corrected significance thresholds with
significance levels a =107% and a = 1073, respectively, after taking into account that 107 SNPs were used. (h) Wilcoxon rank test of theta (8, nucle-

otide diversity) distributions across the genome and within putative inversion regions. Significance levels: *p <0.05, **p <0.01, ***p <0.001, ns

indicates p>0.05.

We screened for the presence of shared patterns of differentiation
between morphs from different lakes using the most differenti-
ated genomic regions (p <1x1071) obtained in the dwarf/large
benthivorous (Figure 4a) and benthic/pelagic morph contrasts
(Figure 5a) from Thingvallavatn. Only two genomic regions
outside the putative inversions showed strong differentiation be-
tween dwarf and large benthivorous morphs in Thingvallavatn,
but no similar patterns were found across lakes (Figure S12).

On the other hand, a notable example of parallel genetic dif-
ferentiation between lakes emerged in regions differentiating
benthic and pelagic morphs, especially on scaffold 34 in the
comparison between Thingvallavatn and Myvatn. The heat-
map of allele frequency distributions across lakes (Figure S13)
along with the corresponding predicted genotypes for individ-
ual fish (Figure S14a) showed that the small benthic morphs
from Myvatn carried a haplotype for the region on scaffold 34:
18.36-18.45Mb closely related to the one dominating among
benthic morphs from Thingvallavatn. There was a moderate to
strong LD (r? range: 0.0 to 0.88, mean+s.d.: 0.26 +0.19) among
genotypes within both lakes for this region (Figure S12b). This
genomic region contains seven genes, LRP10, MMP14, ACINU,
AJUBA, CD244, FCRL5 and RM52 with the currently known
functions: LRP10 involved in lipid metabolism (Willnow 1999);
heterochrony in MMP14 expression along with other genes was
associated with terminal/benthic mouth phenotype in sucker
fish (Searle et al. 2024); ACINU plays a role in splicing regulation
as well as in other cellular pathways (Rodor et al. 2016); AJUBA
may be involved in regulating cell growth and differentiation
decisions during early development (Kanungo et al. 2000);
CD244 is an immunoregulatory receptor found on a variety of
immune cells (Agresta et al. 2020); FCRL5 is also involved in im-
mune system regulation (Chorazy et al. 2021); and RM52 plays
a critical role in the maintenance of genome integrity under oxi-
dative stress conditions (de Souza-Pinto et al. 2009). A summary
of the annotated genes and the most highly differentiated SNPs
(p<1x107%) can be found in Tables S8 and S7, respectively.

To validate the presence of shared haplotypes, we carried out
principal component analysis for individuals homozygous for
the benthic (59 individuals) and pelagic (71 individuals) hap-
lotypes from Thingvallavatn and Myvatn (Table S14). The
analysis was based on a set of markers (5000 SNPs) located
within the region 18.36-18.45Mb of scaffold 34. The PCA ex-
plained a substantial proportion of variance (PC1: 33.3% and
PC2: 22.8%) and illustrated distinct clustering of homozygous
benthic and pelagic inversion haplotype samples from the two
lakes (Figure S14c). Notably, PC2 further differentiated between

benthic and pelagic individuals from Thingvallavatn and
Myvatn, highlighting their genetic divergence despite observed
haplotype sharing. To further explore this genetic structure, we
constructed two neighbour-joining phylogenetic trees of individ-
uals being homozygous for benthic and pelagic haplotypes from
the two lakes, both within and outside the shared region on scaf-
fold 34 (Figure S14d,e). The clustering within the shared region
(Figure S14d) was consistent with PCA results and followed the
classification of morphs across lakes, whereas the results for the
region outside the shared haplotype showed a clustering based
on lake as for the rest of the genome (Figure S14e). The branch
lengths separating the clusters of individuals with benthic hap-
lotypes from different lakes or between pelagic haplotypes from
different lakes were shorter than between haplotypes within
lakes (Figure S14d). Pairwise Fst values among two benthic
groups (0.11) and within two pelagic groups (0.21) were lower
compared to those estimated across groups (Myvatn: Fst=0.81;
Thingvallavatn: Fst=0.81). This region on scaffold 34 consti-
tutes another possible example of a shared ancestral polymor-
phism contributing to morph differentiation in different lake
systems.

4 | Discussion

4.1 | Establishing a Reference Genome Assembly
for Arctic Charr

Here, we have established a high-quality, scaffold-level genome
assembly for the Arctic charr and provide gene annotation based
on short and long-read RNA sequencing from multiple tissues
including early developmental stages and cross-species com-
parisons. This provides a major advance for omics studies of
this Arctic fish as well as for its utilisation in aquaculture (Kess
et al. 2021; Pappas et al. 2023).

4.2 | Genetic Diversity in Arctic Charr

We found that the nucleotide diversity within populations was in
the range 0.16%-0.22%, with higher values in Norwegian lakes
(aged around 10,000 years) compared to Icelandic ones (aged
around 2,300years, Myvatn). Most of the sequence diversity ob-
served among morphs must be much older than the postglacial
lake colonisation within the last 10,000years because it takes a
much longer time to build up a nucleotide diversity exceeding
0.16%. Thus, the nucleotide diversity within populations reflects
historical founder events and demographic processes following
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postglacial recolonisation of lake systems. It is possible, however,
that secondary contact with divergent lineages has contributed
to the level of genetic diversity, although the studied populations
are not located near known contact zones in Atlantic Canada
or Western Greenland and current mitochondrial data suggest
that they fall within the core distribution of the Atlantic lineage
(Brunner et al. 2001; Dallaire et al. 2025; Jacobsen et al. 2021;
Salisbury et al. 2019).

4.3 | The Genetic Basis of Morph Differentiation

The population structure among Arctic charr from two Icelandic
and two Norwegian lakes based on whole genome resequencing
is largely consistent with previous results on Arctic charr from
the Northern hemisphere based on more sparse sets of genetic
markers (reviewed by Salisbury and Ruzzante 2022). Firstly,
populations clearly cluster by lakes rather than by morphs
(Figure 2a). Our data are consistent with a scenario of early
postglacial isolation of these Arctic charr populations in the
four lakes as impassable waterfalls formed downstream of the
lakes (Hindar et al. 1986; Kapralova et al. 2011). Secondly, we
revealed three levels of genetic differentiation among sympat-
ric morphs. In Lake Vangsvatnet (i) no genetic differentiation
was found (Figure 3d), implying that the phenotypic differen-
tiation between the small benthic and planktivorous morphs in
this lake is due to plasticity. In Lake Thingvallavatn (Figure 3h)
and Myvatn (Figure 3f), we find (ii) clear genetic differentiation,
localised in specific regions of the genome that far exceed the
genomic background (Figure S6c,d-i), suggesting incomplete
reproductive isolation and gene flow that tends to homogenise
allele frequencies at neutral loci. Finally, in Lake Sirdalsvatnet,
we find (iii) strong genetic differentiation across the entire ge-
nome (Figure 3a), consistent with complete or near complete
reproductive isolation.

Why does the degree of genetic differentiation among morphs
within lakes vary so much? Important factors include the time
that has passed since a lake was colonised and chance events
when critical steps towards differentiation occurred. Lake
Vangsvatnet, estimated to be around 10,000years old based on
dating from a neighbouring fjord (Romundset et al. 2010), was
likely colonised approximately 7,000years BP (Jonsson and
Hindar 1982). In contrast, Lake Sirdalsvatnet is much older,
likely been ice-free since 15,000years BP. However, due to its
location above high waterfalls, the exact timing of Arctic charr
colonisation remains uncertain. Another possibility is that ge-
netically differentiated populations of charr colonised the same
lake. However, the most important factor is likely ecological
conditions within lakes (Woods et al. 2013). This is illustrated by
the two Norwegian lakes showing drastically different popula-
tion structures. In Vangsvatnet, we found no genetic differentia-
tion between morphs (Figure 3c,d), whereas the corresponding
morphs in Sirdalsvatnet showed strong, genome-wide diver-
gence (Figure 3a,b). The results are in line with differences in
spawning habits (timing and area), where in Vangsvatnet (60 m
deep) the two morphs partly co-occur in the spawning areas
and may interbreed. Jonsson and Hindar (1982) reported that
some small benthic females were found together with planktiv-
orous males in shallow waters during spawning. In contrast, in
Sirdalsvatnet (165m deep) the majority of benthic and pelagic

morphs spawn separately (the pelagic morph spawns at a depth
of 0-32m in November, whereas small benthic charr spawn at
55-70m depth throughout the year (Hesthagen et al. 1995), most
of them in June-September, Table S1) limiting possible gene
flow. Morphs in both lakes exhibit habitat segregation for signif-
icant portions of the year. However, during periods of food sur-
plus, this segregation seems to diminish in Vangsvatnet (Hindar
and Jonsson 1982). Consistent with genetic differentiation, mor-
phological studies suggest that the two morphs in Sirdalsvatnet
differ more from each other in terms of the number of gill rakers,
body size at sexual maturity, growth and number of eggs per
body size (Hesthagen et al. 1995) than what the two morphs in
Vangsvatnet do (Hindar and Jonsson 1982). In one of the deep-
est lakes in Norway, Tinnsjeen, in addition to dwarf benthic
and planktivorous morphs, there is also a piscivorous morph,
and a 5cm long, colourless charr at the deepest part of the lake
(460 m) (Dstbye et al. 2020), similar to the one found in the 288 m
deep Gander Lake, Canada (Kess et al. 2021; O'Connell and
Dempson 2002). This illustrates how variation in environmen-
tal conditions impacts sympatric differentiation in Arctic charr.

We noted clear genetic differentiation between morphs in Lake
Myvatn (Iceland) implying that gene flow must be limited.
Although the two morphs appear to overlap in timing and loca-
tion of spawning (Table S1), specifically within the main spawn-
ing ground of the generalist morph, microhabitat preferences
for sites of spawning and size-assortative mate choice most
likely limit inter-morph mating. Myvatn was formed around
2300years ago (Einarsson et al. 2004). Thus, the Arctic charr in
Myvatn has a relatively recent colonisation history compared to
Thingvallavatn and the two Norwegian lakes. The genome-wide
changes observed in the Myvatn Arctic charr may include adap-
tive responses to various factors such as physical features of the
benthic littoral zone and the extreme fluctuations of potential
prey populations in the soft bottom and pelagic habitats of the
main lake basins.

Thingvallavatn formed ~10,000years ago, first as a glacial lake
and later, following large lava flows from the northern and
eastern sides, as a spring-fed lake (Saemundsson 1992). The
lake was likely colonised by charr shortly thereafter. Our anal-
ysis of nucleotide diversity revealed reduced genetic diversity
within the Thingvallavatn populations (6 =0.16%) as compared
to other lakes (6=0.17%-0.22%). While all postglacial lake
populations may have experienced founder effects, the timing
and colonisation history can differ across lakes, and these fac-
tors influence levels of nucleotide diversity. Geological events
of the postglacial period, such as large lava flows, opening and
collapsing of rifts connected to the lake and abrupt changes of
water levels (Saemundsson 1992), could have impacted the ge-
netic connectivity of morphs and led to reductions in popula-
tion size and genetic drift resulting in loss of genetic diversity.
However, despite the lower nucleotide diversity, Thingvallavatn
showed the most extensive phenotypic diversity with four dis-
tinct morphs present. This is most likely explained by the rich
variety of habitats within this lake. The pattern of genetic dif-
ferentiation among the four morphs present in Thingvallavatn
seen in the genome-wide data (Figure 3h) confirmed previous
results based on much smaller sets of genetic markers (Gislason
et al. 1999; Gudbrandsson et al. 2019; Kapralova et al. 2011).
While genetic differentiation between the large benthic, small
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benthic and planktivorous morphs was clear, the genome-wide
data showed that most piscivorous individuals were closely
related to the planktivorous morph, but some showed inter-
mediate or closer genetic affinities towards the large benthic
morph (Figure 3h), a pattern consistent with previous reports
(Gudbrandsson et al. 2019; Magnusson and Ferguson 1987;
Volpe and Ferguson 1996; Xiao et al. 2024). A potential scenario
is that the piscivorous charr in this lake have emerged and con-
tinue to emerge from the planktivorous fish via ontogenetic di-
etary shift to piscivory (Snorrason et al. 1994), a transition that
leads to increased size at maturity thus opening the possibility
of hybridisation with the large benthic morph. However, we
cannot exclude the possibility that large benthic males could be
misclassified as piscivorous charr due to the similar head mor-
phology (elongated lower jaw-hook). Some of these fish were
found to be running in October when piscivorous charr were
sampled (Gudbrandsson et al. 2019).

4.4 | Identification of 12 Putative Inversions in
Arctic Charr From Thingvallavatn

A major advantage of the present study (whole genome se-
quencing and the use of a high-quality genome assembly) com-
pared to previous studies using limited sets of markers is that
the genome-wide patterns of genetic differentiation become
apparent. This resulted in the detection of as many as 12 puta-
tive inversions contributing significantly to the differentiation
among morphs in Thingvallavatn (Figures 4 and 5). It is an
open question whether these are true inversions or large hap-
lotype blocks present due to reduced recombination and natu-
ral selection. It is challenging to identify inversion breakpoints
based on short-read data since inversions are often flanked by
repeats (Wellenreuther and Bernatchez 2018). Thus, further
characterisation of these putative inversions will require long-
read sequencing of haplotypes. The results of this study together
with a previous report of a 1.2Mb candidate inversion segregat-
ing in a population of Arctic charr in Northern Canada (Hale
et al. 2021) add Arctic charr to a long list of fish species where
putative or confirmed inversions play a significant role for in-
traspecies genetic differentiation. These include, for instance,
Atlantic salmon where a large number of inversions have been
reported (Bertolotti et al. 2020; Lien et al. 2016; Lubieniecki
et al. 2010; Stenlekk et al. 2022), Atlantic herring in which
four confirmed inversions contribute to ecological adaptation
related to water temperature (Fuentes-Pardo et al. 2024; Han
et al. 2020; Jamsandekar et al. 2024), Atlantic silverside with 13
putative inversions (Akopyan et al. 2022) and European sprat
with six putative inversions related to adaptation of this marine
fish to brackish water bodies (Pettersson et al. 2024). Another
example is the identification of large chromosomal inversions
in rainbow trout associated with multiple adaptive traits (Pearse
et al. 2019) or geographical distribution (Hale et al. 2024).

Notably, several genes located within the putative inversions
identified in our study were also highlighted in relation to
morph differentiation in previous transcriptomic and popu-
lation genetic studies. For example, within the inversion on
scaffold 4 detected in the contrast between small/large benthi-
vorous morphs, the WEE1, GASI and DEN5A genes (Table S8)
were previously identified as genetically differentiated based on

transcriptome sequencing (Gudbrandsson et al. 2019). WEEI is
a critical regulator of cell cycle progression and mitosis (Nurse
and Thuriaux 1980). GASI is associated with embryonic cranial
skeleton development and palate formation (Seppala et al. 2007),
while DEN5A is involved in the negative regulation of neurite
outgrowth (Han et al. 2016).

Among the genes located within putative inversions in the
benthic/pelagic morph comparison (Table S8), a previous tran-
scriptome study identified SNPs in COX11 and LRRCI on scaf-
fold 3 (37.3-40.6 Mb) that showed strong genetic differentiation
between morphs, consistent with our findings (Gudbrandsson
et al. 2019). Furthermore, AP2 located within the putative inver-
sion scaffold 8 was found to be differentially expressed between
benthic and limnetic charr (Gudbrandsson et al. 2019). AP2 was
also previously shown to be associated with craniofacial devel-
opment in zebrafish (Knight et al. 2005), which highlights its
potential role in the formation of morph-specific craniofacial
traits in charr. Additionally, TIMP2 on scaffold 3: 37.3-40.6 Mb,
a gene primarily involved in regulating peripheral extracellu-
lar matrix remodelling (Ferreira et al. 2023) showed a 3.8-fold
higher expression in the developing head in charr embryos of
benthic morphs compared with pelagic morphs from Lake
Thingvallavatn (Ahi et al. 2014).

We noted a clear trend of differences in the level of nucleotide
diversity between haplotypes at the 12 putative inversions de-
tected in Thingvallavatn. The nucleotide diversity was consis-
tently higher among the small benthic haplotypes compared
with the large benthic haplotypes (Figure 4f). Similarly, the
pelagic haplotypes had consistently higher nucleotide diversity
than the benthic haplotypes (Figure 5h). In both cases, there was
no significant difference between morphs in genome-wide nu-
cleotide diversity, making it highly unlikely that differences in
demographic history of the morphs explain the difference at the
putative inversions. A reduced nucleotide diversity for one of the
alleles at an inversion locus may reflect that this is the derived
allele and/or that it has experienced a recent selective sweep.

4.5 | Arctic Charr as a Model in Evolutionary
Biology

An important question addressed in this study is the genetic
basis for the characteristic sympatric differentiation in Arctic
charr and to which extent genetic differentiation is based on
ancestral polymorphisms shared among lake systems as well as
genetic parallelism (i.e., how often the same or paralogous genes
have contributed to adaptation). Firstly, it is clear that this spe-
cies has an inherent ability to form phenotypically differentiated
morphs even in the absence of genetic differentiation as noted
for the Arctic charr in Vangsvatnet. This phenotypic plasticity
is probably driven by the exploitation of different food resources
benthic versus pelagic in particular (Andersson et al. 2005;
Klemetsen et al. 2006; Sktlason et al. 1989). Secondly, genetic
differentiation accumulates as some degree of reproductive
isolation is established; for example, based on spawning loca-
tion and/or spawning time (Adams et al. 2006). Genetic adap-
tation is likely to be highly polygenic given the large number
of genomic regions showing high differentiation in the current
and previous studies (Salisbury and Ruzzante 2022), compared
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with the genomic background. This can be expected, given that
Arctic charr morphs show phenotypic differentiation in multi-
ple diverse traits such as feeding morphology, growth patterns,
feeding behaviour and spawning time (Jonsdottir et al. 2024;
Sandlund et al. 1992). However, neoteny has been suggested as
an important mechanism of morph formation as it influences
many of the traits involving allometric growth and life history
(Eiriksson et al. 1999; Skulason et al. 1989) and could in princi-
ple be driven by changes in one or few regulatory loci.

Our comparison across lakes and morphs revealed that none of
the 12 putative inversions showing strong genetic differentiation
among the four morphs in Thingvallavatn segregated intact,
with the same putative breakpoints, in any of the other three
lakes. Further, the majority of the signals of selection outside
the putative inversions do not appear to be shared among lakes.
Thus, genetic differentiation of benthic and pelagic morphs in
different lake systems show only limited sharing of specific
haplotypes associated with morph differentiation, for several
possible reasons. The long time since the lakes were isolated,
means independent evolution (no or limited gene flow between
geographically isolated lakes), the lakes are quite different in to-
pography and ecology and the phenotypes of the morphs differ
considerably (lack of morphological parallelism). However, a no-
table exception is a 90 kb region on scaffold 34, which represents
a shared region of differentiation between benthic and pelagic
morphs from Thingvallavatn and Myvatn, highlighting poten-
tial common adaptations across the Icelandic lakes (Figure S14).

Additionally, we found clear indications of haplotype blocks
of smaller segments within the putative inversion showing
consistent morph associations among lakes from Iceland and
Norway. One example is the putative inversion on scaffold 9
showing strong differentiation between small and large morphs
in Thingvallavatn, where more than half of this genomic region
replicates a similar pattern in Sirdalsvatnet (Figure S8). A possi-
ble scenario for the evolution of the putative inversions present
in Lake Thingvallavatn is that they contain a combination of
closely linked polymorphisms, some ancestral, that interact epi-
statically. This is a classical scenario for the adaptive evolution
of inversions (Kirkpatrick and Barton 2006). Haplotype sharing
among lakes may in some cases represent ancestral inversions,
but these inversion haplotypes have evolved by recombination,
which change the exact breakpoints. Inversions drastically re-
duce recombination but not completely. For instance, the in-
version determining the satellite male morph in the ruff wader
arose by a recombination event between an ancestral inversion
and a wild-type chromosome (Hill et al. 2023).

The results of the present study strongly suggest that whole ge-
nome resequencing of sympatric morphs from many lake sys-
tems in the Northern hemisphere presents a great opportunity to
dissect the most important genetic factors that have contributed
to the remarkable morph differentiation of Arctic charr across
the Arctic region. Low-pass sequencing of thousands of individ-
uals is a cost-effective approach to explore genotype—phenotype
relationships and for determining accurate population-specific
allele frequencies (Enbody et al. 2023). This combined with
limited long-read sequencing for the characterisation of major
structural variations, has the potential to establish the Arctic
charr as a model for adaptive evolution.

Author Contributions

K.G. and Z.0.J. led the development of the reference assembly. L.A.
led the population genomics project. K.K. was responsible for the
population genomics analysis. A.C. constructed the Tn5 libraries for
whole-genome sequencing. M.E.P. contributed to the population ge-
nomics analysis. K.H., L.L. and N.R. collected, stored and provided
DNA from the Norwegian samples for low pass sequencing. Z.0.J.,
S.S.S., A.P.and H.X. sampled the Icelandic lakes with the exception of
the large morph of Myvatn. Z.0.J., S.S.S. and A.P. dissected the L.B.
voucher sample for transcriptome sequencing. H.X. performed DNA
extractions from all Icelandic samples used for low pass sequencing.
G.D. and H.G.L. prepared the Hi-C libraries under the supervision of
H.S.M.O.F,K.B,, T.B,,L.C,,C.C.,, M.A.D,, A.I,N.I,, VK., S.L., S.M.,
D.S., RMW.,, CW.,, J.C., J.M.D.W. and A.D. contributed to the devel-
opment of the genome assembly. K.K. and L.A. wrote the paper with
input from other co-authors. All authors approved the manuscript
before submission.

Acknowledgements

Short-read Illumina sequencing was performed by the SNP&SEQ
Technology Platform in Uppsala. The facility is part of the National
Genomics Infrastructure (NGI) Sweden and Science for Life
Laboratory. The SNP&SEQ Platform is also supported by the Swedish
Research Council and the Knut and Alice Wallenberg Foundation.
Computational infrastructure was provided by the National Academic
Infrastructure for Supercomputing in Sweden, partially funded by the
Swedish Research Council through grant agreement no. 2022-06725.
The frozen tissue bank storing the Norwegian Arctic charr samples
used here is maintained with support from the Department of Zoology,
Stockholm University, the Swedish Research Council and Formas, the
Swedish Agency for Marine and Water Management, and the Swedish
Environmental Protection Agency. The authors acknowledge the
work of the ERGA Pilot Project coordinators, Ann Mc Cartney, Giulio
Formenti and Alice Mouton, in making this work possible by establish-
ing the necessary sample metadata collection infrastructure, including
the early establishment of the sample manifest collection process, the
ERGA manifest GitHub repository, the in-kind reagents from commer-
cial companies, as well as their constant coordination effort as part of
the ERGA Pilot Project daily activities. We thank Victor Albert for in-
sightful discussions during the revision of the manuscript.

Disclosure

Data Accessibility: All custom code used for processing and analysis
of the whole-genome re-sequencing data is available in https://github.
com/LeifAnderssonLab/Arctic_charr_morphs. Whole genome re-
sequencing data in this study have been deposited in the Sequence Read
Archive (SRA) under BioProject accession number PRINA1175689.
Metadata are also stored in the (SRA) under BioProject accession num-
ber PRINA1175689. Raw genomic reads used for reference genome as-
sembly and annotation, assembly sequences and reference annotations
are available from the European Nucleotide Archive under Project
PRJEB76174.

Benefit-Sharing Statement: This research was conducted in collabo-
ration with scientists from Sweden, Norway, Iceland and the United
Kingdom, who contributed genetic samples and reference genome
assembly and are all included as co-authors. The findings have been
shared with the contributing communities and disseminated to the
broader scientific community through publications and presentations
(see above). The study addresses a priority concern by enhancing ge-
nomic resources for Arctic charr, thereby supporting future research in
ecology, evolution and aquaculture.

Conflicts of Interest

The authors declare no conflicts of interest.

16 of 21

Molecular Ecology, 2025

85U8017 SUOWWOD BAIERID 3(edl|dde auy Aq peusenob a1e sejoie O ‘8sn J0 S8l Joj Akeid)8ul|UQ AB|IM UO (SUOIPUOD-PUR-SULIBI WD A8 1M Akeq Ul |Uo//Sciy) SUOIPUOD pUe Swie | 8y} 89S *[9202/T0/TZ] U ARiqi]auliuo A8|IM ‘Ssoueios i noLiBy JO AISBAIUN USIPOMS Ad S8002 98W/TTTT 0T/I0p/W00" A8 1M AIq 1 puljuo//:Sdny Wouy pepeojumoq ‘6T ‘SZ0Z ‘Xy62S9ET


https://github.com/LeifAnderssonLab/Arctic_charr_morphs
https://github.com/LeifAnderssonLab/Arctic_charr_morphs

Data Availability Statement

All custom code used for processing and analysis of the whole-genome
re-sequencing data are available in https://github.com/LeifAnders
sonLab/Arctic_charr_morphs. Whole-genome re-sequencing data in
this study have been deposited in the Sequence Read Archive under
BioProject accession number PRINA1175689. Raw genomic reads used
for reference genome assembly and annotation, assembly sequences
and reference annotations are available from the European Nucleotide
Archive under Project PRTEB76174.

References

Adams, C. E., D. J. Hamilton, I. Mccarthy, et al. 2006. “Does Breeding
Site Fidelity Drive Phenotypic and Genetic Sub-Structuring of a
Population of Arctic Charr?” Evolutionary Ecology 20, no. 1: 11-26.
https://doi.org/10.1007/S10682-005-2489-4/METRICS.

Adams, C. E., and P. S. Maitland. 2007. “Arctic Charr in Britain and
Ireland - 15 Species or One?” Ecology of Freshwater Fish 16, no. 1: 20—
28. https://doi.org/10.1111/J.1600-0633.2006.00179.X.

Agresta, L., M. Lehn, K. Lampe, et al. 2020. “CD244 Represents a New
Therapeutic Target in Head and Neck Squamous Cell Carcinoma.”
Journal for Immunotherapy of Cancer 8, no. 1: €000245. https://doi.org/
10.1136/JITC-2019-000245.

Ahi, E. P, K. H. Kapralova, A. Pdlsson, et al. 2014. “Transcriptional
Dynamics of a Conserved Gene Expression Network Associated With
Craniofacial Divergence in Arctic Charr.” EvoDevo 5, no. 1: 1-19. https://
doi.org/10.1186/2041-9139-5-40/FIGURES/5.

Akopyan, M., A. Tigano, A. Jacobs, A. P. Wilder, H. Baumann, and
N. O. Therkildsen. 2022. “Comparative Linkage Mapping Uncovers
Recombination Suppression Across Massive Chromosomal Inversions
Associated With Local Adaptation in Atlantic Silversides.” Molecular
Ecology 31, no. 12: 3323-3341. https://doi.org/10.1111/MEC.16472.

Alekseyev, S. S., V. P. Samusenok, A. N. Matveev, and M. Y.
Pichugin. 2002. “Diversification, Sympatric Speciation, and Trophic
Polymorphism of Arctic Charr, Salvelinus alpinus Complex.”
Transbaikalia. Environmental Biology of Fishes 64, no. 1-3: 97-114.
https://doi.org/10.1023/A:1016050018875/METRICS.

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
“Basic Local Alignment Search Tool.” Journal of Molecular Biology 215,
no. 3: 403-410. https://doi.org/10.1016/S0022-2836(05)80360-2.

Andersson, J., P. Bystrom, L. Persson, and A. M. De Roos. 2005.
“Plastic Resource Polymorphism: Effects of Resource Availability on
Arctic Char (Salvelinus alpinus) Morphology.” Biological Journal of the
Linnean Society 85, no. 3: 341-351. https://doi.org/10.1111/J.1095-8312.
2005.00501.X.

Andersson, L., D. Bekkevold, F. Berg, et al. 2024. “How Fish Population
Genomics Can Promote Sustainable Fisheries: A Road Map.” Annual
Review of Animal Biosciences 12: 1-20. https://doi.org/10.1146/annurev-
animal-021122-102933.

Bertolotti, A. C., R. M. Layer, M. K. Gundappa, et al. 2020. “The
Structural Variation Landscape in 492 Atlantic Salmon Genomes.”
Nature Communications 11, no. 1: 1-16. https://doi.org/10.1038/s4146
7-020-18972-x.

Binzer-Panchal, M., J. Dainat, and L. Soler. 2021. “NBIS Genome
Annotation Workflows (Version v1.0.0).” https://github.com/NBISw
eden/pipelines-nextflow/releases.

Brachmann, M. K., K. Parsons, S. Skulason, O. Gaggiotti, and M.
Ferguson. 2022. “Variation in the Genomic Basis of Parallel Phenotypic
and Ecological Divergence in Benthic and Pelagic Morphs of Icelandic
Arctic Charr (Salvelinus alpinus).” Molecular Ecology 31, no. 18: 4688-
4706. https://doi.org/10.1111/MEC.16625.

Brunner, P.C., M. R. Douglas, A. Osinov, C. C. Wilson, and L. Bernatchez.
2001. “Holarctic Phylogeography of Arctic Charr (Salvelinus alpinus L.)

Inferred From Mitochondrial DNA Sequences.” Evolution 55, no. 3:
573-586. https://doi.org/10.1111/j.0014-3820.2001.tb00790.x.

Chorazy, M., N. Wawrusiewicz-Kurylonek, E. Adamska-Patruno, et al.
2021. “Variants of Novel Immunomodulatory Fc Receptor Like 5 Gene
Are Associated With Multiple Sclerosis Susceptibility in the Polish
Population.” Frontiers in Neurology 12: 631134. https://doi.org/10.3389/
fneur.2021.631134.

Christensen, K. A., A.-M. Flores, J. Joshi, et al. 2024. “Masu Salmon
Species Complex Relationships and Sex Chromosomes Revealed
From Analyses of the Masu Salmon (Oncorhynchus masou) Genome
Assembly.” G3: Genes, Genomes, Genetics 278: 15. https://doi.org/10.
1093/g3journal/jkae278.

Ciccarelli, F. D., T. Doerks, C. Von Mering, C. J. Creevey, B. Snel, and
P. Bork. 2006. “Toward Automatic Reconstruction of a Highly Resolved
Tree of Life.” Science (New York, N.Y.) 311, no. 5765: 1283-1287. https://
doi.org/10.1126/science.1123061.

Cingolani, P., A. Platts, L. L. Wang, etal. 2012. “A Program for Annotating
and Predicting the Effects of Single Nucleotide Polymorphisms, SnpEff:
SNPs in the Genome of Drosophila melanogaster Strain w1118; Iso-2;
Iso-3.” Fly 6, no. 2: 80-92. https://doi.org/10.4161/fly.19695.

Corrigan, L. J., M. C. Lucas, I. J. Winfield, and A. R. Hoelzel. 2011.
“Environmental Factors Associated With Genetic and Phenotypic
Divergence Among Sympatric Populations of Arctic Charr (Salvelinus
alpinus).” Journal of Evolutionary Biology 24, no. 9: 1906-1917. https://
doi.org/10.1111/§.1420-9101.2011.02327.x.

Coyne, J. A., and H. A. Orr. 2004. Speciation. Sinauer Associates.

Dainat, J., D. Herend, K. D. Murray, et al. 2024. “NBISweden/AGAT:
AGAT-v1.4.1.“ https://doi.org/10.5281/zenodo.13799920.

Dallaire, X., E. Normandeau, T. Brazier, et al. 2025. “Leveraging Whole
Genomes, Mitochondrial DNA and Haploblocks to Decipher Complex
Cemographic Histories: An Example From a Broadly Admixed Arctic
Fish.” Molecular Ecology 34, no. 10: e17772. https://doi.org/10.1111/
mec.17772.

de Souza-Pinto, N. C., S. Maynard, K. Hashiguchi, J. Hu, M. Muftuoglu,
and V. A. Bohr. 2009. “The Recombination Protein RAD52 Cooperates
With the Excision Repair Protein OGG1 for the Repair of Oxidative
Lesions in Mammalian Cells.” Molecular and Cellular Biology 29, no.
16: 4441-4454. https://doi.org/10.1128/MCB.00265-09.

De-Kayne, R., S. Zoller, and P. G. D. Feulner. 2020. “A de Novo
Chromosome-Level Genome Assembly of Coregonus sp. “Balchen”: One
Representative of the Swiss Alpine Whitefish Radiation.” Molecular
Ecology Resources 20, no. 4: 1093-1109. https://doi.org/10.1111/1755-
0998.13187.

Einarsson, A., G. Stefansdéttir, H. Johannesson, et al. 2004. “The
Ecology of Lake Myvatn and the River Laxa: Variation in Space and
Time.” Aquatic Ecology 38, no. 2: 317-348. https://doi.org/10.1023/b:
2ec0.0000032090.72702.29.

Eiriksson, G. M., S. Skulason, and S. S. Snorrason. 1999. “Heterochrony
in Skeletal Development and Body Size in Progeny of Two Morphs of
Arctic Charr From Thingvallavatn, Iceland.” Journal of Fish Biology 55,
no. sA: 175-185. https://doi.org/10.1111/j.1095-8649.1999.tb01054.x.

Enbody, E. D., M. E. Pettersson, C. G. Sprehn, S. Palm, H. Wickstrom,
and L. Andersson. 2021. “Ecological Adaptation in European Eels Is
Based on Phenotypic Plasticity.” Proceedings of the National Academy of
Sciences of the United States of America 118, no. 4: €2022620118. https://
doi.org/10.1073/pnas.202262011.

Enbody, E. D., A. T. Sendell-Price, C. Grace Sprehn, et al. 2023.
“Community-Wide Genome Sequencing Reveals 30 Years of Darwin's
Finch Evolution.” Science 381, no. 6665: eadf6218. https://doi.org/10.
1126/science.adf6218.

Ferreira, A. C., B. M. Hemmer, S. M. Philippi, et al. 2023. “Neuronal
TIMP2 Regulates Hippocampus-Dependent Plasticity and Extracellular

17 of 21

85U8017 SUOWWOD BAIERID 3(edl|dde auy Aq peusenob a1e sejoie O ‘8sn J0 S8l Joj Akeid)8ul|UQ AB|IM UO (SUOIPUOD-PUR-SULIBI WD A8 1M Akeq Ul |Uo//Sciy) SUOIPUOD pUe Swie | 8y} 89S *[9202/T0/TZ] U ARiqi]auliuo A8|IM ‘Ssoueios i noLiBy JO AISBAIUN USIPOMS Ad S8002 98W/TTTT 0T/I0p/W00" A8 1M AIq 1 puljuo//:Sdny Wouy pepeojumoq ‘6T ‘SZ0Z ‘Xy62S9ET


https://github.com/LeifAnderssonLab/Arctic_charr_morphs
https://github.com/LeifAnderssonLab/Arctic_charr_morphs
https://doi.org/10.1007/S10682-005-2489-4/METRICS
https://doi.org/10.1111/J.1600-0633.2006.00179.X
https://doi.org/10.1136/JITC-2019-000245
https://doi.org/10.1136/JITC-2019-000245
https://doi.org/10.1186/2041-9139-5-40/FIGURES/5
https://doi.org/10.1186/2041-9139-5-40/FIGURES/5
https://doi.org/10.1111/MEC.16472
https://doi.org/10.1023/A:1016050018875/METRICS
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1111/J.1095-8312.2005.00501.X
https://doi.org/10.1111/J.1095-8312.2005.00501.X
https://doi.org/10.1146/annurev-animal-021122-102933
https://doi.org/10.1146/annurev-animal-021122-102933
https://doi.org/10.1038/s41467-020-18972-x
https://doi.org/10.1038/s41467-020-18972-x
https://github.com/NBISweden/pipelines-nextflow/releases
https://github.com/NBISweden/pipelines-nextflow/releases
https://doi.org/10.1111/MEC.16625
https://doi.org/10.1111/j.0014-3820.2001.tb00790.x
https://doi.org/10.3389/fneur.2021.631134
https://doi.org/10.3389/fneur.2021.631134
https://doi.org/10.1093/g3journal/jkae278
https://doi.org/10.1093/g3journal/jkae278
https://doi.org/10.1126/science.1123061
https://doi.org/10.1126/science.1123061
https://doi.org/10.4161/fly.19695
https://doi.org/10.1111/j.1420-9101.2011.02327.x
https://doi.org/10.1111/j.1420-9101.2011.02327.x
https://doi.org/10.5281/zenodo.13799920
https://doi.org/10.1111/mec.17772
https://doi.org/10.1111/mec.17772
https://doi.org/10.1128/MCB.00265-09
https://doi.org/10.1111/1755-0998.13187
https://doi.org/10.1111/1755-0998.13187
https://doi.org/10.1023/b:aeco.0000032090.72702.a9
https://doi.org/10.1023/b:aeco.0000032090.72702.a9
https://doi.org/10.1111/j.1095-8649.1999.tb01054.x
https://doi.org/10.1073/pnas.202262011
https://doi.org/10.1073/pnas.202262011
https://doi.org/10.1126/science.adf6218
https://doi.org/10.1126/science.adf6218

Matrix Complexity.” Molecular Psychiatry 28, no. 9: 3943-3954. https://
doi.org/10.1038/s41380-023-02296-5.

Fox, D. T., D. E. Soltis, P. S. Soltis, T. L. Ashman, and Y. Van de Peer.
2020. “Polyploidy: A Biological Force From Cells to Ecosystems.”
Trends in Cell Biology 30, no. 9: 688-694. https://doi.org/10.1016/J.TCB.
2020.06.006.

Fuentes-Pardo, A. P., R. Stanley, C. Bourne, et al. 2024. “Adaptation
to Seasonal Reproduction and Environment-Associated Factors Drive
Temporal and Spatial Differentiation in Northwest Atlantic Herring
Despite Gene Flow.” Evolutionary Applications 17: €13675. https://doi.
org/10.1111/eva.13675.

Gislason, D. 1998. “Genetic and Morphological Variation in Polymorphic
Arctic Charr, Salvelinus alpinus From Icelandic Lakes.” M.Sc. Thesis,
University of Guelph. https://www.collectionscanada.gc.ca/obj/s4/f2/
dsk2/ftp01/MQ33225.pdf.

Gislason, D., M. M. Ferguson, S. Skulason, and S. S. Snorrason. 1999.
“Rapid and Coupled Phenotypic and Genetic Divergence in Icelandic
Arctic Char (Salvelinus alpinus).” Canadian Journal of Fisheries and
Aquatic Sciences 56, no. 12: 2229-2234. https://doi.org/10.1139/£99-245.

Gordeeva, N. V., S. S. Alekseyev, A. N. Matveev, and V. P. Samusenok.
2014. “Parallel Evolutionary Divergence in Arctic Char Salvelnius
alpinus Complex From Transbaikalia: Variation in Differentiation
Degree and Segregation of Genetic Diversity Among Sympatric Forms.”
Canadian Journal of Fisheries and Aquatic Sciences 72, no. 1: 96-115.
https://doi.org/10.1139/cjfas-2014-0014.

Grant, P. R., and B. R. Grant. 2020. How and Why Species Multiply.
Princeton University Press. https://doi.org/10.2307/j.ctvx5wc23.

Gudbrandsson, J., K. H. Kapralova, S. R. Franzdottir, et al. 2019.
“Extensive Genetic Differentiation Between Recently Evolved
Sympatric Arctic Charr Morphs.” Ecology and Evolution 9, no. 19:
10964-10983. https://doi.org/10.1002/ece3.5516.

Hale, M. C., M. A. Campbell, and G. J. McKinney. 2021. “A Candidate
Chromosome Inversion in Arctic Charr (Salvelinus alpinus) Identified
by Population Genetic Analysis Techniques.” G3: Genes, Genomes,
Genetics 11, no. 10: jkab267. https://doi.org/10.1093/g3journal/jkab267.

Hale, M. C., D. E. Pearse, and M. A. Campbell. 2024. “Characterization
and Distribution of a 14-Mb Chromosomal Inversion in Native
Populations of Rainbow Trout (Oncorhynchus mykiss).” G3: Genes,
Genomes, Genetics 14, no. 7: jkael00. https://doi.org/10.1093/g3journal/
jkael00.

Han, C., R. Alkhater, T. Froukh, et al. 2016. “Epileptic Encephalopathy
Caused by Mutations in the Guanine Nucleotide Exchange Factor
DENNDS5A.” American Journal of Human Genetics 99, no. 6: 1359-1367.
https://doi.org/10.1016/j.ajhg.2016.10.006.

Han, F., M. Jamsandekar, M. E. Pettersson, et al. 2020. “Ecological
Adaptation in Atlantic Herring Is Associated With Large Shifts in Allele
Frequencies at Hundreds of Loci.” eLife 9: 1-20. https://doi.org/10.7554/
ELIFE.61076.

Hesthagen, T., K. Hindar, B. Jonsson, J.-O. Ousdal, and H. Holthe. 1995.
“Effects of Acidification on Normal and Dwarf Arctic Charr Salvelinus
alpinus (L.) in a Norwegian Lake.” Biological Conservation 74: 115-123.

Hill, J., E. D. Enbody, H. Bi, et al. 2023. “Low Mutation Load in a
Supergene Underpinning Alternative Male Mating Strategies in
Ruff (Calidris pugnax).” Molecular Biology and Evolution 40, no. 12:
msad224. https://doi.org/10.1093/MOLBEV/MSAD224.

Hindar, K., and B. Jonsson. 1982. “Habitat and Food Segregation of
Dwarf and Normal Arctic Charr ( Salvelinus alpinus) From Vangsvatnet
Lake, Western Norway.” Canadian Journal of Fisheries and Aquatic
Sciences 39, no. 7: 1030-1045. https://doi.org/10.1139/{82-138.

Hindar, K., and B. Jonsson. 1993. “Ecological Polymorphism in Arctic
Charr.” Biological Journal of the Linnean Society 48, no. 1: 63-74. https://
doi.org/10.1111/J.1095-8312.1993.TB00877.X.

Hindar, K., N. Ryman, and G. Stahl. 1986. “Genetic Differentiation
Among Local Populations and Morphotypes of Arctic Charr, Salvelinus
alpinus.” Biological Journal of the Linnean Society 27, no. 3: 269-285.
https://doi.org/10.1111/j.1095-8312.1986.tb01737.x.

Jacobsen, M. W., N. W. Jensen, R. Nygaard, et al. 2021. “A melting pot in
the Arctic: Analysis of mitogenome variation in Arctic char (Salvelinus
alpinus) reveals a 1000-km contact zone between highly divergent lin-
eages.” Ecology of Freshwater Fish 31, no. 2: 330-346. https://doi.org/10.
1111/eft.12633.

Jamsandekar, M., M. S. Ferreira, M. E. Pettersson, E. D. Farrell, B.
W. Davis, and L. Andersson. 2024. “The Origin and Maintenance of
Supergenes Contributing to Ecological Adaptation in Atlantic Herring.”
Nature Communications 15, no. 1: 1-19. https://doi.org/10.1038/s41467-
024-53079-7.

Johnson, L. 1980. “The Arctic Charr, Salvelinus alpinus.” In Salmonid
Fishes of the Genus Salvelinus, edited by E. Balon, 15-98. Dr. W. Junk
bv Publishers.

Joénsdéttir, G. O., L. M. Von Elm, F. Ingimarsson, et al. 2024. “Diversity
in the Internal Functional Feeding Elements of Sympatric Morphs of
Arctic Charr (Salvelinus alpinus).” PLoS One 19, no. 5: €0300359. https://
doi.org/10.1371/JOURNAL.PONE.0300359.

Jonsson, B., and K. Hindar. 1982. “Reproductive Strategy of Dwarf
and Normal Arctic Charr (Salvelinus alpinus) From Vangsvatnet Lake,
Western Norway.” Canadian Journal of Fisheries and Aquatic Sciences
39, no. 10: 1404-1413. https://doi.org/10.1139/82-189.

Kanungo, J., S. J. Pratt, H. Marie, and G. D. Longmore. 2000. “Ajuba, a
Cytosolic LIM Protein, Shuttles Into the Nucleus and Affects Embryonal
Cell Proliferation and Fate Decisions.” Molecular Biology of the Cell 11,
no. 10: 3299-3313. https://doi.org/10.1091/mbc.11.10.3299.

Kapralova, K. H., M. B. Morrissey, B. K. Kristjansson, G. A. Lafsdottir,
S. S. Snorrason, and M. M. Ferguson. 2011. “Evolution of Adaptive
Diversity and Genetic Connectivity in Arctic Charr (Salvelinus alpi-
nus) in Iceland.” Heredity 106, no. 3: 472. https://doi.org/10.1038/HDY.
2010.161.

Kess, T., J. B. Dempson, S. J. Lehnert, et al. 2021. “Genomic Basis of
Deep-Water Adaptation in Arctic Charr (Salvelinus alpinus) Morphs.”
Molecular Ecology 30: 4415-4432. https://doi.org/10.1111/mec.16033.

Kim, S. Y., K. E. Lohmueller, A. Albrechtsen, et al. 2011. “Estimation
of Allele Frequency and Association Mapping Using Next-Generation
Sequencing Data.” BMC Bioinformatics 12, no. 1: 1-16. https://doi.org/
10.1186/1471-2105-12-231.

Kirkpatrick, M., and N. Barton. 2006. “Chromosome Inversions, Local
Adaptation and Speciation.” Genetics 173, no. 1: 419-434. https://doi.
org/10.1534/genetics.105.047985.

Klemetsen, A. 2010. “The Charr Problem Revisited: Exceptional
Phenotypic Plasticity Promotes Ecological Speciation in Postglacial
Lakes.” Freshwater Reviews 3, no. 1: 49-74. https://doi.org/10.1608/FRJ-
3.1.3.

Klemetsen, A., R. Knudsen, R. Primicerio, and P. A. Amundsen. 2006.
“Divergent, Genetically Based Feeding Behaviour of Two Sympatric
Arctic Charr, Salvelinus alpinus (L.), morphs.” Ecology of Freshwater
Fish 15, no. 3: 350-355. https://doi.org/10.1111/J.1600-0633.2006.
00128.X.

Knight, R. D., Y. Javidan, T. Zhang, S. Nelson, and T. F. Schilling. 2005.
“AP2-Dependent Signals From the Ectoderm Regulate Craniofacial
Development in the Zebrafish Embryo.” Development (Cambridge,
England) 132, no. 13: 3127-3138. https://doi.org/10.1242/DEV.01879.

Korneliussen, T. S., A. Albrechtsen, and R. Nielsen. 2014. “ANGSD:
Analysis of Next Generation Sequencing Data.” BMC Bioinformatics 15,
no. 1: 1-13. https://doi.org/10.1186/S12859-014-0356-4.

Lawniczak, M. K. N., R. Durbin, P. Flicek, et al. 2022. “Standards
Recommendations for the Earth BioGenome Project.” Proceedings of the

18 of 21

Molecular Ecology, 2025

85U8017 SUOWWOD BAIERID 3(edl|dde auy Aq peusenob a1e sejoie O ‘8sn J0 S8l Joj Akeid)8ul|UQ AB|IM UO (SUOIPUOD-PUR-SULIBI WD A8 1M Akeq Ul |Uo//Sciy) SUOIPUOD pUe Swie | 8y} 89S *[9202/T0/TZ] U ARiqi]auliuo A8|IM ‘Ssoueios i noLiBy JO AISBAIUN USIPOMS Ad S8002 98W/TTTT 0T/I0p/W00" A8 1M AIq 1 puljuo//:Sdny Wouy pepeojumoq ‘6T ‘SZ0Z ‘Xy62S9ET


https://doi.org/10.1038/s41380-023-02296-5
https://doi.org/10.1038/s41380-023-02296-5
https://doi.org/10.1016/J.TCB.2020.06.006
https://doi.org/10.1016/J.TCB.2020.06.006
https://doi.org/10.1111/eva.13675
https://doi.org/10.1111/eva.13675
https://www.collectionscanada.gc.ca/obj/s4/f2/dsk2/ftp01/MQ33225.pdf
https://www.collectionscanada.gc.ca/obj/s4/f2/dsk2/ftp01/MQ33225.pdf
https://doi.org/10.1139/f99-245
https://doi.org/10.1139/cjfas-2014-0014
https://doi.org/10.2307/j.ctvx5wc23
https://doi.org/10.1002/ece3.5516
https://doi.org/10.1093/g3journal/jkab267
https://doi.org/10.1093/g3journal/jkae100
https://doi.org/10.1093/g3journal/jkae100
https://doi.org/10.1016/j.ajhg.2016.10.006
https://doi.org/10.7554/ELIFE.61076
https://doi.org/10.7554/ELIFE.61076
https://doi.org/10.1093/MOLBEV/MSAD224
https://doi.org/10.1139/f82-138
https://doi.org/10.1111/J.1095-8312.1993.TB00877.X
https://doi.org/10.1111/J.1095-8312.1993.TB00877.X
https://doi.org/10.1111/j.1095-8312.1986.tb01737.x
https://doi.org/10.1111/eff.12633
https://doi.org/10.1111/eff.12633
https://doi.org/10.1038/s41467-024-53079-7
https://doi.org/10.1038/s41467-024-53079-7
https://doi.org/10.1371/JOURNAL.PONE.0300359
https://doi.org/10.1371/JOURNAL.PONE.0300359
https://doi.org/10.1139/f82-189
https://doi.org/10.1091/mbc.11.10.3299
https://doi.org/10.1038/HDY.2010.161
https://doi.org/10.1038/HDY.2010.161
https://doi.org/10.1111/mec.16033
https://doi.org/10.1186/1471-2105-12-231
https://doi.org/10.1186/1471-2105-12-231
https://doi.org/10.1534/genetics.105.047985
https://doi.org/10.1534/genetics.105.047985
https://doi.org/10.1608/FRJ-3.1.3
https://doi.org/10.1608/FRJ-3.1.3
https://doi.org/10.1111/J.1600-0633.2006.00128.X
https://doi.org/10.1111/J.1600-0633.2006.00128.X
https://doi.org/10.1242/DEV.01879
https://doi.org/10.1186/S12859-014-0356-4

National Academy of Sciences of the United States of America 119, no. 4:
€2115639118. https://doi.org/10.1073/pnas.2115639118.

Li, H. 2013. “Aligning Sequence Reads, Clone Sequences and Assembly
Contigs With BWA-MEM.” http://github.com/lh3/bwa.

Lien, S., B. F. Koop, S. R. Sandve, et al. 2016. “The Atlantic Salmon
Genome Provides Insights Into Rediploidization.” Nature 533, no. 7602:
200-205. https://doi.org/10.1038/naturel7164.

Lubieniecki, K. P., S. L. Jones, E. A. Davidson, et al. 2010. “Comparative
Genomic Analysis of Atlantic Salmon, Salmo salar, From Europe and
North America.” BMC Genetics 11, no. 1: 1-10. https://doi.org/10.1186/
1471-2156-11-105.

Macqueen, D. J., and I. A. Johnston. 2014. “A Well-Constrained
Estimate for the Timing of the Salmonid Whole Genome Duplication
Reveals Major Decoupling From Species Diversification.” Proceedings of
the Royal Society B: Biological Sciences 281, no. 1778: 20132881. https://
doi.org/10.1098/RSPB.2013.2881.

Magnusson, K. P., and M. M. Ferguson. 1987. “Genetic Analysis of
Four Sympatric Morphs of Arctic Charr, Salvelinus alpinus, From
Thingvallavatn, Iceland.” Environmental Biology of Fishes 20, no. 1:
67-73. https://doi.org/10.1007/BF00002026.

Malmgquist, H.J., S. S. Snorrason, and S. Skulason. 1985. “The Biology of
Arctic Charr (Salvelinus alpinus (L.)) in Lake Thingvallavatn, Iceland.”
Feeding Ecology 55: 195-207.

Mc Cartney, A. M., G. Formenti, A. Mouton, et al. 2024. “The European
Reference Genome Atlas: Piloting a Decentralised Approach to
Equitable Biodiversity Genomics.” NPJ Biodiversity 3, no. 1: 1-17.
https://doi.org/10.1038/s44185-024-00054-6.

Meisner, J., and A. Albrechtsen. 2018. “Inferring Population Structure
and Admixture Proportions in Low-Depth NGS Data.” Genetics 210, no.
2:719-731. https://doi.org/10.1534/genetics.118.301336.

Meérot, C., E. L. Berdan, H. Cayuela, et al. 2021. “Locally Adaptive
Inversions Modulate Genetic Variation at Different Geographic Scales
in a Seaweed Fly.” Molecular Biology and Evolution 38, no. 9: 3953-3971.
https://doi.org/10.1093/MOLBEV/MSAB143.

Moccetti, P., A. Siwertsson, R. Kjer, et al. 2019. “Contrasting Patterns
in Trophic Niche Evolution of Polymorphic Arctic Charr Populations
in Two Subarctic Norwegian Lakes.” Hydrobiologia 840, no. 1: 281-299.
https://doi.org/10.1007/S10750-019-3969-9.

Nugent, C. M., A. A. Easton, J. D. Norman, M. M. Ferguson, and R.
G. Danzmann. 2017. “A SNP Based Linkage Map of the Arctic Charr
(Salvelinus alpinus) Genome Provides Insights Into the Diploidization
Process After Whole Genome Duplication.” G3: Genes, Genomes, Genetics
7,no. 2: 543-556. https://doi.org/10.1534/G3.116.038026/-/DC1.

Nurse, P., and P. Thuriaux. 1980. “Regulatory Genes Controlling Mitosis
in the Fission Yeast Schizosaccharomyces pombe.” Genetics 96, no. 3:
627-637. https://doi.org/10.1093/genetics/96.3.627.

O'Connell, M. F.,, and J. B. Dempson. 2002. “The Biology of Arctic
Charr, Salvelinus Alpinus, of Gander Lake, a Large, Deep, Oligotrophic
Lake in Newfoundland, Canada.” Environmental Biology of Fishes 64,
no. 1-3: 115-126. https://doi.org/10.1023/A:1016001423937.

Ostbye, K., M. Hagen Hassve, A. M. Peris Tamayo, M. Hagenlund, T.
Vogler, and K. Prabel. 2020. ““And if You Gaze Long Into an Abyss, the
Abyss Gazes Also Into Thee”: Four Morphs of Arctic Charr Adapting to
a Depth Gradient in Lake Tinnsjeen.” Evolutionary Applications 13, no.
6:1240-1261. https://doi.org/10.1111/EVA.12983.

Pappas, F., K. Kurta, T. Vanhala, et al. 2023. “Whole-Genome Re-
Sequencing Provides Key Genomic Insights in Farmed Arctic Charr
(Salvelinus alpinus) Populations of Anadromous and Landlocked Origin
From Scandinavia.” Evolutionary Applications 16, no. 4: 797-813.
https://doi.org/10.1111/EVA.13537.

Pearse, D. E.,, N. J. Barson, T. Nome, et al. 2019. “Sex-Dependent
Dominance Maintains Migration Supergene in Rainbow Trout.” Nature

Ecology & Evolution 3, no. 12: 1731-1742. https://doi.org/10.1038/s4155
9-019-1044-6.

Pettersson, M. E., M. Quintela, F. Besnier, et al. 2024. “Limited
Parallelism in Genetic Adaptation to Brackish Water Bodies in
European Sprat and Atlantic Herring.” Genome Biology and Evolution
16, no. 7: evael33. https://doi.org/10.1093/gbe/evael33.

Picelli, S., A. K. Bjérklund, B. Reinius, S. Sagasser, G. Winberg, and R.
Sandberg. 2014. “Tn5 Transposase and Tagmentation Procedures for
Massively Scaled Sequencing Projects.” Genome Research 24, no. 12:
2033-2040. https://doi.org/10.1101/GR.177881.114.

R Core Team. 2019. “R: A Language and Environment for Statistical
Computing”. https://www.r-project.org/.

Rodor, J., Q. Pan, B. J. Blencowe, E. Eyras, and J. F. Caceres. 2016. “The
RNA-Binding Profile of Acinus, a Peripheral Component of the Exon
Junction Complex, Reveals Its Role in Splicing Regulation.” RNA 22, no.
9: 1411-1426. https://doi.org/10.1261/RNA.057158.116.

Romundset, A., @. S. Lohne, J. Mangerud, and J. I. Svendsen. 2010.
“The First Holocene Relative Sea-Level Curve From the Middle Part of
Hardangerfjorden, Western Norway.” Boreas 39, no. 1: 87-104. https://
doi.org/10.1111/J.1502-3885.2009.00108.X.

Rondeau, E.B.,K. A. Christensen, D.R. Minkley, et al. 2023. “Population-
Size History Inferences From the Coho Salmon (Oncorhynchus kisutch)
Genome.” G3 GeneslGenomesl|Genetics 13, no. 4: 33. https://doi.org/10.
1093/G3JOURNAL/JKADO033.

Saemundsson, K. 1992. “Geology of the Thingvallavatn Area.” Oikos 64,
no. 1/2: 40-68. https://doi.org/10.2307/3545042.

Saha, A., S. Kurland, V. E. Kutschera, et al. 2024. “Monitoring Genome-
Wide Diversity Over Contemporary Time With New Indicators Applied
to Arctic Charr Populations.” Conservation Genetics 25, no. 2: 513-531.
https://doi.org/10.1007/S10592-023-01586-3.

Salisbury, S.J., G. R. McCracken, D. Keefe, R. Perry, and D. E. Ruzzante.
2019. “Extensive Secondary Contact Among Three Glacial Lineages
of Arctic Char (Salvelinus alpinus) in Labrador and Newfoundland.”
Ecology and Evolution 9, no. 4: 2031-2045. https://doi.org/10.1002/
ECE3.4893.

Salisbury, S. J., G. R. McCracken, R. Perry, et al. 2020. “Limited
Genetic Parallelism Underlies Recent, Repeated Incipient Speciation
in Geographically Proximate Populations of an Arctic Fish (Salvelinus
alpinus).” Molecular Ecology 29, no. 22: 4280-4294. https://doi.org/10.
1111/MEC.15634.

Salisbury, S. J., and D. E. Ruzzante. 2022. “Genetic Causes and
Consequences of Sympatric Morph Divergence in Salmonidae: A Search
for Mechanisms.” Annual Review of Animal Biosciences 10: 81-106.
https://doi.org/10.1146/ANNUREV-ANIMAL-051021-080709.

Sandlund, O. T., K. Gunnarsson, P. M. Jonasson, et al. 1992. “The Arctic
Charr Salvelinus alpinus in Thingvallavatn.” Oikos 64, no. 1/2: 305.
https://doi.org/10.2307/3545056.

Searle, P. C., D. K. Shiozawa, R. P. Evans, et al. 2024. “Heterochronic
Shift in Gene Expression Leads to Ontogenetic Morphological
Divergence Between Two Closely Related Polyploid Species.” IScience
27, no. 4: 109566. https://doi.org/10.1016/J.ISCI.2024.109566.

Seppala, M., M. J. Depew, D. C. Martinelli, C. M. Fan, P. T. Sharpe,
and M. T. Cobourne. 2007. “Gasl Is a Modifier for Holoprosencephaly
and Genetically Interacts With Sonic Hedgehog.” Journal of Clinical
Investigation 117, no. 6: 1575-1584. https://doi.org/10.1172/JCI32032.

Simonsen, M. K., A. Siwertsson, C. E. Adams, P. A. Amundsen, K.
Prebel, and R. Knudsen. 2017. “Allometric Trajectories of Body and
Head Morphology in Three Sympatric Arctic Charr (Salvelinus alpinus
(L.)) Morphs.” Ecology and Evolution 7, no. 18: 7277-7289. https://doi.
org/10.1002/ece3.3224.

Skotte, L., T. S. Korneliussen, and A. Albrechtsen. 2013. “Estimating
Individual Admixture Proportions From Next Generation Sequencing

19 of 21

85U8017 SUOWWOD BAIERID 3(edl|dde auy Aq peusenob a1e sejoie O ‘8sn J0 S8l Joj Akeid)8ul|UQ AB|IM UO (SUOIPUOD-PUR-SULIBI WD A8 1M Akeq Ul |Uo//Sciy) SUOIPUOD pUe Swie | 8y} 89S *[9202/T0/TZ] U ARiqi]auliuo A8|IM ‘Ssoueios i noLiBy JO AISBAIUN USIPOMS Ad S8002 98W/TTTT 0T/I0p/W00" A8 1M AIq 1 puljuo//:Sdny Wouy pepeojumoq ‘6T ‘SZ0Z ‘Xy62S9ET


https://doi.org/10.1073/pnas.2115639118
http://github.com/lh3/bwa
https://doi.org/10.1038/nature17164
https://doi.org/10.1186/1471-2156-11-105
https://doi.org/10.1186/1471-2156-11-105
https://doi.org/10.1098/RSPB.2013.2881
https://doi.org/10.1098/RSPB.2013.2881
https://doi.org/10.1007/BF00002026
https://doi.org/10.1038/s44185-024-00054-6
https://doi.org/10.1534/genetics.118.301336
https://doi.org/10.1093/MOLBEV/MSAB143
https://doi.org/10.1007/S10750-019-3969-9
https://doi.org/10.1534/G3.116.038026/-/DC1
https://doi.org/10.1093/genetics/96.3.627
https://doi.org/10.1023/A:1016001423937
https://doi.org/10.1111/EVA.12983
https://doi.org/10.1111/EVA.13537
https://doi.org/10.1038/s41559-019-1044-6
https://doi.org/10.1038/s41559-019-1044-6
https://doi.org/10.1093/gbe/evae133
https://doi.org/10.1101/GR.177881.114
https://www.r-project.org/
https://doi.org/10.1261/RNA.057158.116
https://doi.org/10.1111/J.1502-3885.2009.00108.X
https://doi.org/10.1111/J.1502-3885.2009.00108.X
https://doi.org/10.1093/G3JOURNAL/JKAD033
https://doi.org/10.1093/G3JOURNAL/JKAD033
https://doi.org/10.2307/3545042
https://doi.org/10.1007/S10592-023-01586-3
https://doi.org/10.1002/ECE3.4893
https://doi.org/10.1002/ECE3.4893
https://doi.org/10.1111/MEC.15634
https://doi.org/10.1111/MEC.15634
https://doi.org/10.1146/ANNUREV-ANIMAL-051021-080709
https://doi.org/10.2307/3545056
https://doi.org/10.1016/J.ISCI.2024.109566
https://doi.org/10.1172/JCI32032
https://doi.org/10.1002/ece3.3224
https://doi.org/10.1002/ece3.3224

Data.” Genetics 195, no. 3: 693-702. https://doi.org/10.1534/genetics.
113.154138.

Skulason, S., D. l. G. Noakes, and S. S. Snorrason. 1989. “Ontogeny
of Trophic Morphology in Four Sympatric Morphs of Arctic Charr
Salvelinus alpinus in Thingvallavatn, Iceland.” Biological Journal of the
Linnean Society 38, no. 3: 281-301. https://doi.org/10.1111/J.1095-8312.
1989.TB01579.X.

Skulason, S., K. J. Parsons, R. Svanbick, et al. 2019. “A Way Forward
With Eco Evo Devo: An Extended Theory of Resource Polymorphism
With Postglacial Fishes as Model Systems.” Biological Reviews 94, no. 5:
1786-1808. https://doi.org/10.1111/BRV.12534.

Smith, R., E. Hitkolok, T. Loewen, A. Dumond, and H. Swanson.
2024. “Migration Timing and Marine Space Use of an Anadromous
Arctic Fish (Arctic Char, Salvelinus alpinus) Revealed by Local Spatial
Statistics and Network Analysis.” Movement Ecology 12, no. 1: 1-20.
https://doi.org/10.1186/S40462-024-00455-Z/FIGURES/7.

Snorrason, S. S., S. Skulason, B. Jonsson, et al. 1994. “Trophic
Specialization in Arctic Charr Salvelinus alpinus (Pisces; Salmonidae):
Morphological Divergence and Ontogenetic Niche Shifts.” Biological
Journal of the Linnean Society 52, no. 1: 1-18. https://doi.org/10.1111/J.
1095-8312.1994.TB00975.X.

Stenlokk, K., M. Saitou, L. Rud-Johansen, et al. 2022. “The Emergence
of Supergenes From Inversions in Atlantic Salmon.” Philosophical
Transactions of the Royal Society B 377, no. 1856: 20210195. https://doi.
org/10.1098/RSTB.2021.0195.

Volpe, J. P., and M. M. Ferguson. 1996. “Molecular Genetic Examination
of the Polymorphic Arctic Charr Salvelinus alpinus of Thingvallavatn,
Iceland.” Molecular Ecology 5, no. 6: 763-772. https://doi.org/10.1111/J.
1365-294X.1996.TB00372.X.

Wellenreuther, M., and L. Bernatchez. 2018. “Eco-Evolutionary
Genomics of Chromosomal Inversions.” Trends in Ecology & Evolution
33, no. 6: 427-440. https://doi.org/10.1016/J.TREE.2018.04.002.

Willnow, T. E. 1999. “The Low-Density Lipoprotein Receptor Gene
Family: Multiple Roles in Lipid Metabolism.” Journal of Molecular
Medicine 77, no. 3: 306-315. https://doi.org/10.1007/S001090050356.

Woods, P. J., S. Skulason, S. S. Snorrason, B. K. Kristjansson, F.
Ingimarsson, and H. J. Malmquist. 2013. “Variability in the Functional
Role of Arctic Charr Salvelinus alpinus as It Relates to Lake Ecosystem
Characteristics.” Environmental Biology of Fishes 96, no. 12: 1361-1376.
https://doi.org/10.1007/S10641-013-0114-X.

Xiao, H., A. Palsson, Z. O. Jénsson, and S. Snorrason. 2024. “Gene
Flow and Habitat Heterogeneity Shape Coexistence Dynamics of Arctic
Charr Morphs in Connected Lakes.” https://doi.org/10.22541/au.17353
1304.47377188/v1.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Syntenic regions identified
between assembly scaffolds and the Canadian Arctic charr high-density
linkage map. GBS sequences assigned to sex-specific linkage groups de-
scribed in Nugent et al. (2017) were mapped to the 40 chromosome-level
scaffolds in the assembly. Linkage groups for the male (A) and female
(B) maps are shown in rows while scaffolds are shown in columns. The
figures in each cell represent the total number of GBS sequences shared
between the corresponding linkage group and scaffolds. Syntenic
blocks supported by three or more GBS sequences are highlighted in
black. Empty cells indicate a lack of shared sequences. Figure S2: Dot
plot comparisons of chromosome-level scaffolds and other Salvelinus sp
assemblies using D-GENIES (v1.5.0). The 40 chromosome-level scaf-
folds are shown as a target on the x-axis and other Salvelinus sp assem-
blies are shown as a query on the y-axis. Genomic alignments
representative of putative syntenic regions between assemblies are
shown are colour-coded lines reflecting the level of nucleotide identity
(yellow: <25%, orange: 25%-50%, green: 50%-75% and dark green:

>75%). (a) Dot plot analysis against chromosome-level scaffolds from a
possible hybrid with the Northern Dolly Varden (S. malma malma, ac-
cession number GCA_002910315.2) and (b) dot plot analysis against
chromosome-level scaffolds from a selectively bred line of Arctic charr
(Salvelinus alpinus; accession number GCA_045679555.1). Figure S3:
Genetic differentiation among Arctic charr morphs in Lake Myvatn. (a)
Scores of individuals along PC1 and PC2, and (b) ancestry proportions
of individuals assuming two clusters (K=2), estimated based on LD
pruned 0.69 million SNPs (MAF >0.05). The pre-assignment of morphs
was based on sampling habitats, but this analysis shows that this re-
sulted in many misclassifications. The samples were therefore reclassi-
fied to reflect the two distinct clusters detected here and these were used
in the subsequent genetic analysis. Morph abbreviations: Large general-
ist (LG) and Small benthic (Krus, SB). Figure S4: Distribution of aver-
age sequencing depth across individual Arctic charr samples (n=283).
A total of 22 individuals showed average sequencing depth below 1X.
Figure S5: The genome-wide sequencing depth distribution across all
samples and chromosomes. Average sequencing depth was computed in
500kb non-overlapping windows. Local spikes in sequencing depth
(e.g., on scaffolds 2, 13, 17, 22, 26 and 33) suggest the presence of some
collapsed duplications, but no evidence for whole-chromosome duplica-
tions was detected. Figure S6: Genomic differentiation between
morphs of Arctic charr from four lakes. Genome scan based on esti-
mated allele frequencies for individual SNPs. (a) Sirdalsvatnet, (b)
Vangsvatnet, (c) Myvatn and (d-i) Thingvallavatn. The x-axis represents
the scaffolds, and the y-axis represents the significance value (—
log10(P)-value) per SNP. Each dot corresponds to a single SNP. The hor-
izontal red line indicates the significance threshold based on Bonferroni
correction with the adjusted significance level for «=1073. Morph ab-
breviations for Sirdalsvatnet and Vangsvatnet: Dwarf benthic (DB) and
Large pelagic (LP); for Myvatn, Large generalist (LG) and Small benthic
(Krus, SB), and Thingvallavatn, Piscivorous (Pi), Planktivorous (PL),
Large benthivorous (LB) and Small benthivorous (SB). Figure S7:
Admixture analysis of individuals from Lake Thingvallavatn. (a)
Ancestry proportions generated in NGSAdmix based on LD pruned set
of 0.70 million SNPs (MAF > 0.05). Morph abbreviations: Piscivorous
(Pi), Planktivorous (PL), Large benthivorous (LB) and Small benthivo-
rous (SB). (b) Log-likelihoods for 1-10 clusters in the admixture analy-
sis. K=3 was determined to best represent the genetic structure in the
lake, aligning with the three distinct groups observed in the PCA plot
(Figure 3g). Increasing K beyond 3 resulted in only minor changes in
admixture proportions, suggesting that three main genetic groups cap-
ture the primary population structure within this lake. (c) Pairwise Fst
values illustrating genetic differentiation between the four morphs.
Figure S8: Predicted genotypes based on genotype likelihoods from di-
agnostic markers at four putative inversions distinguishing large and
small benthic morphs in Thingvallavatn. Genotype distributions sorted
by lake and morph are shown for the putative inversion regions on scaf-
folds 4, 5, 9 and 17. Morph abbreviations for Sirdalsvatnet and
Vangsvatnet: DB and LP; for Myvatn, LG and Small benthic (Krus, SB),
and Thingvallavatn, Pi, PL, LB and SB. Individuals are coloured accord-
ing to their estimated genotype. The black brackets indicate a shared
pattern of differentiation between morphs. Figure S9: Genetic differen-
tiation among Arctic charr large and small benthivorous morphs in
Lake Thingvallavatn. (a—d) Principal component scores (PC1 vs. PC2) of
individuals based on SNPs located within putative inversion regions.
Individuals are coloured according to their inferred genotype class (ho-
mozygous minor, heterozygous and homozygous major) as shown in
Figure S8. Point shapes indicate morph groups. Figure S10: Predicted
genotypes based on genotype likelihoods from diagnostic markers at six
putative inversions distinguishing Arctic charr benthic (large and small
benthivorous) and pelagic (piscivorous and planktivorous) morphs in
Thingvallavatn. Genotype distributions sorted by lake and morph are
shown for the putative inversion regions on scaffolds 1, 3, 8,9, 14 and 40.
Morph abbreviations for Sirdalsvatnet and Vangsvatnet: DB and LP; for
Myvatn, LG and Small benthic (Krus, SB), and Thingvallavatn, Pi, PL,
LB and SB. Individuals are coloured according to their estimated geno-
type. The black brackets indicate a shared pattern of differentiation be-
tween morphs. Figure S11: Genetic differentiation among Arctic charr
benthic (large and small benthivorous) and pelagic (piscivorous and
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planktivorous) morphs in Lake Thingvallavatn. (a-h) Principal compo-
nent scores (PC1 vs. PC2) of individuals based on SNPs located within
putative inversion regions. Individuals are coloured according to their
inferred genotype class (homozygous minor, heterozygous and homo-
zygous major) as shown in Figure S10. Point shapes indicate morph
groups. Figure S12: Allele frequency of diagnostic SNPs outside the
putative inversions selected based on the small/large benthivorous con-
trast of Arctic charr morphs from Thingvallavatn. Each column title
denotes a scaffold, with each value representing a diagnostic marker.
The colours of the column annotation panel were used to highlight clus-
ters of spatially adjacent SNPs along the genome within the maximum
distance between SNPs of 50 kb (Only regions containing more than
four SNPs were included to ensure sufficient density for the heatmap.
Each of the presented regions ranges in size from 0.116 to 0.146 Mb.
SNPs were tracked based on the most common allele in the Small ben-
thivorous morph from Thingvallavatn. Allele frequencies (AF) of these
alleles are indicated by the colour code, grey colour indicates missing
data. Morph abbreviations for Sirdalsvatnet and Vangsvatnet: DB and
LP; for Myvatn, LG and (Krus) and Thingvallavatn, Pi, PL, LB and SB.
Figure S13: Allele frequency of diagnostic SNPs outside the putative
inversions selected based on the benthic/pelagic contrast of Arctic charr
morphs from Lake Thingvallavatn. Each row title denotes a scaffold,
with each value representing a diagnostic marker. The colours of the
column annotation panel were used to highlight clusters of spatially ad-
jacent SNPs along the genome within the maximum distance between
SNPs of 50 kb. Only regions containing more than four SNPs were in-
cluded to ensure sufficient density for the heatmap. Each of the pre-
sented regions ranges in size from 0.167 to 0.314 Mb. SNPs were tracked
based on the most common allele in the benthic morph from
Thingvallavatn. Allele frequencies (AF) of these alleles are indicated by
the colour code, grey colour indicates missing data. Morph abbrevia-
tions as in Figure S6. Figure S14: Genetic differentiation at a region on
scaffold 34 among Arctic charr morphs in Myvatn and Thingvallavatn.
(a) Predicted genotypes based on genotype likelihoods from diagnostic
markers at this region sorted by lake and morph. Morph abbreviations
as in Figure 6. Individuals are coloured according to their estimated
genotype. Each value in the column represents a diagnostic marker.
SNPs were tracked based on the most common allele in benthic morphs
from Thingvallavatn. (b) Zoom-in profile of the genome-wide scan
based on estimated allele frequencies for individual SNPs and linkage
disequilibrium represented as Pearson r> among genotypes in the diag-
nostic region on scaffold 34 (18.36-18.45Mb). r? ranged 0 to 0.94, and on
average was 0.16 +0.13 for Myvatn; and r? range: 0-0.88 and on average
it was 0.26 £0.19 for Thingvallavatn. (c) PCA plot showing individual
clustering of samples homozygous for benthic or pelagic haplotype from
Myvatn and Thingvallavatn within the diagnostic region (scaffold 34:
18.36-18.45Mb). (d) Neighbour-joining tree of samples homozygous for
benthic or pelagic haplotype from Myvatn and Thingvallavatn lakes
within the diagnostic region (scaffold 34: 18.36-18.45Mb) and (e) out-
side the diagnostic region (scaffold 34: 0.01-18.3 Mb and 18.5-40.7 Mb).
Table S1: Sample metadata, geological context and history of the stud-
ied lakes where distinct Arctic charr morphs occur, including spawning
times of the study populations. The Norwegian samples were collected
from 1980 to 1984 and were the same as those used by Hindar
et al. (1986) and they are maintained in a frozen tissue bank kept by L.L
and N.R. at the Department of Zoology, Stockholm University. The sam-
ples from Thingvallavatn were collected in 2016-2018. The samples of
LG-charr from Myvatn were taken in 2014 from a fisheries survey by
the Freshwater Research Institute, and the samples of SB (Krus) charr
were collected in 2015. Table S2: Genome assembly data summary.
Table S3: Association table matching the 40 chromosome-level scaf-
folds from Salvelinus alpinus (fSalAlpl.1.hapl.cur.20231016) to
chromosome-level scaffolds from a possible hybrid between Arctic
charr and the Northern Dolly Varden (S. malma malma,
GCA_002910315.2) using D-GENIES (v1.5.0). Each row lists a scaffold
in the query assembly (GCA_002910315.2) and the best matching scaf-
fold in the target assembly (fSalAlpl.1.hapl.cur.20231016) with strand
orientation and alignment coordinates. Table S4: Association table
matching the 40 chromosome-level scaffolds from Salvelinus alpinus
(fSalAlpl.1.hapl.cur.20231016) to chromosome-level scaffolds from a

selectively bred line of Arctic charr (Salvelinus alpinus;
GCA_045679555.1) using D-GENIES (v1.5.0). Each row lists a scaffold
in the query assembly (GCA_045679555.1) and its best matching scaf-
fold in the target assembly (fSalAlp1.1.hapl.cur.20231016) with strand
orientation and alignment coordinates. Table S5: Nucleotide diversity
(0) assessed across the whole genome among Arctic charr morphs and
populations. Morph abbreviations for Sirdalsvatnet and Vangsvatnet:
DB and LP; for Myvatn, LG and (Krus), and Thingvallavatn, Pi, PL, LB
and SB. Table S6: Number of scaffolds and SNPs with at least one
marker exceeding the Bonferroni-corrected significance threshold
(«=1073), and genome-wide average Fst for each contrast between
Arctic charr morphs across four lakes. Table S7: Linkage disequilib-
rium (r?) statistics for outlier SNPs (p < 1x 1071%) with the top significant
SNPs within every inversion region among Arctic charr morphs from
Lake Thingvallavatn. Table S8: Gene list for regions within 5kb up-
stream and 5kb downstream of putative inversions distinguishing
morphs in Thingvallavatn, including Scaffold 34 (18.36-18.45Mb), as-
sociated with haplotypes distinguishing benthic and pelagic morphs in
Myvatn and Thingvallavatn. Table S9: Summary of the most differenti-
ated SNPs (p<1x107%) for each diagnostic region, including their
nearest gene, and relative position to genes (e.g., missense, synonymous,
upstream, downstream or intergenic) as determined by snpEff.
Table S10: Genotype distribution at four putative inversions showing
genetic differentiation between the small and large benthivorous and
large benthic morphs present in Thingvallavatn. Table S11: Nucleotide
diversity (0) assessed across the whole genome and at putative inversion
regions among Arctic charr morphs from Thingvallavatn homozygous
for small and large benthivorous haplotype. Table S12: Genotype distri-
bution at eight putative inversions showing genetic differentiation be-
tween the benthic (B) and pelagic (P) morphs present in Thingvallavatn.
Table S13: Nucleotide diversity () assessed across the whole genome
and at putative inversion regions among Arctic charr morphs from Lake
Thingvallavatn homozygous for benthic or pelagic haplotype.
Table S14: Genotype distribution at locus 18.36-18.45Mb of scaffold 34
showing genetic differentiation between morphs homozygous for ben-
thic and pelagic haplotype present in Thingvallavatn and Myvatn.
Methods S1. Extended Materials and methods section for the reference
genome assembly and annotation.
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