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Abstract

The sympatric existence of genetically distinct populations of the same species remains a puzzle in ecology. Coexisting salmonid
fish populations are known from over 100 freshwater lakes. Most studies of sympatric populations have used limited numbers of
genetic markers making it unclear if genetic divergence involves only certain parts of the genome. We return to the first reported
case of salmonid sympatry, initially detected through contrasting homozygosity at a single allozyme locus (lactate dehydrogenase,
LDH-A1) in brown trout in the small Lakes Bunnersjöarna, central Sweden. We use DNA from samples collected in the 1970s
and a 96 SNP fluidigm array to verify the existence of the coexisting demes. We then apply whole-genome resequencing of pooled
DNA to explore genome-wide diversity within and between these demes; strong genetic divergence is observed with genome-
wide FST=0.13. Nucleotide diversity is estimated to 0.0013 in Deme I but only 0.0005 in Deme II. Individual whole-genome
resequencing of two individuals per deme suggests considerably higher inbreeding in Deme II vs. Deme I. Comparing with similar
data from other lakes we find that the genome-wide divergence between the demes is similar to that between reproductively
isolated populations. We located two genes for LDH-A and found divergence between the demes in a regulatory section of one
of the genes, but we could not find a perfect fit between allozyme and sequence data. Our data demonstrate genome-wide
divergence governed by genetic drift and diversifying selection, confirming reproductive isolation between the sympatric demes.

1 INTRODUCTION

Populations of the same species that co-exist spatially over at least a part of their life-cycle (Futuyma &
Mayer, 1980; Mallet, Meyer, Nosil, & Feder, 2009), have interested evolutionary ecologists for decades since
they may represent the first steps of speciation (Maynard Smith, 1966; Via, 2001). Reproductive isolation
between sympatric populations may arise from adaptations to ecological niches, even in the absence of migra-
tion barriers (Kawecki, 1996, 1997; Turelli, Barton, & Coyne, 2001). In biodiversity research and conservation
management, sympatric populations represent genetic diversity below the species level that is important to
identify and monitor. Such populations contribute to the portfolio effect in ecosystem stability (Schind-
ler, Armstrong, & Reed, 2015; Schindler et al., 2010) and to genetic diversity recognized in international
conservation policy, e.g. the Convention on Biological Diversity (www.cbd.int).

Sympatric populations have been documented in a wide range of taxa from insects to large mammals,
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in both terrestrial and aquatic environments, as well as in plants (Attard, Beheregaray, & Möller, 2016;
Guo et al., 2018; Knutsen et al., 2018; Orlov et al., 2012; Ravinet et al., 2016; Schönswetter et al., 2007;
Verspoor, Smith, Mannion, Hurst, & Price, 2018). Theoretically, they can represent a continuum of genomic
divergence dependent on their evolutionary history with respect to degree of isolation over time (Roux et al.,
2016). Empirically, different degrees of genetic divergence between sympatric populations have been reported,
indicating different evolutionary backgrounds and degree of isolation (Lu & Bernatchez, 1999; Taylor, 1999).

In the vast majority of cases, sympatric populations have been detected because the populations differ
phenotypically (Jorde, Andersson, Ryman, & Laikre, 2018). Sympatric populations can be referred to as
“cryptic” when no obvious morphological divergence has been detected between the populations (Bickford et
al., 2007) and where their detection has been based exclusively on genetic data (Andersson et al., 2017).

The first case of cryptic sympatry in salmonids was reported for brown trout (Salmo trutta ) in 1976 in the
small twin mountain Lakes Bunnersjöarna in central Sweden where contrasting homozygosity at an allozyme
locus (a lactate dehydrogenase locus denoted LDH-1 ) indicated the existence of two coexisting, genetically
distinct groupings (Allendorf, Ryman, Stennek, & St̊ahl, 1976; Ryman, Allendorf, & St̊ahl, 1979). An addi-
tional 53 allozyme loci were screened and five of those supported the division while the remaining 48 were
fixed (or nearly fixed) for the same allele in both demes resulting in the conclusion of the existence of repro-
ductively isolated, sympatric populations with little genetic divergence (Ryman et al., 1979). Statistically
significant body size differences between the two populations (denoted demes) were detected (Deme II fish
smaller than those in Deme I) but it was not possible to classify fish to deme based on visual inspection
(Ryman et al., 1979). Further, the allozymes indicated greater amounts of genetic variation in Deme I than
in Deme II.

Salmonid fishes represent one of the organism groups that has been most extensively studied with respect
to natural population genetic structure (Utter, 2004), and a recent review found over 130 cases of sympatric
populations to have been identified world-wide in salmonid fishes; less than 10 of those cases were cryptic
(Jorde et al., 2018). Most of these studies used few genetic markers and it remains unclear if genetic divergence
in sympatry evolves primarily through reproductive isolation and genetic drift, or if divergent selection acting
on a restricted part of the genome is the primary evolutionary mechanism for such structures.

In the present paper, we reanalyze samples from Lakes Bunnersjöarna and apply single nucleotide polymor-
phism (SNP) array analyses as well as whole-genome resequencing analyses based on a recent genome assem-
bly for brown trout (https://www.ncbi.nlm.nih.gov/assembly/GCF_901001165.1) to test ifi ) the existence
of two reproductively isolated demes in these tiny lakes is supported, and if so, ii ) what the genome-wide
divergence between the demes is and iii ) whether the previously observed differences in amount of genetic
variation in a few allozyme loci is a genome-wide phenomenon or limited to a small number of loci.

2 MATERIAL AND METHODS

We used tissues from the material collected in 1975 (Allendorf et al., 1976; Ryman et al., 1979) that have
been stored at -30°C. We first applied a 96 SNP fluidigm array to verify that the existence of the sympatric
populations can be detected by markers other than allozymes. Next, we sequenced whole genomes from
several pooled individuals (Pool-seq; Kofler, Langmüller, Nouhaud, Otte, & Schlötterer, 2016) as well as
from two separate individuals of each deme.

2.1 Samples

Lakes Bunnersjöarna are closely connected oligotrophic twin lakes (total area of 0.67 km2) located at an
elevation of 955 m near the Norwegian border in the County of Jämtland, Sweden (Figure 1; Appendix S1,
Figure S1). Both lakes are shallow, the southern lake only 0.5 m with a deeper middle (a few meters) and
the northern lake c. 2 m deep. The brown trout in these lakes were sampled in 1975 as part of some of
the first population genetic screenings of natural populations(Allendorf et al., 1976; Ryman et al., 1979).
Material from that collection has been stored in a frozen tissue bank at the Department of Zoology, Stockholm
University, Sweden. Here, we used 140 samples that were still available (out of 151 reported in Allendorf et
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. al., 1976; Ryman et al., 1979); 68 and 72 from the northern and southern lake, respectively.

The allozyme studies showed contrasting homozygosity at one locus coding for lactate dehydrogenase (locus
LDH-1 ). About half of the fish were homozygous for the 100 allele most common in brown trout in the
study area, and the others homozygous for a rare null allele with no active enzyme product (Allendorf, St̊ahl,
& Ryman, 1984).

We classified the 140 fish into Deme I or II based on the LDH-1genotype, resulting in 68 individuals from
Deme I (100/100 homozygous for LDH-1 ) and 72 individuals from Deme II (homozygous for the null allele).
The 68 Deme I fish were from both lakes (northern:n =39, southern: n =29), as were the 72 Deme II fish
(northern: n =23, southern: n =49).

We included data from eight additional brown trout populations that are part of other projects (Andersson
et al., in prep; Kurland et al., in prep) to put the diversity and divergence patterns observed in Lakes
Bunnersjöarna into perspective (Appendix S1, Figure S1).

2.2 Genotyping and sequencing

Genomic DNA was extracted from c. 50 mg muscle tissue from each of the 140 individuals using the King-
Fisher cell and tissue DNA kit (ThermoScientific, MA, USA) according to the manufacturer´s instructions
and eluted in 100 μl elution buffer. DNA quality was assessed by electrophoresis through a 1% agarose gel
and subjectively assessing the proportion of high-molecular weight DNA relative to degraded DNA. The
extraction procedure was the same for DNA used for genotyping using a 96 SNP array as for individual
whole-genome sequencing (WGS). Double-stranded DNA was quantified using a Qubit fluorometer (Ther-
moScientific, MA, USA) and normalised to 30–50 ng/μl.

We genotyped all 140 fish using an EP1TM 96.96 Dynamic array IFCs genotyping platform (Fluidigm,
San Francisco, CA) comprising 96 SNPs shown to be variable in Danish brown trout and evenly dis-
tributed on 40 linkage groups, selected from 3,782 SNPs identified in brown trout (Bekkevold et al.,
2020; their Table S8). Using TBLASTN (E. values <0.0001 & bitscore 80; Altschul, Gish, Miller, My-
ers, & Lipman, 1990) we identified the location of these 96 SNPs on the brown trout reference genome
(https://vgp.github.io/genomeark/Salmo trutta/). We located 95 of the SNPs on chromosomes, 1 SNP was
located on an unplaced scaffold. Two chromosomes contain 1 SNP each, while all others carry 2-3 SNPs.
Using bedtool’s ‘intersectBed’ (v2.27.1; Quinlan & Hall, 2010), we investigated if SNPs were located within
coding regions. We visualised SNPs with karyplotR in R (Gel & Serra, 2017; Supporting Information Figure
S3). The results from the SNP analyses supported the existence of the two demes (see Results), and random
samples of n =50 individuals per deme were used for Pool-seq. Also, we randomly selected n =2 individuals
per deme for WGS.

DNA extraction for resequencing followed the same extraction protocol as above but with an additional
RNase A treatment. DNA quality was assessed by visual inspection of DNA fragmentation on agarose gels
and absorbance at 260/280. DNA with high molecular weight from each of 50 individuals per population
was quantified using fluorometry (Qubit;

Thermo Scientific) and pooled at equal concentrations to achieve 3 μg pooled genomic DNA in a volume
in the range of 65–120 μl; samples were pooled at equal concentrations per deme. Pool-seq and individual
WGS samples were sent to the National Genomics Infrastructure (NGI) at the Science of Life Laboratory
(SciLifeLab), Stockholm, Sweden. NGI conducted the construction of PCR-free paired-end libraries with an
average insert size of 350 bp followed by Illumina HiSeq 2000 sequencing using read length 150 bp.

2.3 Population genetic analyses of 96 SNP array

Allele frequencies and deviations from Hardy–Weinberg proportions measured as F IS and their asso-
ciated significance levels for the 96 SNP fluidigm array were obtained from GENEPOP (version 4.3;
Raymond, 1995; Rousset, 2008). Holm’s (1979) sequential Bonferroni approach was applied to adjust
significance levels when evaluating the results from multiple testing. F ST(Weir & Cockerham, 1984)
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. was estimated using FSTAT v2.9.4 (Goudet, 2003). CHIFISH v5.0 (Ryman & Palm, 2006; available at
http://www.zoologi.su.se/˜ryman/) was used for F ST significance testing.

We also computed Nei´s (1973) parametricF ST(F ST=(H T-H S)/H T) using GenAlEx v6.5 (Peakall &
Smouse, 2012) to allow direct comparison with F STcalculated from Pool-seq data where only Nei´sF ST is
possible to obtain. Confidence intervals for Nei’s F ST were calculated using the following equation: F ST ±
tdf[?]s2/n (s2 is the variance ofF ST among loci), and for Weir & Cockerham’sF ST using FSTAT (Goudet,
2003). We note that Nei’s pairwise F ST is typically around half that of Weir & Cockerham’s. To avoid
confusion, we consistently try to indicate the type of F ST we refer to.

We assessed the most likely number of populations (K ) using STRUCTURE v2.3.4 (Pritchard, Stephens,
& Donnelly, 2000) using the default model allowing population admixture and correlated allele frequencies.
We used a burn-in of 250,000 steps and 500,000 Markov chain (MCMC) replicates to estimate Q(assignment
probability for each individual to each cluster) and likelihoods for different K (= 1–15). Estimation of the
most likely K was repeated over ten runs and the output was analyzed using STRUCTURE HARVESTER
v0.6.94 (Earl & vonHoldt, 2012). Mean individual Q values to each deme over runs were derived from
CLUMPP (Jakobsson & Rosenberg, 2007). We based our estimation of the most likely value ofK on the
mean likelihood value from STRUCTURE, ΔK (Evanno, Regnaut, & Goudet, 2005) from STRUCTURE
HARVESTER, and on results from KFinder v1.0 (Wang, 2019).

We also explored population structure using BAPS v6.0 (Corander, Marttinen, & Mantyniemi, 2006) and the
details from this analysis are provided in Appendix S2. We constructed an individual-based neighbor-joining
phylogenetic tree based on Nei’s D A distance estimates (Nei, Tajima, & Tateno, 1983) from the 96 SNP
array using POPTREE2 (Takezaki, Nei, & Tamura, 2009), and MEGAX 10.0.5 (Kumar, Stecher, Li, Knyaz,
& Tamura, 2018). We used the default number of bootstrap replications (1,000); the tree was condensed to
only include branches with bootstrap support of at least 70%.

2.4 Pool-seq data processing and variant calling

We assessed the quality of the raw sequence reads of each pool using FastQC v0.11.5 (Leggett, Ramirez-
Gonzalez, Clavijo, Waite, & Davey, 2013), and the results from different pools were jointly evaluated
using MultiQC v1.5 (Ewels, Magnusson, Lundin, & Käller, 2016). Low quality bases (phred score <20)
and Illumina adapters were trimmed off the reads using BBDuk as implemented in BBTools v38.08
(http://sourceforge.net/projects/bbmap/). The trimmed reads were mapped against the brown trout re-
ference assembly (comprising 2,371,863,509 bp; https://vgp.github.io/genomeark/Salmo trutta/) using the
Burrows–Wheeler Aligner v0.7.17 (BWA, using bwa mem algorithm; Li & Durbin, 2009). Resulting bam files
were sorted, merged per pool and filtered for paired reads using SAMtools v1.8 (Li et al., 2009). The quality
of the obtained bam files per pool were evaluated with Qualimap v2.2.1 (Garćıa-Alcalde et al., 2012) and
summarized in MultiQC v1.5. Read depth histograms obtained from Qualimap were assessed to define mi-
nimum and maximum depth thresholds for subsequent population genomic analyses. SAMtools was applied
for variant calling using minimum mapping quality and base quality scores of 20 and the parameter “base
alignment quality” (BAQ; “-B”) to reduce false SNPs caused by misalignments, resulting in one mpileup
file for the two pools. We used the ‘identify-genomic-indel-regions.pl’ script of PoPoolation2 v1201 (Kofler,
Pandey, & Schlötterer, 2011) to remove any indels from the mpileup file. No SNPs were kept from the error-
prone 5 bp upstream and downstream of indels. A synchronized file was created for downstream analyses
using the ‘mpileup2sync.jar’ script of PoPoolation2.

2.4.1 Population genomic analyses of Pool-seq data

PoPoolation v1.2.2 (Kofler, Orozco-terWengel, et al., 2011) was used to estimate nucleotide diversity (π ·
Tajima, 1983), Watterson’s theta ( ; Watterson, 1975) and Tajima’s D (T D; Tajima, 1989) separately
for each pool. Estimates of π andT D from Pool-seq data are sensitive to sequencing errors and variation
in coverage (Kofler, Orozco-terWengel, et al., 2011). Therefore, we subsampled mpileup files per pool to
uniform depths that were chosen based on the mode of the read depth histogram for each pool (using a
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. minimum depth of 0.5*mode and a maximum depth of mode+0.5*mode for subsampling; see Kurland et al.,
2019). Subsampling was done without replacement using the ‘subsample-pileup.pl’ script implemented in
PoPoolation v1.2.2 (Kofler, Orozco-terWengel, et al., 2011). The ‘variance-sliding.pl’ script of PoPoolation
v1.2.2 (Kofler, Orozco-terWengel, et al., 2011) was used to estimate π(including invariant sites) and T D.
Estimations were done for non-overlapping 5 kilo base pair (kb) windows across the assembly, with a minor
allele count of 2 for a SNP to be called and applying the same depth thresholds as for the subsampling.
Finally, only windows covered to [?]80% with data within the depth thresholds were used. We estimated π and
T D using only the sites retained in both pools. All retained sites with 20X to 150X depth of coverage were
used to estimate with the same script and parameters as described for πand T D but without subsampling.

PoPoolation2 v1201 (Kofler, Pandey, et al., 2011) was used to calculate F ST(Nei, 1973) between the two
pools using the ‘fst-sliding.pl’ script. A minor allele count of 3 was applied for SNP calling. We only
retained variant positions with 20X to 150X depth of coverage, which is supposed to remove paralogous
regions (inflated coverage) and regions represented by a small number of individuals (Kofler, Pandey, et al.,
2011; their supporting information 1). We estimated F STbetween the demes per 1 bp site, as well as for
larger, non-overlapping windows of 100 bp, 1, 5, 10, and 20 kb sizes to minimize stochastic errors linked to
small window sizes (Kofler, Pandey, et al., 2011). Windows were only included if the fraction of the window
covered with data was [?]0.8. In addition to these genome-wide F STcalculations, the gene annotation was
transferred onto the synchronized file using ‘create-genewise-sync.pl’. F ST was calculated per gene using the
‘fst-sliding.pl’ script with the same settings mentioned above, with a larger window size (1,000,000 bp) than
the length of the largest gene present in the genome, following the PoPoolation authors’ recommendation.
For subsequent analyses we focused on windows of 1 bp and 5 kb for estimating diversity, divergence, and
for performing outlier analyses. Genome-wide divergence patterns were visualized with a Manhattan plot
created from F STestimates using the R package qqman (Turner, 2014). Confidence intervals (95%) of
statistical parameters were calculated in R-studio v3.5.1 (R Core Team, 2018).

2.4.2 Identifying potential outliers

A modified version of POWSIM (Ryman & Palm, 2006) was used to investigate whether the distribution
ofF ST values in our Pool-seq data was consistent with the expectation for selectively neutral loci, or if
there was deviation from such a distribution which could reflect directional selection (cf. Lamichhaney et al.,
2012). We compared the observed genome-wide distribution ofF ST with a simulated “expected” distribution
under drift only. The observed distribution was based on per SNP estimates (1 bp; n =12,177,462; meanF

ST=0.083). We used a conservative approach defining outliers as SNPs with an observed F STabove the
largest value of the expected distribution (F ST>0.864; details in Appendix S3). We also defined outliers
as those SNPs with anF ST above a thresholds corresponding to the 99.5th percentile (e.g. Fabian et al.,
2012; Keehnen, Hill, Nylin, & Wheat, 2018) of the genome-wide F ST distribution. A threshold of the 97.5th

percentile was used forF ST based on 5 kb windows (e.g. Gagnaire et al., 2018; Keehnen et al., 2019).

2.4.3 Identification of biological function of outlier genes

A gene ontology (GO) set enrichment analysis (GSEA) was performed to associate biological and common
gene functions to the outlier SNPs and outlier 5 kb windows. This analysis tests if multiple genes can be
linked with certain GO functions. First, functional annotation of the brown trout reference was performed
on the EggNOG v5.0 web-interface (http://eggnog-mapper.embl.de/; Huerta-Cepas et al., 2018) using brown
trout protein FASTA files from Ensembl (https://www.ensembl.org/Salmo trutta/Info/Index). Second, we
converted the NCBI S. trutta annotation release 100 from GFF to bed format using bedtools v2.27.1 (Quinlan
& Hall, 2010), including only CDS regions, and extracted all genes that overlapped with the identified outlier
SNPs and windows using bedtool’s (Quinlan & Hall, 2010) ‘intersect’ function. Third, the R package topGO
(Alexa & Rahnenfuhrer, 2020) was used to test for over-representation of GO biological processes using a
node size of 5 and the ‘classic’ algorithm to account for structural relationships among GO terms. Finally,
GO terms with p-values [?]0.01 (i.e., enriched GO terms) were retained and then filtered in REVIGO (Supek,
Bošnjak, Škunca, & Šmuc, 2011) to remove redundant GO terms. Treemaps were drawn in R (Supek et al.,
2011) to visualize enriched and non-redundant GO superclusters.
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. 2.4.4 Locating LDH-A genes in the brown trout reference assembly The sympatric populations
of Lakes Bunnersjöarna were identified with a single allozyme locus, LDH-1 , that showed contrasting
homozygosity in the demes. LDH-1 is one of two loci (LDH-1 and LDH-2 ) in salmonids coding for LDH-
A (Allendorf et al., 1984), and we identified the DNA sequences relating to this enzyme. First, all genes
related to LDH (EC number 1.1.1.27, GO:0004457) were identified using the GO term protein annotations
from EggNOG (section 2.4.3.). Second, to ensure no gene copy was missed, we used TBLASTN (Altschul
et al., 1990) with the FASTA sequence for LDH extracted from the Uniprot database to search the genome
assembly, extracting hits with E- values<0.0001 and bitscore>60. Finally, each LDH-A copy was manually
inspected for exon boundaries, reading frame and mapping performance by loading the brown trout reference
assembly and the bam files generated with the Pool-seq and individual whole-genome sequencing pipelines
(see below for the latter) into the Integrative Genomics Viewer (IGV) v2.4.2 (Robinson et al., 2011). In both
cases, the sequencing reads had only been filtered for minimum base quality 20 and for being mapped as
pairs, i.e. without depth or additional quality filtering, to ensure that reads mapping to the LDH-A loci had
not been removed. The amino acid compositions for all LDH genes were extracted using an in-house script
(Appendix S4).

We calculated allele frequencies for the LDH-A gene copies in both demes from the Pool-seq data (gene-
based sync files; section 2.4.1.) using ‘snp-frequency-diff.pl’ from Popoolation2 (Kofler, Pandey, et al., 2011).
Sequence variants were called for these genes on 14 of the individual WGS data using bcftools call (Danecek,
McCarthy, & Li, 2015), inspected using IGV, and visualized with Gviz (Hahne & Ivanek, 2016) and ggplot2
in R (Wickham, 2016).

2.5 Individual whole-genome sequencing data processing and variant calling

Sequenced reads from two individuals per deme were aligned against the brown trout reference assembly
using BWA mem v0.7.17 (BWA; Li & Durbin, 2009), and sorted using SAMtools v1.8 (Li et al., 2009). No
data was filtered before mapping sequences against the reference genome (unlike the pipeline for Pool-seq
data). Alignment generated two bam files for each individual (one per lane), which were merged per individual
using PICARD v2.10.3 MarkDuplicates (https://broadinstitute.github.io/picard/). PCR duplicates were also
marked using PICARD v2.10.3. The quality of the obtained bam files was assessed with Qualimap v2.2.1
(Garćıa-Alcalde et al., 2012).

Individual genomic variant call format files (gVCFs) were generated with HaplotypeCaller from the Genome
Analysis ToolKit (GATK) v3.8 (McKenna et al., 2010), and joint genotyping of all brown trout samples
(including fish from other lakes, see 2.6) was performed with GATK GenotypeGVCFs. To filter out low
quality variants, we applied a hard filter approach, using GATK’s VariantFiltration tool, separately for
SNPs (QD < 2.0, MQ < 40.0, FS > 10.0, MQRankSum < -5.0, ReadPosRankSum < -5.0, SOR > 5.0) and
indels (QD < 2.0, FS > 10.0, ReadPosRankSum < -5.0, SOR > 5.0). VCFtools v0.1.15 (Danecek et al.,
2011) was used to retain only bi-allelic SNPs with a minor allele frequency [?] 0.01. Further, variants from
the un-assigned scaffolds were removed. We used BCFtools v1.8 (Li et al., 2009) to annotate the ID field of
the joint VCF file.

2.5.1 Estimation of inbreeding

Inbreeding can be estimated from individual WGS as the fraction of the genome covered by ‘runs of ho-
mozygosity’ (ROH), and their length (LnROH; Gomez-Raya, Rodriguez, Barragan, & Silio, 2015; Kardos,
Qvarnstrom, & Ellegren, 2017; Magi et al., 2014). We identified ROHs in each individual using the PLINK
‘–homozyg’ method v1.90b4.9 (Purcell et al., 2007), since that approach provides lower false-positives than
other methods (Kancheva et al., 2015). Homozygosity was determined for 1,000 kb overlapping windows.
As suggested for low coverage data like ours (Ceballos, Hazelhurst, & Ramsay, 2018), the minimum length
of a ROH was set to 300 kb which must contain at least 50 SNPs, and a maximum of 3 heterozygous geno-
types per window were allowed. For measuring LnROH, we categorized lengths of ROHs into three groups:
between 300 and 500 kb, >500 kb but [?]1,000 kb, and >1,000 kb. The fraction of ROH (F ROH) for each
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. individual was calculated as the total length of ROHs (including all three length groups) divided by the total
length of the autosomal genome sequenced.

3 RESULTS

3.1 Population divergence and diversity using SNP array data

A total of 77 of the 96 SNPs were polymorphic in Lakes Bunnersjoarna. The average call rate of these loci
was 0.989 (range: 0.707-1.0). The average per-individual-call-rate for these loci was 0.989 (range: 0.935-
1.0). When grouping the individuals into demes based on theLDH-1 genotype, we found a strong genetic
divergence between the populations; Weir & Cockerham’s (1984)F ST=0.24 (CI: 0.19-0.29), and Nei’s (1973)
F ST=0.12 (CI: 0.10-0.14). The correlation between these two approaches for measuring F ST is high (r
=0.99, p< 0.001). We found pronounced differences in the amount of genetic variation within the demes,
consistent with data from the eight polymorphic allozyme loci (Ryman et al., 1979); only 24 of the 77 SNPs
loci were variable in Deme II and expected heterozygosity is 0.27 for Deme I and 0.08 for Deme II (Table 1).

When analyzing the SNP array data without prior grouping of individuals, STRUCTURE suggested K =2
clusters, and these two clusters are almost completely consistent with the LDH-1 groupings (Figure 2a).
Only one individual of Deme I (from LDH-1 genotype) was assigned to the other deme, but the assignment
probability was very close to 0.5 (Q = 0.502). Kfinder suggested K =3 as the most likely number of clusters,
but the STRUCTURE barplot for K =3 did not indicate a third separate cluster (Figure 2b). Further, the
log likelihood approach from STRUCTURE suggests K =11, where four of these clusters occur primarily
within allozyme LDH-1 Deme II and the remaining seven in the LDH-1 Deme I (Figure 2c, also see Figure
S3). BAPS suggested a total of six clusters and five of these clusters were located within LDH-1 Deme I
whereas the sixth cluster coincided completely with LDH-1 Deme II (Appendix S2).

An individual-based neighbor-joining tree including 127 individuals with full genotypes in 70 of the 77
polymorphic SNP loci further illustrated the clear partition of the two demes and showed additional sub-
structuring within Deme I (Figure 3). From these observations, we conclude that the two demes identified
by allozyme LDH-1 are supported by SNP array data.

3.2 Pool-seq data and population genomics

In total, 213 giga base pairs (Gb; 1,527 million reads) and 197 Gb (1,302 million reads) of raw Pool-seq data
were generated for the samples from Deme I and II, respectively. After quality filtering of raw reads and
mapping, 184 and 134 Gb of data, corresponding to 1,366 and 1,169 million reads mapped as pairs, remained
(Table S1). Read depth was larger in data from Deme I than from Deme II (mode of read depth=104 vs.
90). The average mapping quality (c. 33) and edit distance between the reads and reference (ca 0.6%) were
similar in data from both pools (Table S1).

3.2.1 Genome-wide diversity and divergence

Genome-wide diversity, measured as nucleotide diversity (π ) and Watterson’s theta ( ), was considerably
larger in Deme I than in Deme II (Table 2; Deme I π =0.0013 vs. Deme II π =0.00046). The average values
for were 0.0017 (Deme I) vs. 0.0008 (Deme II). Tajima’s D values were all below 0, with Deme II having a
larger negative estimate (Table 2).

The genome-wide divergence between the two demes was high;F ST=0.13 using window size of 5 kb (Table
3); this value was largely consistent for other window sizes (Table S2) and agrees with estimates from the
96 SNP array (Table 3). The fraction to which windows were covered with data after quality and depth
filtering did not affect F ST values (F ST=0.13 for all fraction depths; Table S3). To minimize stochastic
errors linked with small window sizes, while not losing too much of data, we chose 5 kb windows with [?]80%
fraction depth coverage. There was a strong correlation between Nei´s (1973)F ST from Pool-seq versusF

ST from the 96 SNP array (r =0.78, p<0.001; Figure S4).

3.2.2. FST outliers
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. High genomic divergence between the demes was found all across the genome (Figure 4). The POWSIM
results showed that the distributions of the observed and simulated (expected) F ST values differed from
each other (Kolmogorov-Smirnov, p<0.05). The observed distribution showed a higher frequency of largeF

ST values than the expected distribution (Figure 5). The highest value of the expected distribution wasF

ST=0.864, and we found 194 SNPs (out of 12,177,462) with a larger F ST in the observed distribution, of
which 19 had F ST=1. Of these 194 outliers, one was associated with a gene significantly enriched (p<0.05)
by two GO terms connected with the growth process (GO:0048590): ‘extracellular matrix and structure
organization’ (Table S4).

A total of 60,887 SNPs out of 12,177,462 occurred above the 99.5th percentile of the F STdistribution (F

ST [?] 0.53). 698 of these outlier SNPs were within genes and 432 genes were identified as feasible for
topGO analysis. Results showed that these 432 genes were significantly (p[?]0.01) enriched with 69 GO
terms: 21 genes were significantly linked with GO terms associated to ‘glycosaminoglycan biosynthesis’
(Table S4). Seven genes were associated to ‘gonad morphogenesis’ while two were involved in binding of
sperm with eggs. The five top GO term superclusters (the ones associated with the smallest p-values) were:
‘chondroitin sulfate metabolism’ (i.e. glycosaminoglycan biosynthesis), ‘response to ozone’ (linked with
animals’ response to stimulus/stress, GO:0050896), ‘cell-cell adhesion involved in gastrulation’ (linked with
embryonic morphogenesis, GO:0048598), ‘fatty acid derivative metabolism’ (energy storage), and ‘reactive
oxygen species metabolism’ (linked with phagocytosis and signal transduction; Figure S5).

For 5 kb windows, 8,508 out of 340,297 windows were considered as outliers with F ST-values above the
97.5th percentile (F ST [?] 0.35). 2,148 outlier windows were within genes. TopGO identified 1,494 feasible
genes, associated to 113 significant GO terms (p[?]0.01). Seven genes were significantly enriched with the GO
terms ‘glucose catabolic process to pyruvate’ and ‘canonical glycolysis’ (Table S4). Four genes were enriched
with the GO term ‘NADH oxidation’. Furthermore, six genes were significantly enriched with the GO term
‘sperm capacitation’. Top five GO term superclusters identified by REVIGO were: ‘phagocytosis’, ‘thrombin-
activated receptor signaling pathway’, ‘ciliary body morphogenesis’, ‘peptidyl-glutamic acid modification’,
and ‘fatty acid derivative biosynthesis’. These GO terms are mainly linked with metabolic (GO.0008152) or
immunological (GO:0006910) processes (Figure S6).

3.3 Individual whole-genome resequencing

Between 21 and 27 giga base pairs (Gb) of sequencing data, corresponding to over 150 million reads mapped as
pairs to the Salmo trutta reference genome per Lakes Bunnersjoarna individual (Table S5). This corresponds
to approximately 98% of the raw data per individual. An average mapping quality of 32 and depth of coverage
c. 10X was observed (Tables S5). In total, 21 million variants were called of which c. 20 million variants
were retained after hard filtering. After removing indels, while keeping only bi-allelic SNPs with minor allele
frequency (MAF)[?]0.01 assigned to any of the 40 S. trutta chromosomes, c. 10 million SNPs were retained
and were used for ROH estimation. Similar results were obtained from individual WGS from other lakes
(Table S6).

3.3.1 Inbreeding

Both individuals from Deme II showed considerably higher inbreeding measured as length of runs of ho-
mozygosity (LnROHs; Figure 6a, Table S7) and F ROH (Figure 6b) than those from Deme I. Individual 1
from Deme II was the most homozygous; a total of 950,545 kb involving 1,742 ROH segments were estimated
as identically homozygous in this individual. This translates into an F ROHfrom PLINK of 0.405 (95% CI:
0.405–0.405; Figure 6b). The second individual from Deme II showed 1,520 ROH segments covering 782,973
kb (Figure 6a) and F ROH=0.334 (95% CI: 0.334–0.334; Figure 6b). Much lower inbreeding levels were ob-
served in the individuals from Deme I. The first had 175 ROH segments expanded over 75,092 kb with an F

ROH=0.032 (95% CI: 0.032–0.032) and the second 276 ROH segments spanning 127,296 kb andF ROH=0.055
(95% CI: 0.055–0.055; Figure 6a, b). Individuals from Deme II showed some ROH segments longer than
1,000 kb; individual 1 had 114 such segments and individual 2 had 73.

3.4 LDH-A genes in the genome

8



P
os

te
d

on
A

u
th

or
ea

11
J
an

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

03
50

29
.9

81
55

23
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. Two copies of the LDH-A gene were identified, one on chromosome 7 and one on chromosome 17. Their amino
acid composition showed small differences in the number of residues of leucine, serine, valine, isoleucine, as
well as in the charged amino acids histidine (positive), and aspartic acid (negative; Table S8). In allozyme
studies, protein products from the LDH-1 locus move closer to the negative (cathodal) pole while products
from the LDH-2 locus move more to the positive (or anodal) pole (Allendorf et al., 1984) indicating that
LDH-1 products are more positively charged than those from LDH-2 . The difference in number of aspartic
acid and histidine indicate that the protein product from chromosome 7 is slightly more positively charged
and thus expected to be more cathodal in electrophoresis than the product from the chromosome 17 locus.
No large divergence between the two demes were detected in either of the gene copies; gene-wise F ST

forLDH-A from the Pool-seq data was 0.154 and 0.187 for the gene copy on chromosome 7 and chromosome
17, respectively. Furthermore, we found no outlier values for LDH-A in any of theF ST analyses of coding
regions. However, the 3’ UTR region of the LDH-A on chromosome 17 showed contrasting allele counts
between the two pools, and IGV visualization indicated some genetic variation in this region in Deme I,
whereas Deme II was fixed across the whole region (Figure S7, Table S9). In contrast, no divergence of
patterns between the demes was observed for LDH-Aon chromosome 7 (Figure S8).

The 3’ UTR region on chromosome 17 was also analyzed using the individual WGS data. In contrast to
the results from Pool-seq data the individual sequences did not show any difference between the demes. All
four individuals showed lack of variation in the region (Figure S9). We also looked at the 3’ UTR region
of chromosome 17 in 11 individuals from other lakes. All of these individuals had been scored for allozyme
locusLDH-1 and had all been scored as 100/100. Only one of these individuals (from Lake Saxvattnet)
showed a similar IGV profile as those from the two demes in Lakes Bunnersjoarna, whereas all the others
did not (Figure S9).

3.5 Comparisons with other lakes

The genetic divergence between the two demes of Lakes Bunnersjoarna was similar to the lower estimates
of divergence between fish from lakes with no migratory contact (Tables S10a, b-S11). Lake Annsjon is the
closest lake, 8.5 km downstream of Lakes Bunnersjorna (Figure 1), and the most parsimonious source for the
colonization of Lakes Bunnersjorna. Weir & Cockerham’s F ST for the 96 SNP array between Lake Annsjon
and Deme I (F ST=0.12; Table S10a) was around half that of the divergence between the two demes (F

ST=0.24) while F STbetween Lake Annsjon and Deme II was 0.36.

There are strong correlations for different types ofF ST values between population pairs from Pool-seq data
and those from the SNP array data (Figure S10a, b). The TreeMix dendrogram from Pool-seq data (Figure
7; c.f. Appendix S1 for methods) and the neighbor-joining tree from SNP array data (Figure S11) illustrate
how Deme II stands out as isolated and less connected to both Deme I and Lake Annsjon.

The nucleotide diversity estimated in brown trout from Bunnersjoarna Deme I (π =0.0013; Table 2) was of
the same order of magnitude as estimates from other lakes where π ranged between 0.00104 to 0.00151 (Table
S12), while π for Deme II was almost an order of magnitude lower (Table 2). The two individuals from Deme
II showed higher average inbreeding levels measured as length of ROH (Figure 6a, Figure S12) and F ROH

(Figure 6b, Figure S13) than brown trout in any of the other lakes. In contrast, Deme I individuals showed
the lowest values. Long runs of homozygosity were also more frequent in Deme II than in any other lake
(Table S7).

4 DISCUSSION

4.1 Evidence for reproductive isolation

The present findings confirm the occurrence of two reproductively isolated populations of brown trout in
lakes Bunnersjöarna as previously reported by Ryman et al. (1979).

We find indications that Deme II is reproductively isolated from Deme I, i.e. that gene flow from Deme I to
Deme II is rare or non-existing. This conclusion is supported by the following observations i ) a strikingly
lower level of genetic diversity within Deme II as compared to Deme I for all variability measures used
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. (Tables 1, 2; Figure 6a, b), including that 53 loci of the 96 SNP array are monomorphic in Deme II but
polymorphic in Deme I (Table 1), and ii ) the highF ST between the two demes which is in the same order
as between populations from reproductively isolated lakes. In contrast, we cannot rule out a small amount
of gene flow from Deme II to Deme I based on the present genomic and SNP array data. Deme II does not
show any private alleles with the SNP array, and the STRUCTURE analysis suggests some minor admixture
of Deme II into the Deme I cluster (Figure 2c).

The amount of divergence between the demes in Bunnersjöarna is confirmed to be large through-out the
genome and it appears high in comparison to observations from other cases of sympatry in salmonids (Jorde
et al., 2018). The observedF ST values between the demes from the Pool-seq data (Nei´s F ST=0.13), as well
as from the 96 SNP array (Nei´s F ST=0.14; Weir & Cockerham´sF ST= 0.24), are considerably higher than
those observed in other cryptic, sympatric salmonid populations including Arctic charr (Adams, Wilson, &
Ferguson, 2008; Wilson et al., 2004), Atlantic salmon (Aykanat et al., 2015), and brown trout (Andersson
et al., 2017; Palmé, Laikre, & Ryman, 2013). Rather, the amount of divergence between the demes appears
more in line with what is found between sympatric salmonids showing substantial phenotypic divergence such
as different morphotypes of Arctic charr (Conejeros et al., 2014; Gordeeva, Osinov, Alekseyev, Matveev, &
Samusenok, 2010) or brown trout (Ferguson & Taggart, 1991).

Our outlier analyses indicate that most differentiation is caused by genetic drift but a number of genes may
be under diversifying selection in the Lakes Bunnersjöarna demes (Table S4, Figures S5, S6). We found
genes with high F ST involved in growth process. It is interesting to note that a striking difference with
respect to growth was observed between the two demes with fish from Deme II being markedly smaller
than fish from Deme I (Ryman et al., 1979). Further, several of the genes putatively under selection were
associated with reproductive functions. This, along with the strong genetic differentiation observed between
the demes, indicates differences in reproductive characteristics between the two demes. Spatial separation
due to separate spawning grounds in streams resulting from a strong homing behavior is a typical population
separator in brown trout (Ferguson, Reed, Cross, McGinnity, & Prodöhl, 2019). In Bunnersjöarna such a
mechanism has been suggested where Deme II fish have been observed to primarily occur relatively close to
the inlet stream in the southern lake, whereas Deme I fish are found in the northern lake with the outlet
stream towards Lake Ånnsjön (Ryman et al., 1979).

A large number of putatively selected genes were associated with metabolic processes including genes asso-
ciated with “NADH oxidation”. Interestingly, LDH functions as the catalyst to all these processes (Parra-
Bonilla, Alvarez, Al-Mehdi, Alexeyev, & Stevens, 2010; also see https://www.genome.jp/dbget-bin/www -
bget?ko:K00016). Putatively selected genes were also associated with immunological processes, the roles of
which are currently unknown in brown trout. However, adaptive divergence of immune related genes has
been identified in Atlantic salmon (e.g. Kjærner-Semb et al., 2016) and it has been suggested that such ad-
aptive genes have largely contributed to genetic divergence between Atlantic salmon populations in Norway.
Observations of signatures of selection in particularly duplicated regions of the salmon genome have led rese-
archers to hypothesize that genome duplications might increase the opportunity for evolutionary adaptations
(Kjærner-Semb et al., 2016). Genome-wide association studies still remain to be carried out in brown trout
but might clarify this issue further. However, it is also important to note that we observe no clear genome
regions of selection – rather the signature (elevated differentiation) is diffuse across the genome with a weak
signal with underlying loci being difficult to identify. This may be due to either many false positives (no real
underlying selection) or that selective differences are highly polygenic. Further work is needed to resolve this
issue.

4.2 Genetic diversity within demes

We find a strikingly lower level of genetic variation within Deme II than Deme I for all variability measures
(Tables 1, 2), and genomic data from individual sequencing estimated much higher inbreeding levels in Deme
II than in Deme I (Figure 6a, b). Similar degrees of difference in diversity appear rarely observed in sympatric
salmonids (Jorde et al., 2018).
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. Relatively few studies estimate inbreeding from whole-genome sequencing data in natural populations. Those
that do typically focus on extinct or highly threatened populations such as woolly mammoth (Palkopoulou et
al., 2015), Scandinavian wolves (Kardos et al., 2018), and gorillas (van der Valk, 2019). In these populations
considerably longer (>2 Mb) runs of homozygosity than ours were observed. We find only a few ROHs above
2 Mb in our populations. Deme II individuals have the highest number with a total of 14 ROHs > 2Mb (Table
S7). This might imply that recent inbreeding is not pronounced in any of the populations studied here and
that inbreeding is mainly due to deep historical shared ancestors of parents. Similar observations with few
long ROHs suggesting limited recent inbreeding have been observed in wild Ficedulaflycatcher populations
(Kardos et al., 2017).

Our estimates of F ROH range from 0.032 in individual 1 in Deme I in Lakes Bunnersjöarna to 0.405 in
individual 1 in Deme II (Figure 6b). The samples from other lakes show values between these extremes but
all values for other lakes are aboveF ROH>0.09 with an average of 0.18 (Table S7). This appears high, and
is above what has been estimated for hatchery strains of rainbow trout where the highest observations were
typically around 0.1-0.2 (D’Ambrosio et al., 2019). A large extent of this difference might be due to differences
in settings of ROH analyses: D´Ambrosia et al. (2019) allowed a maximum of one heterozygous genotype per
ROH while we allowed three. For a low coverage data like ours, a maximum of three heterozygous genotype
is recommended (e.g. Ceballos et al., 2018).

4.3 Comparison to other lakes

The comparison with eight other lakes showed that Deme II in Bunnersjöarna stands out as less genetically
variable, more inbred, and more isolated than any other population. For the other populations, nucleotide
diversity was around 0.001 (Table 2; Table S12). This is in line with what we have observed previously from
brown trout of the same geographic area using the Salmo salar reference genome for mapping (Kurland
et al., 2019). Our estimate is considerably lower than that observed using dd-RADseq for brown trout
populations of the Atlantic lineage (same lineage as our study system) held in a hatchery in south-western
France withπ =0.004 and for wild Mediterranean lineage populations withπ =0.005 (Leitwein, Gagnaire,
Desmarais, Berrebi, & Guinand, 2018). Again, Deme II stands out as an extreme in comparison with other
brown trout populations with genome wide nucleotide diversity of below 0.0005 (Table 2).

4.4 Linking the LDH enzymes to genes

Contrasting homozygosity for the allozyme locus LDH-1 detected the sympatric populations in Lake Bun-
nersjöarna (Allendorf et al., 1976; Ryman et al., 1979), and we tried to identify the LDH-1 gene in the
genome and find the sequence differences that result in the allozyme divergence. We were not fully successful
in this, however. We located two LDH-A loci as expected from the genome duplication event. One locus was
located on chromosome 7 and the other on chromosome 17. The amino acid composition of the protein pro-
ducts from these loci suggested the LDH locus on chromosome 7 to be LDH-1 due to a slightly more positive
charge of the product at this locus as compared to the one on chromosome 17, as expected from allozyme
patterns (Allendorf et al., 1984). However, our SNP- and gene-wise analyses revealed that neither copy of
LDH-A that we identified in the reference genome shows a fixed or even strong differentiation between the
demes.

When investigating the Pool-seq reads mapping to the two gene copies visually in the Integrative Genomics
Viewer (IGV), we identified a region in the 3’ UTR of the LDH-A on chromosome 17 that showed strong
divergence, albeit not fixed differences, between the two demes, which was confirmed by allele frequency
calculations (Figures S7, S9).LDH-A is highly regulated at the transcriptional and posttranscriptional levels
(Jungmann, Huang, & Tian, 1998), and the 3’ UTR region is known to be a critical determinant for the
mRNA stabilizing activity for this gene (Tian, Huang, Short, Short, & Jungmann, 1998). We hypothesized
that the divergence in this region could result in the null allele for Deme II observed in allozyme data,
but this would imply that LDH-1 is located on chromosome 17 (and not on 7 as indicated by the amino
acid charges). A previous study suggests that regulatory regions may primarily be involved in divergence
between the two sympatric forms of whitefish – dwarf and normal – in Cliff Lake in St John River drainage in
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. Maine, USA, since outliers were predominantly found in non-coding regions within genes (Hebert, Renaut,
& Bernatchez, 2013).

When we examined the 3´ UTR of the LDH-A on chromosome 17 in the whole-genome sequences from a
total of 16 individuals (from 7 lakes, including 2 individuals from each of the demes) scored for allozyme
genotype in LDH-1, we found that the majority of the individuals (n =11) showed similar patterns as
Deme I in Pool-seq data. However, one individual from Lake Saxvattnet, and all four individuals from Lakes
Bunnersjöarna (both demes) showed the Deme II Pool-seq genotype at the 3’ UTR region of chromosome
17 (Figure S9). These results indicate that LDH-1 expression is a complex feature, and we were not able
to resolve the genomic background to the contrasting allozyme expressions in the demes. Rather, further
studies need to identify the exact genetic control behind the LDH-1 enzyme in brown trout. Our results
suggest that contrasting homozygosity of an allozyme (F ST=1) may not result directly from contrasting
homozygosity in a DNA sequence. Identifying the genes and the regulatory mechanisms underlying these
enzymes is particularly challenging in duplicated genomes.

4.5 What additional information did genomic analysis provide?

The present results are consistent with patterns detected using only a few allozymes over 40 years ago.
However, several new insights have been gained from the whole-genome analyses applied here. First, the
results suggest that the divergence between the two demes results primarily from genetic drift, but that
selection might also play a role, particularly including polygenic traits of metabolic and growth processes.
Second, the pattern of divergence and the allele occurrence over the SNP array indicate that Deme II is
reproductively isolated, whereas Deme I appears to be in at least some contact with Lake Ånnsjön, possibly
by downstream migration. Third, the level of genome-wide diversity and inbreeding is strikingly different
between the two demes and appears large also in relation to brown trout of other lakes. Deme I shows the
highest degree of nucleotide diversity and lowest measures of runs of homozygosity compared to all other
samples studied here, whereas Deme II shows radically lower levels of nucleotide diversity than any of the
other samples, and the highest measures of ROH (cf. Table 2, Figure 6 vs. Tables S7, S12, Figures S12, S13).
Further, we find that the genomic background behind the LDH-1 allozyme expressions is complex and likely
involves regulatory mechanisms and possibly interactions between several genes.

This study has not addressed what causes the reproductive isolation between these demes and if this structu-
ring has evolved sympatrically or allopatrically, if it reflects natural evolution or if human induced release has
played a role. Preliminary analysis of the mitochondrial DNA sequences of these demes do not lend support
for separate lineages reflecting colonization from different glaciation refugia (unpublished data). Further, we
cannot exclude human translocation. For example, such translocation could imply that Deme I was trans-
located from one place (e.g. Lake Ånnsjön) and Deme II from another lake, and that the populations did
not, or only to a very limited degree, hybridize in the new environment. There are lakes c 20 km away where
the LDH-1 null allele has been observed (Allendorf et al., 1984). Further, we have not been able to address
the potential temporal stability of these structures which appears highly warranted, but difficult in light of
a current strict protection of these lakes.

5 CONCLUSIONS

We revisited the first reported case of cryptic sympatry in brown trout that was detected by contrasting
homozygosity at an allozyme locus in the tiny Lakes Bunnersjöarna, central Sweden using a 96 SNP array and
genomic tools. The present findings confirm reproductive isolation between the sympatric demes. Our genomic
data show that divergence between these two demes is a genome-wide phenomenon governed by genetic drift
but also by selective mechanisms. Our work demonstrates that populations from the same habitat may have
large genome-wide divergence without obvious morphological distinction, which has important implications
for management and conservation.
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Table 1 Measures of genetic diversity for the two sympatric brown trout populations of Lakes Bunnersjöarna
using individual genotyping of loci that show genetic variation in the total available material from these lakes.
These polymorphic loci consist of 77 SNPs from the 96 SNP fluidigm assay and 8 allozyme loci. All loci
are bi-allelic and each private allele corresponds to a locus that carries an allele that only occurs in that
particular deme, while being monomorphic in the other deme. n = number of fish,N A = mean number of
alleles per locus,H E = expected heterozygosity. Statistically significant F IS values are in bold (p<0.05).

Marker Deme n N A F IS H E Number of polymorphic loci

SNPs I 68 1.80 -0.168 0.269 77
II 72 1.25 0.071 0.079 24

Allozymes* I 217 1.88 0.096 0.219 7
II 177 1.63 0.069 0.123 5

*From Ryman et al. 1979 and unpublished data

Table 2 Descriptive statistics from genome-wide Pool-seq data (window size = 5,000 bp and fraction depth
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. covered [?] 0.8 i.e. a window was only retained if at least 80% of its SNPs had a read depth between 20X
and 150X) for each of the two demes in Lakes Bunnersjöarna.π = nucleotide diversity (Tajima, 1983),T

D = Tajima’s D (Tajima, 1989), = Watterson’s theta (Watterson, 1975).

Statistic Statistic Deme Deme Mean (95% CI) No. windows No. windows No. SNPs Subsampling depth

π I I 0.00130 (0.00128; 0.0013) 0.00130 (0.00128; 0.0013) 0.00130 (0.00128; 0.0013) 278,410 6,741,183 52X - 135X
II II 0.00046 (0.00046; 0.00046) 0.00046 (0.00046; 0.00046) 0.00046 (0.00046; 0.00046) 278,410 2,884,642 52X - 135X

TD I I -0.22665 (-0.2309; -0.2224) -0.22665 (-0.2309; -0.2224) -0.22665 (-0.2309; -0.2224) 278,410 6,741,183 52X - 135X
II II -1.0148 (-1.0194; -1.0102) -1.0148 (-1.0194; -1.0102) -1.0148 (-1.0194; -1.0102) 278,410 2,884,642 52X - 135X
I I 0.001670 (0.00167; 0.00168) 0.001670 (0.00167; 0.00168) 0.001670 (0.00167; 0.00168) 354,917 10,480,433 20X - 150X
II II 0.000789 (0.00079; 0.00079) 0.000789 (0.00079; 0.00079) 0.000789 (0.00079; 0.00079) 346,678 4,627,177 20X - 150X

Table 3 F ST estimates between demes I and II of Lakes Bunnersjöarna. For Pool-seq data Nei´s (1973)F

ST was used with window size = 5,000 bp, read depth = 20X – 150X and fraction depth covered (the fraction
to which windows were covered with data) [?] 0.8. For the 96 SNP fluidigm assay, 77 polymorphic loci
were used and for the allozymes 7 and 8 polymorphic loci were used (excluding and including LDH-1 ,
respectively; data from Ryman et al. 1979 and unpublished data). FSTwas computed using Nei’s (1973) and
Weir and Cockerham’s (1984) approaches.

Nei’s FST Nei’s FST

Weir &
Cocker-
ham’s
FST

Weir &
Cocker-
ham’s
FST

Data Number of
windows

Number of
loci

Mean FST

(95% CI)
Min.;max.
FST

Mean FST

(95% CI)
Min.;max.
FST

Pool-seq 340,297 8,495,563 0.127
(0.127-0.127)

0.001;0.849 - -

SNPs - 77 0.116
(0.097-0.136)

0.001;0.502 0.242
(0.194-0.292)

0.001;0.657

Allozymes - 7* 0.053
(0.036-0.070)

0.017;0.080 0.091
(0.055-0.113)

0.022;0.126

- 8** 0.296
(0.069-0.523)

0.017;1.000 0.440
(0.069-0.801)

0.022;1.000

*excluding diagnostic locus LDH-1 for whichF ST = 1.0 **including diagnostic locus LDH-1 for whichF ST

= 1.0

Figure legends

Figure 1 Map showing the location of Lakes Bunnersjöarna in the mountainous area of central Sweden. The
lakes are found in the uppermost part of the water system (elevation indicated, m =meters). Our samples
were collected in the northern Bunnersjön (N. Bunnersjön;n = 68) and in the southern Bunnersjön (S.
Bunnersjön;n =72). For comparison, we also used material from Lake Ånnsjön (shown here) as well as from
several other lakes in other areas (see Figure S1a-d).

Figure 2 Membership coefficient (Q ) plots showing the assignment probability of individual fish (total n
=140) to clusters using 96 SNPs. Membership coefficients (Q ) were obtained from STRUCTURE and the
most likely number of clusters (K ) for the data was estimated using three different ad hoc methods: log
probability of data (lnPrX —K ), ΔK , and parsimony index (PI ). Panel a) shows K =2, panel b) K =3,
and panel c) K =11 as the most likely numbers of K suggested by ΔK , PI, and lnPrX —K , respectively.
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. Each fish is represented by a vertical bar and the order of individuals is the same in all panels, starting with
68 individuals classified to Deme I, followed by 72 individuals classified to Deme II based on genotype in the
allozyme locus LDH-1 .

Figure 3 Individual-based neighbor-joining tree illustrating the genetic relationship among brown trout
from Lakes Bunnersjöarna using 70 SNP loci. Individuals marked I vs. II (purple vs. blue color) are clas-
sified to belong to Deme I vs. Deme II based on their allozymeLDH-I genotype. The tree was constructed
based on Nei’s DA distance, and has been compressed to include branches with bootstrap values of at least
70%. Numbers along the branches indicate bootstrap values in percentages. The black dots mark the four
individuals that were randomly selected for individual whole-genome sequencing.

Figure 4 Pairwise F ST values between Deme I and II of Lakes Bunnersjöarna estimated from whole-genome
Pool-seq data using 5 kb windows across 40 brown trout chromosomes. NA=F ST values from scaffolds not
possible to assign to a chromosome. The horizontal black dashed line shows the genome-wide mean F ST=0.13
while the red dashed line marks the 97.5% limiting F ST=0.35.

Figure 5: Distribution of observed (range: 0 to 1) and simulated (“expected”; range: 0 to 0.864) F STvalues
based on the POWSIM method (Ryman & Palm, 2006). A total of 12,177,462 SNPs derived from Pool-seq
data were analyzed and the mean F ST for these was 0.083 (Table S2). The largest simulated F ST was
0.864 and we had 194 observed F ST values above this value. The framed subfigure is a close-up to show the
distribution of the extreme values in the right-hand tail.

Figure 6 a) Estimates of total lengths of runs of homozygosity (LnROH ) of three categories and b) F

ROH(fraction of runs of homozygosity, ROH, expanded over the genome) using individual whole-genome
sequencing data from each of two individuals per deme from Lakes Bunnersjöarna.

Figure 7 : The genetic relationships among brown trout populations from the two demes of Lakes Bun-
nersjöarna and from other lakes in the same geographic region and TreeMix analysis assuming potential
migration between lakes in the same geographic area where creek waterways between lakes exist (cf. Figure
1, Figure S1, Appendix S1). The scale indicates the proportion of genetic divergence per unit length of the
branch (indicated by the scale length).
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