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Abstract. Chromosomal rearrangements (e.g., inversions, fusions, and translocations) have long
been associated with environmental variation in wild populations. New genomic tools provide the
opportunity to examine the role of these structural variants in shaping adaptive differences within
and among wild populations of non-model organisms. In Atlantic Salmon (Salmo salar),
variations in chromosomal rearrangements exist across the species natural range, yet the role and
importance of these structural variants in maintaining adaptive differences among wild
populations remains poorly understood. We genotyped Atlantic Salmon (n = 1429) from 26
populations within a highly genetically structured region of southern Newfoundland, Canada with
a 220K SNP array. Multivariate analysis, across two independent years, consistently identified
variation in a structural variant (translocation between chromosomes Ssa0l and Ssa23),
previously associated with evidence of trans-Atlantic secondary contact, as the dominant factor
influencing population structure in the region. Redundancy analysis suggested that variation in
the Ssa01/Ssa23 chromosomal translocation is strongly correlated with temperature. Our analyses
suggest environmentally mediated selection acting on standing genetic variation in genomic
architecture introduced through secondary contact may underpin fine-scale local adaptation in
Placentia Bay, Newfoundland, Canada, a large and deep embayment, highlighting the importance

of chromosomal structural variation as a driver of contemporary adaptive divergence.

Key words: Chromosomal structural variation; translocation; secondary contact; local

adaptation; Atlantic Salmon
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1 INTRODUCTION

Elucidating the genetic basis of adaptation is central to the understanding of evolutionary
biology (Schluter, 2009). Adaptive differences, accumulated through selection imposed by
spatially and temporally heterogenous environments, enable persistence (Felsenstein, 1976;
Savolainen, Lascoux, & Merild, 2013) and drive the diversification of life (Dobzhansky, 1951).
Genome-scale data, now available for many non-model organisms, are highlighting the potential
of genomic architecture to facilitate adaptive divergence (Campbell et al., 2018; Wellenreuther et
al., 2019) with chromosomal structural variants (e.g., inversions, fusions, and translocations)
increasingly being identified and associated with environmental and life history variation (see
Wellenreuther & Bernatchez, 2018). However, understanding of (i) the origins of chromosomal
structural variants (Rougemont & Bernatchez, 2018; Fuller, Koury, Phadnis, & Schaeffer, 2019;
Marques, Meier, & SeeHausen, 2019), (ii) associations between structural variants and complex
phenotypes (Lee et al., 2017; Fuller et al., 2019; Jay et al., 2019), and (iii) the effectiveness of
different types of structural variants as drivers of adaptive divergence (Rieseberg, 2001; Guerrero
& Kirkpatrick, 2014) remains limited.

Chromosomal structural variants can be caused by changes in copy number (insertion,
deletion and duplication), orientation (inversion) or position (translocation and fusion). To date,
most work has focused on inversion polymorphisms (Dobigny, Britton-Davidian, & Robinson,
2017) due to the potential for strong suppression of recombination and reduced fertility in
heterozygous individuals (Sturtevant, 1917; White, 1978; King, 1993). Inversions are
taxonomically widespread (Kirkpatrick & Barton, 2006; Wellenreuther & Bernatchez, 2018),
frequently polymorphic within and between species and populations (Sturtevant, 1938;

Dobzhansky, 1951; White, 1978), and commonly align with environmental gradients (Balanya,
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Huey, Gilchrist, & Serra, 2009; Kennington & Hoffmann, 2013; Kapun, Fabian, Goudet, & Flatt,
2016), or complex morphological and behavioural phenotypes (Huang, Andrew, Owens, Ostevik,
& Rieseberg, 2019; Sinclair-Waters et al., 2018). Unlike inversions that change gene order
(Fuller et al., 2019), translocations and fusions physically unlink or link genes and reduce
recombination within each newly linked chromosome arm (Dumas & Britton-Davidian, 2002)
reducing recombination in both heterozygotes and rearranged homozygotes (Bidau, Giménez,
Palmer, & Searle, 2001; Castiglia & Capanna, 2002). The potential of translocations and fusions
to facilitate adaptation (Charlesworth, 1985) is supported by recent theoretical modeling work
(Guerrero & Kirkpatrick, 2014), and empirical evidence of environmental correlations with
fusions and translocations (Drosophila americana, McAllister, 2003; Dichroplus sp., Bidau,
Mifo, Castillo, & Marti, 2012; Atlantic Salmon, Wellband et al., 2019). However, translocations
and fusions remain understudied with little reporting of the distribution or frequency of
polymorphisms, and associated phenotypic and environmental variation (Dobigny et al., 2017).
Atlantic Salmon (Salmo salar) span the North Atlantic Ocean exhibiting hierarchical
spatial structure across their range (King et al., 2007). Genomic differentiation is greatest
between continents with eastern (European) and western (North American) populations having
diverged more than 600,000 years before present (bp) (Nilsson et al., 2001; King et al., 2007,
Rougemont & Bernatchez, 2018). Over the intervening period numerous differences have
accumulated including large chromosomal rearrangements, two fusions (Ssa08/Ssa29 and
Ssa26/Ssa28) and a translocation (Ssa01/Ssa23) (Brenna-Hansen et al., 2012; Wellband et al.,
2019; Lehnert et al., 2019a), which have reduced the number of chromosome pairs from 29 in
Europe to 27 in North America (Hartley, 1988; Phillips & Rab, 2001). Recent findings suggest

that variation in the Ssa01/Ssa23 chromosomal translocation exists in North America, and that
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this variation was likely introduced through trans-Atlantic secondary contact from European
Atlantic Salmon near the end of the last glacial maximum (LGM) approximately 18,000 bp
(Bradbury et al., 2015; Rougemont & Bernatchez, 2018). Lehnert et al. (2019a) found that the
frequency of the Ssa01/Ssa23 translocation changed with latitude across Atlantic Canada with
more northern locations, such as sites in Newfoundland and Labrador, exhibiting the highest
frequency of the European karyotype (no Ssa01/Ssa23 translocation) relative to southern
populations which were almost entirely fixed for the North American karyotype (Ssa01/Ssa23
translocation). The importance of this structural variation resulting from secondary contact, and
the mechanisms acting to maintain high levels of polymorphism within and across Atlantic
Salmon populations in Atlantic Canada remain unknown.

Here we explore fine-scale spatial variation in southern Newfoundland, Canada, an area
with pronounced regional spatial structure (Bradbury et al., 2014), and evidence of trans-Atlantic
secondary contact (King et al., 2007; Bradbury et al., 2015). We first examine genomic variation
within Atlantic Salmon among 26 rivers using two discrete years of sampling and identify
variation in the Ssa01/Ssa23 translocation as a major driver of population structure. We examine
temporal stability of population structure as well as the frequency of this structural variation
within and among rivers. Next, we identify environmental associations with population structure
and consequently the Ssa01/Ssa23 translocation. We build directly on previous work that
identified range-wide polymorphism of a translocation between chromosomes Ssa0l and Ssa23
across Atlantic Canada (Lehnert et al., 2019a) and mitochondrial DNA evidence of trans-Atlantic
secondary contact along southeastern Newfoundland (King et al., 2007; Bradbury et al., 2015)

and highlight the potential role of chromosomal structural variation in fine-scale local adaptation



113 and the importance of secondary contact in generating standing genetic variation and driving
114  contemporary adaptive divergence.

115

116 2 METHODS

117 2.1 Sampling and genotyping

118 Juvenile Atlantic Salmon, young-of-the-year (YOY) and parr (ages 0 to 2-+), were

119  collected by electrofishing during the period July to September of 2017 and 2018 from 26 rivers
120  around Placentia Bay, a large (145 km wide at the mouth by 125 km long), deep bay (240 m)
121  separating the Avalon and Burin Peninsulas on the south coast of Newfoundland, Canada (Figure
122 1 and Table 1). Two rivers, Lance (LAN) and Little Barasway (LBB), were excluded from

123 sampling in 2018 due to small sample size in 2017. Cohorts were assigned based on age-length
124 relationships validated by scale ageing (Sylvester et al., 2019). Fin clips were collected and

125  preserved in 95% ethanol. DNA was extracted using DNeasy Blood and Tissue or DNeasy 96
126  Blood and Tissue kits (Qiagen, Toronto, ON, Canada) following manufacturer’s protocols.

127  Concentration of extracted DNA was assessed using a Nanodrop spectrophotometer and by

128  agarose gel visualization. DNA was standardized to a concentration of 15 ng/ul. A total of 1429
129  (2017: 745 and 2018: 684) individuals were genotyped by Centre for Integrative Genetics

130 (CIGENE, As, Norway) using a 220K bi-allelic single nucleotide polymorphism (SNP)

131  Affymetrix Axiom array developed for Atlantic Salmon as described in Barson et al. (2015).
132 These SNPs were a subset of those in the 930K XHD Ssal array (dbSNP accession numbers

133 ss1867919552—ss1868858426) designed using Norwegian aquaculture salmon. Genotype data
134 were filtered for high quality SNPs based on their clustering patterns and subsequent filtering was

135  performed using PLINK v 1.9 (Purcell et al., 2007; Chang et al., 2015). SNPs were filtered for a
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minor allele frequency (MAF) cut-off of 0.01, a missingness threshold of 0.05 across samples,
and non-biallelic loci within each year sampled. SNPs were retained only if they passed filtering
in both years resulting in a total of 139,038 SNPs. In addition, samples were filtered to retain
only individuals with <5% missing genotypes, resulting in a total of 662 and 611 individuals in

2017 and 2018, respectively.

2.2 Detection of population structure

For population genetic analyses that require a panel of neutral and unlinked loci we first
used PLINK version 1.9 (Chang et al., 2015) to identify outlier loci (Fst > 95™ percentile) among
sample sites. Loci identified as outliers in both 2017 and 2018 were removed. We then removed
SNPs with high physical linkage using a sliding-window approach in PLINK version 1.9. SNPs
with a variance inflation factor (VIF) greater than 2 were removed from 50 SNP windows shifted
by five SNPs each iteration. We further removed all SNPs on chromosomes with known
structural variants Ssa01/Ssa23 and Ssa08/Ssa29 (Lehnert et al., 2019a). This neutral, unlinked
dataset was then thinned, keeping one SNP per 200,000 bases, using PLINK version 1.9 (Chang et
al., 2015).

Indices of genetic diversity including observed and expected heterozygosity (H, and H.)
and Fis (Nei, 1987), were calculated per river and year to assess deviation from Hardy-Weinberg
equilibrium. Indices were calculated using the basic.stats function in the R package hierfstat
(Goudet, 2005) with the neutral, unlinked dataset (n = 6,302 SNPs). Confidence intervals for
river-specific Fis were calculated using the boot.ppfis function in hierfstat (Goudet, 2005) with
1,000 bootstrap replicates. Genetic differentiation was assessed by calculating pairwise Fsr (Weir

and Cockerham, 1984) between rivers using the stamp.fst function, with 100 bootstrap replicates,
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in the R package StAMPP (Pembleton, Cogan, & Forster, 2013) and visualized using gplots
(Warnes et al., 2016).

To estimate the number of distinct genetic clusters in each year, ADMIXTURE version 1.3
(Alexander, Novembre & Lange, 2009), which calculates individual ancestry proportions using
maximum likelihood estimates in a parametric model, was run for K (genetic clusters) 1 to 27
with three different random number seeds with the neutral, unlinked dataset (n = 6,302 SNPs).
From ADMIXTURE runs, standard deviation of cross-validation (CV) error was used to select a
reasonable range of K as in McCartney-Melstad, Vu & Shaffer (2018). Bar plots of estimated
individual ancestry proportions given by the O-values were generated using R version 3.6.1 (R
Core Team, 2019).

The R package pcadapt (Luu et al., 2017) was then used to detect genomic regions
associated with population-based differences in genomic architecture across all 26 rivers in each
year. Multiple values of K (number of principal components; PCs), ranging from 1 to 100, were
explored. The R package gvalue (Storey et al., 2015) was used to correct for false-discovery rate
by transforming p-values for all SNPs into g-values which were plotted using the Manhattan plot
function in the R package ggman (Turner, 2014). The final number of PC axes retained was K =
2, as we were primarily interested in large scale patterns of population differentiation. The
inclusion of additional values of K highlighted inter-individual differences rather than population
level differences. Further, upon visual inspection of the Manhattan plots, we found that two
strongly divergent genomic regions localized on chromosomes Ssa0l and Ssa23, a known
chromosomal translocation (Brenna-Hansen et al., 2012; Lehnert et al., 2019a), were the
dominant source of variation across multiple values of K (see Results). These regions associated

with the chromosomal translocation were important drivers of differentiation along the first PC
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axis and were thus a primary focus of our study. We note that physical genomic positions
presented in our study are based on the European Atlantic Salmon genome, where Ssa01 and
Ssa23 are separate chromosomes (Lien et al., 2016), which differs from the standard North

American karyotype where the p arm of Ssa0l has fused to Ssa23 (Brenna-Hansen et al., 2012).

2.3 Environmental association analysis

Spatial patterns of association between genomic variation and climatic (i.e., temperature
and precipitation) and habitat (i.e., axial river length, basin relief, number of obstructions, and
human population density) variables were investigated using partial redundancy analysis (RDA)
as implemented in the R package vegan (Oksanen et al., 2017). Environmental variables were
collected from publicly available sources (see Table S1). GPS coordinates of sample sites were
used to extract 19 BIOCLIM variables, interpolated monthly climate data at a spatial resolution of
30 arc-seconds averaged for the years 1970 — 2000, from the WorldClim 2.0 database (Fick &
Hijmans, 2017). Human population density, a proxy for habitat disturbance, was calculated as in
Lehnert et al. (2019b). Axial river length, number of obstructions, and basin relief were obtained
from Porter et al. (1974). Axial river length and number of obstructions were approximated using
GOOGLE EARTH and maximum elevation from HydroSHEDS digital elevation model (Lehner,
Verdin, & Jarvis, 2008) was substituted for basin relief for missing sites (Fair Haven Brook, Red
Harbour East, and Piercey’s Brook). All climatic and habitat data were standardized using the
scale function in R (R Core Team, 2019).

Given that many of the climatic variables were highly correlated (r > 0.8), we first
performed a variable reduction step using PCA to summarize climatic variation, for temperature

and precipitation. The first two PCs of each PCA were retained to reduce dimensionality and
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covariance of loadings. Next, latitude and longitude of each river mouth were determined using
GOOGLE EARTH. Geographic distance between each river mouth was calculated using the least-
cost distance function, constrained to a maximum depth of 100 m below sea-level, in the R
package marmap (Pante & Simon-Bouhet, 2013). Multivariate associations between genomic and
environmental data were tested using redundancy analysis (RDA), conditioned on geographic
distance from the most easterly site (Branch River), with four climatic summary variables (i.e.
PC1 and PC2 temperature, and PC1 and PC2 precipitation) and four habitat variables (i.e. basin
relief, number of obstructions, axial river length, and human population density) as predictors and
individual genotypes as dependent variables. Variance inflation factors were below 5 for all
variables indicating no multicollinearity between predictors. The RDA was visualized using the
plot function in R version 3.6.1 (R Core Team, 2019). The final number of RDA axes retained (n
= 3) was determined by visual inspection of the scree plot. To identify SNPs influenced by
climatic and habitat variation, we scaled and centred the raw scores on each constrained RDA
axis. We then identified outlier SNPs based on the loadings on each RDA axes, defined here as
SNPs more than three standard deviations from the mean. The Manhattan plot function in the R
package ggman (Rajagopal, 2020) was used to visualize each of the three retained RDA axes.
Visual inspection of the first RDA axis identified outlier SNPs localized on chromosomes Ssa01l
and Ssa23, a known chromosomal translocation (Brenna-Hansen et al., 2012; Lehnert et al.,
2019a). The correlation between frequency of the Ssa01/Ssa23 chromosomal translocation and

environmental variation was further explored in subsequent analyses.

2.4 Assignment of translocation karyotype

10
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Variation in the Ssa01/Ssa23 chromosomal translocation was found to be both a major
source of population level differentiation and associated with environmental variation. Therefore,
we next examined variation in translocation frequency. Using the results of pcadapt, outlier SNPs
(g-value < 0.05 in both 2017 and 2018, n = 887) in the outlier block regions, Ssa01 (44,000,000 -
53,000,000 bp) and Ssa23 (0 - 9,500,000 bp), were combined as in Lehnert et al. (2019a). Spatial
genetic structure of the Ssa01/Ssa23 chromosomal translocation was explored with principal
component analyses (PCA) performed using the R package pcadapt (Luu et al., 2017) with K = 3.
Based on clustering patterns on the first PC axis, on which individuals were separated into three
clusters consistent with Lehnert et al. (2019a), individuals were assigned a karyotype using the
kmeans function in R version 3.6.1 (R Core Team, 2019). The three clusters corresponded to
three karyotypes: 1) standard North American (homozygous translocated; Ssa01p/Ssa23 and
Ssa01q), 2) standard European (homozygous non-translocated; Ssa0lp/q and Ssa23), and 3)
heterozygous (carrying a translocated and non-translocated copy of the chromosomes).
Karyotype assignment followed Lehnert et al. (2019a), which incorporated European samples;
greater genetic variation was observed on PC1 and PC2 for the standard European karyotype
relative to the standard North American karyotype. This pattern of variation in genetic diversity
was consistent in our analysis (see Results). Using these genotype assignments, genetic
differentiation (observed heterozygosity) between karyotypes was assessed by calculating
pairwise Fsr (Weir and Cockerham, 1984) between groups in PLINK version 1.9 (Chang et al.,
2015).

Neighbor-joining (NJ) trees based on Nei’s D (Nei, 1972) were generated using outlier
loci (g-value < 0.05) within the outlier block regions on Ssa0l and Ssa23 and the R package

StAMPP (Pembleton et al., 2013). Trees were visualized using FIGTREE v1.4 (Rambaut, 2012).

11
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Linkage disequilibrium (LD) was calculated among outlier SNPs (g < 0.05) on chromosomes
Ssa0l and Ssa23 between karyotypes. Pairwise LD (R?) values were calculated using PLINK v 1.9

(Chang et al., 2015) and visualized using the R package gplots (Warnes et al., 2016).

2.5 Frequency of translocation karyotype
Population variation and temporal stability

Heterogeneity in translocation and karyotype frequencies between rivers was tested for
each year sampled (2017 and 2018) using an analysis of deviance in a generalized linear model
(GLM) with a binomial logistic transformation, followed by a comparison of contrasts as in
Meérot et al. (2018), and a pairwise Fisher’s exact test adjusted for multiple comparisons.
Temporal stability of translocation and karyotype frequency within each river between years was
then tested using a pairwise Fisher’s exact test. Two rivers, Lance (LAN), and Little Barasway
(LBB), were excluded from analysis due to limited sample size. To calculate translocation
frequency, we used the equation:

((# homozygous translocated x 2) + (# heterozygotes)) / (# total individuals x 2)

which provides the frequency of the standard North American allele per river.

Environmental associations

Given the association between the Ssa01/Ssa23 chromosomal translocation and
environmental variables (see RDA above), we next tested for significant correlations between the
identified climatic variables (temperature and precipitation) and translocation frequency using

linear regression. In the model, the response variable was the frequency of the North American

12
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allele (Ssa01p/Ssa23) or the standard North American karyotype (homozygous translocated) and

the explanatory variable being the climatic summary variables (see Results).

2.6 Gene ontology

We examined functional enrichment of genes associated with the Ssa01/Ssa23
chromosomal translocation and identified as significant environmental outliers (¢ < 0.05) on
RDAI. We conducted gene ontology (GO) enrichment analysis using GO annotations in the
Atlantic Salmon genome from SalmoBase (Samy et al., 2020). A reference set of genes, genes
within 10 kb of all 138,451 SNPs from the array, was identified and extracted using BEDTOOLS
(Quinlan & Hall, 2010). Outlier sets of genes, genes within 10 Kb of outlier SNPs on RDA1 and
located within the translocation were then extracted for 2017 (n = 914) and 2018 (n = 700). The
R package topGO version 2.38.1 (Alexa, Rahnenfiihrer, & Lengauer, 2006) was then used to test
for over-representation of GO biological processes using a node size of 5 and the ‘weight01’
algorithm to account for structural relationships among GO terms. An alpha level of 0.01 was
used to determine significance. Using the same outlier sets of genes we then tested for
enrichment of gene profiles using the R package CLUSTERPROFILER (Yu, Wang, Han, & He,
2012). NCBI gene ID numbers were used as search criteria in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) (Kanehisa, Goto, Sato, Furumichi, & Tanabe, 2012). An alpha level of

0.01 was used to determine significance.

3 RESULTS

3.1 Sampling and genotyping

13
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In total, 662 individuals sampled in 2017 and 611 individuals sampled in 2018 were
genotyped and passed quality control thresholds. Exploratory analysis using principal component
analysis (PCA) found genetic variation separated Red Harbour East (RHA) from all other rivers
along the first two principal component (PC) axes in both 2017 and 2018 (Figure S1). Due to the
prevalence of non-anadromous Atlantic Salmon along the south coast of Newfoundland
(Verspoor, McGinnity, Bradbury, & Glebe, 2015) and the verification of a significant waterfall at
the mouth of RHA, this river was excluded following analyses of neutral genetic structure as
these individuals most likely represent a highly divergent landlocked population. A total of
138,451 SNPs, with a high overall genotyping rate (> 99%), and 632 individuals in 2017 and 585

individuals in 2018 were used in downstream analyses.

3.2 Detection of population structure

All rivers exhibited significant genetic differentiation (p < 0). Patterns of pairwise Fst
clearly indicated strong regional structure within Placentia Bay consistent across both discrete
years sampled (Figure S2). Pairwise Fst, which ranged from 0.0062 to 0.11 in 2017 and 0.0077
to 0.083 in 2018, was greatest between rivers along the Burin (Bay de ’Eau (BDL) — Piercey’s
Brook (PBR)) and Avalon (Branch (BRA) — Ship Harbour (SHI)) Peninsulas indicative of an
east-west divide. Rivers along the Avalon Peninsula exhibited a higher degree of genetic
differentiation relative to each other as compared to rivers along the Burin Peninsula or head of
the bay where neighboring rivers exhibited little genetic differentiation. Interestingly, Cuslett
River (CUS) was found to be genetically similar to more geographically distant rivers along the
Burin Peninsula than neighboring rivers on the Avalon Peninsula. Observed (H,) and expected

(Hc) heterozygosity ranged from 0.16 to 0.20 (mean = 0.19) in both 2017 and 2018. Inbreeding
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coefficient (Fis) ranged from -0.067 to -0.018 (mean = -0.026) in 2017 and -0.036 to 0.00 (mean
=-0.023) in 2018 (Table 2).

Fine-scale population structure was observed using a panel of putatively neutral loci
(6,302 SNPs with Fst < 0.05 globally in both 2017 and 2018; known chromosomal
rearrangements excluded). The value of K with the lowest mean CV error in ADMIXTURE was K =
111in 2017, and K =9 in 2018. The reasonable range of K, values that had standard deviations
that overlapped with the lowest mean CV error were K = 10 and 12 — 14 in 2017, and K =10 - 11
in 2018 (Figure S3). Red Harbour East (RHA) appeared distinct across all values of K in both
years sampled. Although the majority of rivers formed river-specific clusters in both years
sampled, the head of the bay (CBC — SHA) appeared to form an admixed cluster, most similar to
rivers along southern Burin Peninsula, across all values of K in both 2017 and 2018 (Figure S4).

We also explored spatial structure within Placentia Bay by performing a principal
component analysis (PCA) on the full data set (n = 138,451 SNPs). This analysis similarly found
genetic variation separated populations by geographic region along the first two PC axes, with
PC1 (variance explained in 2017: 1.8% and 2018: 2.4%) highlighting an east-west divide within
Placentia Bay and PC2 (variance explained in 2017: 1.2% and 2018: 1.6%) a north-south divide
along the Avalon Peninsula (Figure 2a, b). This pattern of spatial structure was found to be
temporally stable with the exception of Northwest Mortier Bay (NMB), which in 2017 clustered
more closely with the Avalon Peninsula than the Burin Peninsula on which it is located.
Divergence among clusters identified by PC1 was found to be driven by large outlier block
regions (> 8 Mbp; Table S2) on both chromosomes Ssa01 and Ssa23 (Figure 2c, d). Each peak of
genetic differentiation (Ssa0l and Ssa23) contained > 400 SNPs that were statistical outliers (g <

0.05) in both years. An increasing number of PC axes tested (K = 2 — 100; see Supplementary
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Information Figure S5) supported Ssa01 and Ssa23 as the dominant factor driving genomic
divergence among Atlantic Salmon within Placentia Bay. In a range-wide study, Lehnert et al.
(2019a) found genomic divergence driven by Ssa01 and Ssa23 indicative of polymorphism in a
known chromosomal translocation that differentiates European and North American salmon
(Brenna-Hansen et al., 2012). As in Lehnert et al., (2019a), outlier block regions on Ssa0l and

Ssa23 were combined and analyzed together in downstream analyses (see below).

3.3 Environmental association analysis

PCA-based reduction of climatic variables was used to construct summary variables for
temperature and precipitation. For the PCA of temperature variables, the first PC axis explained
47.1% of site environmental variation and was positively associated with temperature seasonality
(BIO4) and temperature annual range (BIO7) but negatively associated with minimum
temperature of the coldest month (BIO 6), while the second PC axis explained 2.0% of site
environmental variation was most strongly negatively associated with annual mean temperature
(BIO1) (Table S3). For the PCA of precipitation variables, the first PC axis of the summary
variable for precipitation explained 65.1% of site environmental variation and was most strongly
negatively associated with annual precipitation (BIO12), while the second PC axis explained
2.3% of site environmental variation and was strongly positively associated with precipitation
seasonality (BIO15).

In the RDA, total proportion of genetic variance explained by the constraining
(environmental) variables was 4.3% and 4.4% with 0.85% and 1.3% of the total proportion of
variance explained by the conditioning variable (distance from the most easterly site; BRA) in

2017 and 2018 respectively. We found temperature and precipitation explained the greatest
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proportion of genetic variance on RDA1 based on vector length and number of significant SNPs.
A total of 422 and 222 SNPs were significantly associated with temperature PC1 and 114 and
440 SNPs were significantly associated with precipitation PC1 on RDA1 in 2017 and 2018
respectively. In both discrete years sampled, SNP loadings on RDAI indicated a strong
association with the Ssa01/Ssa23 outlier block regions previously identified (Figure 3c, d),
suggesting an association between the translocation and environmental variation. Genetic
variance associated with temperature was most strongly driven by rivers at the head of Placentia
Bay and along the Burin Peninsula (Figure 3a, b), a pattern that was consistent across years.
Whereas genetic variance associated with precipitation was most strongly driven by rivers along

southern Burin and Avalon Peninsulas (Figure 3a, b).

3.4 Assignment of translocation karyotype

Given that variation in the Ssa01/Ssa23 chromosomal translocation was identified as a
major source of genetic structure, and found to be associated with environmental variation, we
next examined translocation and karyotype frequency. Analysis of outlier SNPs (n = 887) within
the outlier block regions on Ssa01/Ssa23 found three distinct clusters on PC1 (variance explained
in 2017: 54.3% and 2018: 53.6%) (Figure 4a, b), consistent with a chromosomal rearrangement.
Similar clustering patterns were found using neighbor-joining (NJ) trees (Figure 4c, d).
Karyotype was assigned to each of the three clusters (based on PCA) with individuals assigned as
either: 1) standard North American (homozygous translocated; Ssa01p/Ssa23 and Ssa0lq), 2)
standard European (homozygous non-translocated; Ssa01p/q and Ssa23), and 3) heterozygous
(carrying a translocated and non-translocated copy of the chromosomes). The heterokaryotype

was found to be intermediate to the homokaryotypes along PC1 (Figure 4). Individuals from
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throughout Placentia Bay were found in each of the three clusters suggesting karyotype clusters
were not completely driven by the geography of the bay. Interestingly, the cluster of individuals
found to have the standard European karyotype (homozygous non-translocated; Ssa01p/q and
Ssa23) exhibited greater genetic variation along the first two PC axes than the clusters of
heterozygous or standard North American karyotype (homozygous translocated; (Ssa01p/Ssa23
and Ssa01q) individuals which exhibited the least amount of genetic variation along the first two
PC axes (Figure 4a, b).

Genetic differentiation (Fsr) between homokaryotypes was significantly greater (p < 0.001)
within the Ssa01/Ssa23 outlier block regions (Ssa0l: Fsr = 0.55 and Fsr = 0.52, and Ssa23: Fsr =
0.71 and Fsr = 0.70 in 2017 and 2018 respectively) relative to that observed genome wide (Fsr =
0. 0094 and Fsr=0. 0096 in 2017 and 2018 respectively). Heatmaps of linkage disequilibrium
(LD) between outlier SNPs (g < 0.05) on chromosomes Ssa01l and Ssa23 revealed regions of high
LD, in all pairwise comparisons of translocation karyotype (Figure S6). As expected, linkage
disequilibrium (R?) was highest between homokaryotypes. Interestingly, LD between the
heterokaryotype and standard European karyotype was found to be lower than that observed
between the heterokaryotype and standard North American karyotype. Heterozygosity was found
to be four times higher for the standard European karyotype relative to the standard North

American karyotype within the outlier block regions (Figure S7).

3.5 Frequency of translocation karyotype
Population variation and temporal stability
All rivers were polymorphic for the Ssa0l and Ssa23 chromosomal translocation (Figure

S8). Frequency of the translocation did not significantly differ between years (p = 0.263) but did
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differ significantly between rivers within years (p < 0.01) (Figure S9). Average translocation
frequency (standard North American ‘allele”) was 61.3% (range: 5.5 — 86.0%) in 2017 and 59.6%
(range: 6.7 — 94.5%) in 2018. Frequency of the standard North American karyotype (homozygous
translocated; Ssa01p/Ssa23 and Ssa0lq) was 41.9% (range: 0 — 72.0%) in 2017 and 41.0%
(range: 0 — 89.9%) in 2018 (Table S4). Frequency of the translocation was temporally stable
within rivers across the two discrete years sampled with the exception of Northwest Mortier Bay
(NMB), Cuslett (CUS), and Big Salmonier (BSA) which differed significantly in both karyotype
and translocation frequency between 2017 and 2018 (Table S5). Translocation frequency
significantly increased in NMB and significantly decreased in CUS and BSA from 2017 to 2018

(Figure S10).

Environmental associations

The translocation appeared spatially distributed along a longitudinal gradient with the
highest frequency of the standard North American karyotype found along central Burin Peninsula
and the head of Placentia Bay, and absent or occurring at low frequency along the Avalon
Peninsula (Figure 5). A pronounced transition in frequency of the translocation homokaryotype,
consistent across both years sampled, was observed between Ship Harbour Brook (SHI) and Fair
Haven Brook (FHB). SHI and FHB had an average of 2.3% and 42.7% standard North American
karyotype (homozygous translocated) individuals across years, respectively, suggesting an
increase in European ancestry (in this genomic region) between sites. Interestingly, variation in
translocation frequency between rivers was significantly correlated with temperature PC1 (2017:
p =0.067 and 2018: p = 0.0087) (Figure 6) but not precipitation PC1 (Figure S11). The

translocation (standard North American allele) occurred more frequently in rivers that have a
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lower minimum temperature in the coldest month and exhibited greater variability in temperature

both seasonally and annually.

3.6 Gene Ontology

We searched the Salmo salar genome for annotated genes within 10kb on either side of
each SNP within the outlier block regions on Ssa01 and Ssa23 identified as an environmentally
associated outlier on RDA1. We identified 260 and 241 unique genes in proximity to the 914 and
700 SNPs identified as RDA1 outliers within the Ssa01/Ssa23 chromosomal translocation in
2017 and 2018 respectively. These genes represent putative targets of selection. We found
functional enrichment of 26 and 35 gene ontology (GO) biological processes (p < 0.01, Table S6)
in 2017 and 2018 respectively. Of these, 21 GO biological processes were significantly enriched
(p <0.01) in both 2017 and 2018. Of particular interest were processes related to immunity,
growth, and oxidative stress. Further, using the outlier SNPs identified above, enrichment tests in
KEGG indicated over-representation of the insulin signaling pathway in both 2017 (p = 0.00763)

and 2018 (p = 0.00439).

4 DISCUSSION

Chromosomal structural variation is a significant, yet poorly understood source of genetic
variation (Wellenreuther et al., 2019) which may underpin complex phenotype and life history
variation across a wide range of taxa (Dobigny et al., 2017). In contrast with chromosomal
inversions, which have been increasingly associated with adaptive variation (Lamichhaney et al.,
2016; Jay et al., 2018; Huang et al., 2019), few well-documented occurrences of fusion or

translocation polymorphisms in wild populations have been reported (see Bidau & Marti, 2002;
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Dobigny et al., 2017; Wellband et al., 2019; Cayuela et al., 2020). Our study is among the first to
report evidence of an adaptive chromosomal translocation influencing spatial structure in the
wild. We found the Ssa01/Ssa23 chromosomal translocation, previously found to reflect trans-
Atlantic differences and secondary contact (Brenna-Hansen et al., 2012; Lehnert et al., 2019a), to
be polymorphic and associated with fine-scale spatial structure of Atlantic Salmon in Placentia
Bay, Newfoundland, Canada. Moreover, we found translocation frequency is significantly
correlated with environmental variation in the region. This work extends previous analyses
(Bradbury et al., 2015; Lehnert et al., 2019a) providing a high-resolution examination of trans-
Atlantic secondary contact in Atlantic Salmon in southern Newfoundland, and highlights the
importance of secondary contact, introgression, and chromosomal structural variation as drivers

of adaptive divergence.

4.1 Chromosomal translocation drives fine-scale spatial structure

In our study, Atlantic Salmon populations exhibited hierarchical spatial genetic structure
within Placentia Bay, with the greatest genetic differentiation occurring between the Avalon and
Burin Peninsulas. This is consistent with previous work by Bradbury et al. (2015) which
identified two discrete genetic clusters along southern Newfoundland, east and west, with a
boundary near the Burin Peninsula. Trans-Atlantic secondary contact has been suggested to be a
significant factor structuring this region. Gene flow following secondary contact has been
documented for many temperate species that experienced periods of range expansion and
contraction throughout the Quaternary (Hewitt, 2000; Tigano & Friesen, 2016). In Atlantic
Salmon, secondary contact between European and North American salmon occurred, most

recently, during the Pleistocene at the end of the last glacial maximum (King et al., 2007,
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Rougemont & Bernatchez, 2018) and is supported by evidence of European mitochondrial DNA
(King et al., 2007; Bradbury et al., 2015), and recently the identification of a chromosomal
polymorphism associated with European ancestry in northern Canada (Lehnert et al., 2019a).

The Ssa01/Ssa23 chromosomal translocation, previously associated with introgression
from European Atlantic Salmon into northern Canada (Lehnert et al. 2019a), was found to be
polymorphic within Placentia Bay and appeared to be a significant factor contributing to genetic
structuring in this region. Genetic variation of outlier loci within the outlier block regions
identified on chromosomes Ssa01 and Ssa23 showed three distinct clusters, a pattern observed by
Lehnert et al. (2019a) and consistent with a chromosomal rearrangement. Karyotype frequencies
showed a longitudinal clinal pattern. Populations on the Avalon Peninsula were predominately
composed of individuals with the standard European karyotype (homozygous non-translocated;
Ssa01p/q and Ssa23) whereas populations at the head of the bay and on the Burin Peninsula were
predominately composed of individuals with the standard North American karyotype
(homozygous translocated; Ssa01q and Ssa01p/Ssa23). Interestingly, Lehnert et al. (2019a) found
no individuals with the standard European karyotype south of Labrador, although sampling was
limited to only four populations in Newfoundland located west of the Burin Peninsula. While
long read nanopore sequencing is required to confirm the presence of a translocation in these
populations, this finding strongly supports a hypothesis of trans-Atlantic secondary contact in
Placentia Bay.

Observed patterns of genetic diversity indicated the standard North American karyotype
has reduced genetic diversity relative to the standard European karyotype. Furthermore, pairwise
comparisons of linkage disequilibrium between karyotypes suggested greater suppression of

recombination between the standard North American karyotype and heterokaryotype than
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between the standard European karyotype and heterokaryotype. This finding is consistent with
reports of reduced frequency of recombination and a shift in the distribution of recombination
towards the distal ends of chromosomes in fused homokaryotypes and, to a lesser extent,
heterokaryotypes (Bidau et al., 2001; Castiglia & Capanna, 2002; Dumas & Britton-Davidian,
2002; Guerrero, & Kirkpatrick, 2014). While North American salmon generally have low levels
of European ancestry (~ 3% genome-wide), individuals with the standard European karyotype
have been reported to have high levels of European ancestry (> 50%) within the outlier block
regions on Ssa01l and Ssa23 (Lehnert et al., 2019a). Given that the SNP array was developed
using European Atlantic Salmon (Barson et al., 2015), it is possible inferences about diversity
may be influenced by ascertainment bias. However, the dataset used here was based on a subset
of polymorphic loci and using a similar array and methodology Bradbury et al. (2015) concluded
the observed pattern in genetic diversity along southern Newfoundland was the result of
historical processes with minimal influence of ascertainment bias.

Interestingly, the outlier block region identified on chromosome Ssa23 (0 — 9.5 Mbp) was
larger in size than that reported by Lehnert et al. (2019a) perhaps suggesting multiple secondary
contact events may have occurred during the colonization of North America following the last
glacial maximum, a hypothesis for which Rougemont & Bernatchez (2018) found some support.
Moreover, the larger outlier blocks found here may suggest a more recent secondary contact
event in Newfoundland compared to northern regions (Labrador). This highlights the need for
future studies on the demographic and evolutionary history of Atlantic Salmon in Canada. While
other studies have identified evidence that secondary contact influences differentiation range-
wide (Lehnert et al., 2019a), we found variation in the Ssa01/Ssa23 chromosomal translocation is

significantly associated with genome-wide population structure demonstrating the importance of
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the Ssa01/Ssa23 chromosomal translocation to fine-scale structuring within Placentia Bay and
suggesting the translocation may influence gene flow through incompatibilities or adaptive

differences between karyotypes.

4.2 Environment correlated with chromosomal translocation

Geographic regions of post-glacial secondary contact can provide opportunities to
investigate the evolution and maintenance of chromosomal structural variation and its role in
adaptive divergence (Tigano & Friesen, 2016; Lee et al., 2017). Secondary contact events can
generate polymorphism in standing variation, which can then be selected upon in a heterogenous
environment (Alcala & Vuilleumier, 2014; Marques et al., 2019). Genomic architecture is an
underappreciated source of variation on which selection can act (Wellenreuther et al., 2019).
Chromosomal structural variants may be adaptive due to spatially and/or temporally varying
selection on: 1) breakpoints or position effects which cause gene disruption or alter expression
(Corbett-Detig, 2016; Puerma, Orengo, & Aguadé, 2016), ii) recombination rate (McDonald,
Rice, & Desai, 2016), or iii) alleles captured or accumulated (Wright, 1931; Coyne & Orr, 2004;
Fuller et al., 2019). As such, chromosomal structural variants are expected to clearly delineate the
genetic boundaries between parapatric populations that straddle an ecotone (Slatkin, 1975;
Kirkpatrick & Barton, 2006). Using a fine-spatial scale approach we identified a cline in
translocation karyotype that aligned with an environmental gradient consistent with a hypothesis
of adaptive significance.

Placentia Bay, a long (125 km) and deep (240 m) embayment in southeastern
Newfoundland, spans 145 km at the mouth and narrows towards the head of the bay where

summer temperatures are warmer relative to the mouth of the bay (Fisheries and Oceans Canada,
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2007). Genotype-environment analysis (redundancy analysis; RDA) indicated temperature range
and seasonality best explained the observed spatial genetic structure and highlighted a strong
association with the Ssa01/Ssa23 chromosomal translocation. Although the use of air temperature
as a proxy for freshwater temperature may not be accurate, particularly across small spatial scales
(Hansen, Read, Hansen, & Winslow, 2016), previous work in the region has reported a strong
correspondence between air and water temperatures (Bradbury et al., 2014). Furthermore, a
significant correlation between translocation frequency and temperature was found, indicating,
that like inversions, translocations have the potential to be adaptive, a finding supported by
evidence of signatures of positive selection acting on both the standard North American and
standard European karyotypes (Lehnert et al., 2019a). Taken together, these findings suggest the
standard North American karyotype is adaptive in North America, however, within secondary
contact zone(s) where introgression has occurred, the standard European karyotype also confers a
locally adaptive advantage, presumably by adding to standing variation on which selection acts
within a heterogenous landscape over a fine-spatial scale. Alternatively, temperature-aligned
population structure could be the result of demographic history. Chromosomal structural variants
may have been pre-adapted to differing temperature regimes and aligned themselves along the
currently observed cline in temperature during post-glacial colonization; consistent with a
hypothesis of niche coupling (Knowles, Carstens, & Keat, 2007). Regardless of the influence of
colonization history, a significant correlation between contemporary fine-scale population
structure and temperature was observed.

Local adaptation has been recognized as an important evolutionary process in salmonids
(reviewed in Taylor, 1991; Garcia de Leaniz et al., 2007) with temperature often identified as the

dominant factor structuring populations (Larson, Lisi, Seeb, Seeb, & Schindler, 2016).
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Temperature has been shown to directly influence metabolic and growth rate (Burgerhout et al.,
2017; Stehfest et al., 2017; Vikesa, Nankervis, & Hevrey, 2017), age at smoltification and
maturation (Mangel, 1994; Minns et al., 1995; Friedland, 1998), proportion of precocial parr in
Atlantic Salmon populations (Valiente et al., 2005; Yates et al. 2015), migration timing (Jonsson
& Jonsson, 2018), and fitness and survival through oxidative stress (Birnie-Gauvin, Costantini,
Cooke, & Willmore, 2017). While some evidence suggests a difference in proportion of precocial
males (Dalley, Andrew, & Green, 1983) between the mouth and head of Placentia Bay, little is
known about the life history and ecology of salmon at this spatial scale in this region.

While our results suggest an association between translocation frequency and
temperature, we acknowledge that other unmeasured variables that covary with temperature may
contribute to the genetic structure observed (Storfer et al., 2006). Inclusion of additional
environmental parameters, such as pH and/or geological characteristics (Bourret et al., 2013;
Bradbury et al., 2014), and pathogen or parasite diversity (Dionne, Miller, Dodson, &
Bernatchez, 2009), may provide further insight into the mechanisms influencing spatial structure
in the region. Although, notably, in regions such as Labrador, previous work has found a higher
frequency of the standard European karyotype within populations within a large marine
embayment (Lake Meville) where temperatures are warmer compared to coastal populations with
a lower frequency of the standard European karyotype (Sylvester et al., 2018; Lehnert et al.,
2019a). While this association has not been formally tested, it highlights another region in North
America where polymorphism of the Ssa01/Ssa23 chromosomal translocation may align with
clinal variation in temperature. Although these relationships appear to operate in different
directions, this may further support the role of multiple secondary contact events in parts of

Canada from different regions of Europe.
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4.3 Chromosomal translocation exhibits temporal stability across ecotone

Translocation frequency was found to be temporally stable across the two discrete years
sampled. A pronounced transition in translocation frequency was observed between Ship Harbour
(SHI) and Fair Haven Brook (FHB) on the Avalon Peninsula, however, this transition was less
apparent on the Burin Peninsula, where Northwest Mortier (NMB) and Big Salmonier (BSA),
rivers located in an intermediary zone of clinal variation, were found to significantly differ in
translocation frequency between 2017 and 2018. While maintenance of polymorphism and
temporal stability suggest the Ssa01/Ssa23 chromosomal translocation is adaptive, it is plausible
that the Ssa01/Ssa23 chromosomal translocation is neutral or near-neutral and polymorphism
persists due to demographic factors such as low gene flow and low effective population size in
region (Palstra et al., 2007; Bradbury et al., 2015) and drift. Alternatively, polymorphism of the
Ssa01/Ssa23 chromosomal translocation may be maintained, not because the variants represent
adaptations to divergent habitats, but because the homozygous translocated karyotype carries
harmful recessive mutations as suggested by Jay et al. (2019) in Heliconious numata. Future
work should examine transposable element (TE) dynamics and the rate of non-synonymous to

synonymous substitution (dN/dS) within the translocated region.

4.4 Functional significance and gene annotations

We identified biological processes which were over-represented using genes within the
outlier block regions on Ssa0l and Ssa23 that were located near environmentally associated
SNPs. KEGG pathway analysis found enrichment of the insulin signalling pathway in both 2017

and 2018. In addition, analysis of gene ontology found over-representation of biological
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processes primarily related to regulation of metabolic processes, and immune response. The
insulin signalling pathway may relate to both metabolic processes (Babbitt, Warner, Fedrigo,
Wall, & Wray, 2010; Zhang et al. 2018) and immunity (Yada & Tort, 2016; Cheng et al., 2017;
Wang et al., 2019).

In salmon, genes and/or biological processes related to metabolic processes and immunity
can be influenced by environmental factors, such as temperature (Dionne, Miller, Dodson, Caron,
& Bernatchez, 2007; Beauregard et al., 2013). Metabolic differences in salmon populations under
different temperature regimes have been reported; salmon in warmer conditions grow faster and
migrate to sea at a younger age (Power, 1981; Metcalfe & Thorpe, 1990) while salmon in cooler
environments exhibit higher growth rate and more efficient metabolic processes (Nicieza et al.,
1994). In Atlantic Salmon, precocial male parr are common in Newfoundland (Dalley et al.
1983), and their occurrence can be influenced by temperature (Valiente et al., 2005; Yates et al.
2015).

Temperature regime has also been correlated with bacterial diversity and as such genetic
diversity for immune-related genes (Dionne et al., 2007, 2008) and is thought to be involved in
local adaptation to different pathogen communities (Bourret et al., 2013). Parasites have played a
major role in mortality of wild fish in Newfoundland (Khan, 2009) with outbreaks and mortality
of proliferative kidney disease (PKD) being seasonal and temperature dependent in salmonids
(Sterud et al., 2007). Overall, these processes point to potential adaptive associations with
temperature but remain speculative, and experimental work is needed to better understand these

relationships.

4.5 Conservation and management implications
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Atlantic Salmon in southern Newfoundland have undergone significant declines in
abundance over the last few decades (Chaput et al., 2012; Lehnert et al., 2019b) and are currently
managed as a single designatable or evolutionarily significant unit (COSEWIC, 2010). Our
results clearly demonstrate two genetic clusters and provide strong evidence that an adaptive
chromosomal translocation associated with trans-Atlantic secondary contact drives fine-scale
population structure in the region. Placentia Bay is of particular interest in that it is a geographic
region of post-glacial secondary contact and as such provides an opportunity to investigate the
evolution and maintenance of chromosomal structural variation and its role in adaptive
divergence because evolutionary dynamics of chromosomal structural variants differ from other
parts of the genome, (Tigano & Friesen, 2016; Lee et al., 2017; Wellenreuther & Bernatchez,
2018; Mérot, Oomen, Tigano, & Wellenreuther, 2020). While polymorphism in chromosomal
structural variation, such as the Ssa01/Ssa23 chromosomal translocation characterized here, may
complicate the process of delineating evolutionarily significant units, particularly when the
relative fitness consequences are unclear, it can be important to consider genomic architecture
underlying adaptive phenotype or life history variation when predicting the consequences of

environmental disturbance and climatic change (Oomen, Kuparinen, & Hutchings, 2020).

S CONCLUSIONS

Species and populations adapt through selection imposed by spatially and temporally
heterogenous environments on new mutation or standing genetic variation (Wright, 1931; Coyne
& Orr, 2004). Gene flow is an important source of standing genetic variation (Tigano & Friesen,

2016) promoting adaptation through the re-introduction of previously lost variation (Rieseberg,
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662  2009) and the introgression of novel genetic variants and allelic combinations among meta-

663  populations (Poelstra, Richards, & Martin, 2018). The Ssa01/Ssa23 chromosomal translocation
664  (Brenna-Hansen et al., 2012) has recently been found to be polymorphic within secondary contact
665  zones in North America (Lehnert et al., 2019a). This study further supports secondary contact
666  with European introgression into Atlantic Salmon populations along southeastern Newfoundland
667  and highlights the importance of secondary contact in shaping population genetic structure.

668  Effects of chromosomal structural variants are expected to be most pronounced when fixed in
669  populations prior to secondary contact, with subsequent reproductive isolation maintained by
670  adaptive change involving many genes with small fitness effects (Feder, Nosil, & Flaxman,

671  2014). Here, we found evidence of an adaptive chromosomal rearrangement and a cline in

672  translocation frequency aligned with a cline in temperature. These findings suggest the standard
673  North American karyotype is broadly adaptive in North America, however, within secondary
674  contact zone(s) where introgression of the standard European karyotype has occurred, the

675  standard European karyotype also confers an adaptive advantage in local populations. Future
676  work should explore the roles of demography and drift, monitor clinal stability of translocation
677  frequency over an extended period of time to investigate the evolution and maintenance of

678  putatively adaptive translocation in the wild, and use direct temperature measurements and

679  common-garden experiments to investigate differential gene expression between

680  homokaryotypes. This study highlights the importance of chromosomal structural variation as a
681  source of standing variation on which selection can act.
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1181

1182  Table 1 Sampling locations of Atlantic Salmon (Sa/mo salar) in Placentia Bay, Newfoundland,
1183  Canada. Rivers ordered geographically, east to west around the bay. Samples were collected in
1184 2017 and 2018. Number of samples genotyped (V) per site per year.

Longitude Latitude

River RiverID (oW) (oN) N2o17 Na2o1s
Branch River BRA -53.97 46.89 30 32
Lance River LAN -54.07 46.82 9 -
Cuslett Brook CuUS -54.16 46.96 30 30
Great Barasway Brook GBW -54.06 47.13 30 41
Little Barasway Brook LBB -54.04 47.18 16 -
Southeast Placentia River SPR -53.88 47.23 30 31
Northeast Placentia River NPR -53.84 47.27 30 24
Ship Harbour Brook SHI -53.87 47.35 30 32
Fair Haven Brook FHB -53.89 47.54 30 30
Come By Chance River CBC -53.98 47.86 30 31
North Harbour River NHR -54.03 47.92 30 32
Black River BLA -54.16 47.89 30 30
Pipers Hole Brook PHR -54.27 47.93 30 33
Sandy Harbour River SHA -54.36 47.71 30 9
Nonsuch River NON -54.65 47.45 30 20
Cape Roger Brook CRB -54.69 47.44 30 32
Bay de I'Eau River BDL -54.73 47.51 30 32
Rushoon River RUS -54.92 47.37 30 37
Red Harbour East River RHA -54.99 47.33 30 26
Red Harbour West River RHW -55.01 47.29 30 30
Northwest Mortier Bay Brook NMB -55.31 47.17 30 32
Tides Brook TDS -55.26 47.13 30 28
Big Salmonier Brook BSA -55.22 47.06 30 31
Lawn River LWN -55.54 46.95 30 30
Taylor Bay Brook TBR -55.71 46.88 30 10
Piercey's Brook PBR -55.86 46.88 30 21

1185

1186

1187

1188



1189
1190
1191

1192
1193

1194

1195

Table 2 Summary of genetic diversity for Atlantic Salmon from 26 rivers in Placentia Bay,
Newfoundland, Canada. Rivers are ordered geographically, east to west around the bay. Number
of samples (N), mean observed (H,) and expected (H.) heterozygosity and median Fis calculated
across putatively neutral loci (n = 6,302) using hierfstat.

2017 2018
RiverID

N H, H. Fis N H, H. Fis
BRA 30 0.184 0.182 -0.025 32 0.187 0.183 -0.025
LAN 9 0.181 0.170 -0.067 - - - -
CuUsS 30 0.184 0.185 -0.018 30 0.189 0.185 -0.036
GBW 18 0.188 0.186 -0.030 41 0.189 0.186 -0.026
LBB 15 0.191 0.184 -0.037 - - - -
SPR 27 0.192 0.185 -0.040 30 0.194 0.188 -0.036
NPR 29 0.193 0.192 -0.018 17 0.192 0.191 -0.032
SHI 22 0.202 0.200 -0.024 32 0.204 0.201 -0.018
FHB 30 0.188 0.185 -0.036 25 0.193 0.188 -0.029
CBC 30 0.192 0.194 -0.018 19 0.194 0.192 -0.029
NHR 24 0.188 0.188 -0.022 29 0.192 0.189 -0.018
BLA 24 0.196 0.195 -0.022 29 0.198 0.198 -0.018
PHR 29 0.193 0.193 -0.018 30 0.196 0.194 -0.018
SHA 30 0.198 0.196 -0.018 9 0.197 0.198 0.000
NON 27 0.181 0.177 -0.020 20 0.181 0.180 -0.027
CRB 29 0.190 0.190 -0.018 27 0.183 0.182 -0.020
BDL 30 0.181 0.181 -0.018 32 0.188 0.187 -0.016
RUS 25 0.182 0.183 -0.021 31 0.182 0.182 -0.017
RHA 30 0.158 0.158 -0.018 26 0.159 0.158 -0.020
RHW 27 0.196 0.196 -0.020 24 0.196 0.194 -0.022
NMB 27 0.185 0.181 -0.040 31 0.193 0.189 -0.035
TDS 15 0.179 0.177 -0.037 24 0.186 0.185 -0.022
BSA 30 0.188 0.187 -0.018 24 0.187 0.184 -0.022
LWN 27 0.193 0.190 -0.020 22 0.195 0.194 -0.024
TBR 18 0.193 0.194 -0.030 10 0.192 0.199 0.000
PBR 30 0.194 0.194 -0.018 17 0.194 0.192 -0.032
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Figure 6 Correlation between temperature and the Ssa01/Ssa23 chromosomal translocation in
Atlantic Salmon within Placentia Bay, Newfoundland, Canada. (a, ¢) Linear regression of the
first principal component (PC) of a PCA based on 11 temperature variables (BIOCLIM) and
proportion of non-translocated Ssa0O1p/q sampled in (a) 2017 and (c¢) 2018. (b, d) Temperature
annual range (BIO7), the highest loading variable on temperature PC1. Size of point indicates

frequency of non-translocated Ssa0Olp/q in (b) 2017 and (d) 2018. See Table 1 for location details.
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Supplemental Information

Table S1 Climatic and habitat variables used to identify potential drivers of translocation

frequency using a partial redundancy analysis (RDA). Description of each measure is provided

with the years measured, unit, and data source.

Variable Description Unit Year Source
BIO1 Annual mean temperature oC 1970-2000 WorldClim
BIO2 Mean diurnal range oC 1970-2000 WorldClim
BIO3 Isothermality oC 1970-2000 WorldClim
BIO4 Temperature seasonality oC 1970-2000 WorldClim
BIOS Max temperature of warmest month oC 1970-2000 WorldClim
BIO6 Min temperature of coldest month oC 1970-2000 WorldClim
BIO7 Temperature annual range oC 1970-2000 WorldClim
BIOS Mean temperature wettest quarter oC 1970-2000 WorldClim
BIO9 Mean temperature of driest quarter oC 1970-2000 WorldClim
BIO10 Mean temperature warmest quarter oC 1970-2000 WorldClim
BIOI11 Mean temperature coldest quarter oC 1970-2000 WorldClim
BIO12 Annual precipitation mm 1970-2000 WorldClim
BIO13 Precipitation of wettest month mm 1970-2000 WorldClim
BIO14 Precipitation of driest month mm 1970-2000 WorldClim
BIO15 Precipitation seasonality mm 1970-2000 WorldClim
BIO16 Precipitation of wettest quarter mm 1970-2000 WorldClim
BIO17 Precipitation of driest quarter mm 1970-2000 WorldClim
BIO18 Precipitation of warmest quarter mm 1970-2000 WorldClim
BIO19 Precipitation of coldest quarter mm 1970-2000 WorldClim
Human density =~ Human population density 2000 NASA NEO
Axial length Length of river along down-valley axis km 1974 DFO
Obstructions Number of obstructions 1974 DFO
Difference in elevation between the
Relief highest and lowest point of the basin m 1974 DFO
FW _dem max  Maximum elevation m 2000 HydroSHEDS
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1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

Table S2 Outlier block regions associated with a known chromosomal translocation
(Ssa01p/Ssa23) in Atlantic salmon identified here using pcadapt across rivers in Placentia Bay,
Newfoundland, Canada. Outlier block regions were approximated by visual inspection of g-
values. Boundaries of and number of significant (g-value < 0.05) single nucleotide

polymorphisms (SNPs) in each region reported.

Chromosome Approximate boundaries of outlier blocks Number of
Start (bp) End (bp) outlier SNPs
Ssa01 44,000,000 53,000,000 480
Ssa23 0 9,500,000 407
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1272
1273 Table S3 Principal component, PC1 and PC2, loadings for each categorical PCA used in

1274  redundancy analyses (RDA) with code of climatic variable.

o . Loading
Climatic variable PC1 PC2
Temperature
BIO1 -0.19 -0.62
BIO2 0.34 -0.11
BIO3 0.20 -0.26
BIO4 0.36 -0.013
BIOS 0.34 -0.078
BIO6 -0.36 -0.036
BIO7 0.36 0.001
BIOS -0.17 -0.54
BIO9 0.25 -0.23
BIO10 0.30 -0.38
BIOI11 -0.35 -0.2
Precipitation
BIO12 -0.39 0.048
BIO13 -0.38 0.18
BIO14 -0.37 -0.20
BIO15 -0.17 0.81
BIO16 -0.38 0.19
BIO17 -0.35 -0.42
BIO18 -0.37 -0.24
BIO19 -0.37 0.01
1275
1276
1277
1278
1279
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1281

1282  Table S4 Proportion of karyotypes for the Ssa01p/Ssa23 chromosomal translocation in Placentia
1283  Bay, Newfoundland, Canada. Karyotype assigned based on outlier SNPs (n = 887) from the
1284  outlier block regions on Ssa01p and Ssa23. Rivers are ordered geographically, east to west

1285  around the bay. See Figure 1 and Table 1 for location details.

2017 2018
RiverID  Homo NA Hetero  Homo EU Homo NA Hetero  Homo EU
(Trans) (No Trans) (Trans) (No Trans)

BRA 0.000 0.233 0.767 0.000 0.250 0.750
CUS 0.667 0.267 0.067 0.267 0.533 0.200
GBW 0.111 0.556 0.333 0.073 0.341 0.585
SPR 0.000 0.111 0.889 0.000 0.133 0.867
NPR 0.138 0.517 0.345 0.118 0.294 0.588

SHI 0.045 0.409 0.545 0.000 0.438 0.563
FHB 0.533 0.400 0.067 0.320 0.600 0.080
CBC 0.533 0.400 0.067 0.421 0.526 0.053
NHR 0.667 0.292 0.042 0.310 0.552 0.138
BLA 0.542 0.458 0.000 0.655 0.276 0.069
PHR 0.310 0.655 0.034 0.567 0.367 0.067
SHA 0.667 0.333 0.000 0.889 0.111 0.000
NON 0.704 0.222 0.074 0.700 0.300 0.000
CRB 0.517 0.414 0.069 0.778 0.222 0.000
BDL 0.433 0.467 0.100 0.313 0.500 0.188
RUS 0.720 0.280 0.000 0.742 0.258 0.000
RHW 0.630 0.333 0.037 0.625 0.250 0.125
NMB 0.222 0.444 0.333 0.645 0.355 0.000
TDS 0.200 0.533 0.267 0.375 0.333 0.292
BSA 0.633 0.367 0.000 0.250 0.625 0.125
LWN 0.667 0.333 0.000 0.591 0.318 0.091
TBR 0.556 0.333 0.111 0.500 0.400 0.100
PBR 0.133 0.600 0.267 0.294 0.588 0.118

1286
1287
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1289

1290

1291

1292

1293

1294

1295

Table S5 Pairwise comparison of translocation and karyotype frequencies within river between

years (2017 and 2018) sampled. Bold p-values indicate significantly different frequencies,

calculated using a Fisher Exact Test. Rivers ordered geographically, east to west, around

Placentia Bay, Newfoundland; see Figure 1 and Table 1 for location details.

RiverID Translocation frequency Karyotype frequency
Estimate  lower CI  upperCI  p Estimate  lower CI  upperCI  p

BRA 1.08 0.32 3.77 1.00 0.00 0.00 Inf 1.00
CUS 0.29 0.12 0.69 0.00 7.04 0.99 85.86 0.04
GBW 0.51 0.20 1.29 0.13 2.58 0.18 28.50 0.57
SPR 1.21 0.19 8.68 1.00 0.00 0.00 Inf 1.00
NPR 0.55 0.19 1.50 0.26 1.95 0.22 26.24 0.65
SHI 0.84 0.31 232 0.82 Inf 0.04 Inf 0.42
FHB 0.60 0.24 1.44 0.22 1.95 0.12 31.65 0.60
CBC 0.79 0.30 2.14 0.65 1.00 0.02 22.06 1.00
NHR 0.33 0.12 0.86 0.02 6.66 0.55 370.64 0.14
BLA 1.14 0.40 3.18 0.82 Inf 0.12 Inf 0.51
PHR 1.69 0.72 4.08 0.23 1.06 0.05 69.29 1.00
SHA 3.36 0.42 156.00 0.44 0.00 0.00 Inf 1.00
BDL 0.65 0.29 1.42 0.27 2.52 0.41 19.57 0.43
NON 1.28 0.38 4.75 0.78 0.00 0.00 8.01 0.51
CRB 3.02 1.01 10.31 0.03 0.00 0.00 4.25 0.19
RUS 1.10 0.31 3.78 1.00 0.00 0.00 Inf 1.00
RHW 0.77 0.27 2.16 0.64 3.29 0.24 188.57  0.60
NMB 5.70 232 14.89 0.00 0.00 0.00 0.22 0.00
TDS 1.35 0.49 3.73 0.64 0.60 0.06 4.89 0.67
BSA 0.29 0.11 0.74 0.01 Inf 0.99 Inf 0.03
LWN 0.60 0.20 1.81 0.33 Inf 0.23 Inf 0.20
TBR 0.90 0.23 3.68 1.00 1.00 0.01 23.98 1.00
PBR 1.86 0.73 4.80 0.20 0.22 0.01 2.11 0.17

55



1296

1297

1298

1299

1300

Table S6 Gene ontology (GO) enrichment, using topGO, for single nucleotide polymorphisms

(SNPs) identified as outliers in a genotype-environment analysis (redundancy analysis; RDA)

and located within the outlier block regions on chromosomes Ssa0l and Ssa23. GO IDs in bold

indicate the term was significant (p-value < 0.01) in both discrete years sampled.

GOID

Description

Nanno

N, sig

2017
Nexp

p-value

Nanno

N, sig

2018
Nexp

p-value

GO:0045887

GO0:2000541

GO0:0008380

GO0:0006729

GO0:0045075

GO:0007346

GO0:0031622

GO0:0031394

GO0:0021912

positive regulation of
synaptic growth at
neuromuscular
junction

positive regulation of
protein
geranylgeranylation

RNA splicing
tetrahydrobiopterin
biosynthetic process

regulation of
interleukin-12
biosynthetic process
regulation of mitotic
cell cycle

positive regulation of
fever generation

positive regulation of
prostaglandin
biosynthetic process

regulation of
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Figure S1 Population structure of Atlantic Salmon in Placentia Bay, Newfoundland in (a) 2017

and (b) 2018. Red Harbour East (RHA) was found to be genetically differentiated from all other

rivers sampled based on the first two principal component (PC) axes from pcadapt (Luu et al.,
2017) using 139,038 SNPs. Rivers coloured east (yellow-red) to west (green-blue) with head of

the bay (purple). See Figure 1 and Table 1 for location details.
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Figure S2 Heatmap of pairwise Fst for Atlantic Salmon rivers (n = 25) in Placentia Bay,
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Newfoundland, Canada. The upper matrix represents 2017 and the lower matrix 2018. Rivers are

ordered geographically from east to west. Lance (LAN) and Little Barasway (LBB) were not

sampled in 2018. See Figure 1 and Table 1 for location details.
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1321  Figure S3 Cross-validation (CV) error means and standard deviations from three ADMIXTURE
1322 runs using different random number seeds. Standard deviations which overlap the dashed red
1323 line, indicating lowest mean CV error represent a reasonable range of K. (a) 2017, K =10

1324 through K = 14 and (b) 2018, K =9 through K = 11.
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Figure S4 ADMIXTURE (K =9 — 11) results for Atlantic Salmon (Salmo salar) sampled in
Placentia Bay, Newfoundland, Canada in (a) 2017 (n = 662) and (b) 2018 (n = 611). Rivers
ordered geographically, east to west, around the bay; see Figure 1 and Table 1. Lance (LAN) and

Little Barasway (LBB) were not sampled in 2018 due to limited sample size in 2017.
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Figure S5 Scree plots generated in pcadapt showing proportion of variance explained as
increasing principal component (K) axes are retained for a) 2017 and b) 2018. Results represent

genetic variation in Atlantic Salmon (Sa/mo salar) across Placentia Bay, Newfoundland, Canada.
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1339  Figure S6 Heatmap of linkage disequilibrium (LD) between outlier SNPs (n = 1913) within
1340  outlier block regions on chromosomes (Ssa01p and Ssa23). Pairwise LD (R?) for (a) homozygous
1341  non-translocated vs. heterozygous, (b) homozygous translocated vs. heterozygous, and (c)

1342 homozygous non-translocated vs. homozygous translocated in 2017.
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Figure S7 Observed heterozygosity (Ho) for each karyotype. Karyotypes assigned using kmeans
for three clusters; standard European (homozygous non-translocated; Ssa01p/q and Ssa23),
standard North American (homozygous translocated; Ssa01p/Ssa23 and Ssa01lq), and
heterozygous. All values calculated in plink v1.9. Lines represent smoothed values for a span of

0.1 using ggplot2.
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1355  Figure S8 Heterogeneity of (a, b) translocation (c - h) and karyotype frequencies between rivers
1356  within year, (a, c, e, and g) 2017 and (b, d, f, and h) 2018 sampled. Bars represent confidence
1357  intervals. Rivers ordered geographically, east to west, around Placentia Bay, Newfoundland; see
1358  Figure 1 and Table 1 for location details.. Colours indicate karyotype; homozygous non-

1359 translocated (yellow), heterozygous (red), and homozygous translocated (blue-green).

67



1360

1361

1362

1363

1364

1365

a)

BRA
Cus
GBW
SPR
NPR
SHI
FHB
CBC
NHR
BLA
PHR
SHA
NON
CRB
BDL
RUS
RHW
NMB
TDS
BSA
LWN
TBR
PBR

BRA
Cus
GBW
SPR
NPR
SHI
FHB
CBC
NHR

PHR
SHA
NON
CRB
BDL
RUS
RHW
NMB
TDS

LWN
TBR
PBR

BRA
cus
GBW
SPR
NPR
SHI
FHB
CBC

NHR

S 3 3 5 3 3k 3 o % % % >

% % %

BRA
Ccus
GBW
SPR
NPR
SHI

S5 3 3 o 3 3 3 o % %

3% % %

3% % % %

>

> % % >

3% %
S 3 3 5 3k 3k o 3 A% X

>+
S5 3 3 o % 3 o o % %

3% % % % >

3% %
3% % %

>+

>
bk . b 3t AL JF 3k IF ]

b db At 2 30 2 IS JF 3b b )

o
I
i
o
g,
@
(S}
o
[ )]
2z
Fa
=
8
* * "é
LIS
L) -
@
I
o <
53
Zg
o
g%
k-
ot |
Zv
* E(
¥
* &
&
o
x x x %

b)

d)

BRA
Cus
GBW

BRA
Cus
GBW
SPR
NPR
SHI
FHB
CBC
NHR
BLA
PHR
SHA
NON
CRB
BDL
RUS
RHW
NMB
TDS

LWN
TBR
PBR

SEF 3k OF 3k 3k OF 3 3 oF 3 o X %
NPR

BRA

GBW
SPR
NPR
SHI

>

S R %

>+
3% 3k 3k % 3k 3k 3 3 5 o > > > %

3% 3k % % 3k 3k 3k 3 o % % %t

* % d % %

SE 3k 3k Ok 3k O O 3 %

>*

2018

FHB

NHR
BLA
PHR
SHA
NON
CRB
BDL
RUS
RHW
NMB
TDS
BSA

LWN
TBR
PBR

TBR
PBR

Figure S9 Pairwise comparison of (a, b) translocation (c, d) and karyotype frequencies between

rivers within year, (a, ¢) 2017 (b, d) and 2018 sampled. Stars indicate significantly different

frequencies, calculated using a Fisher Exact Test adjusted for multiple comparisons. Rivers

ordered geographically, east to west, around Placentia Bay, Newfoundland; see Figure 1 and

Table 1 for location details.
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Figure S10 Temporal stability of (a) translocation (b) and karyotype frequencies within river
between years sampled (2017 and 2018). Rivers that exhibited a significant change in
translocation or karyotype frequency between 2017 and 2018 highlighted. See Figure 1 and Table

1 for location details.

69



1380

1381

1382

1383

1384

1385

Proportion of Translocated Ssa01

a)

b)

1.0

08

06

0.4

0.2

0.0

1.0

08

0.6

0.4

0.2

0.0

2017
R2%2=0.045
p= 017
5 ° ® o
°
\'.'\\ L4 [ ] L
L \\\.\
\\\ ®
g °
L4 ®
°
o
—4 -2 0 2
2018
R2=0.080
p= 010
o
@
.
°
S~ [ o0
\\\\\ ° [ ]
[ ] \\\\ b ..
© \\\\
d ®
°
o
-4 -2 0 2

Loading Precipitation PC1

River

BRA -
* NON
+ CUS -

* LAN

*+ GBW
LBB

« SPR -
- NMB
. TDS

« NPR
« SHI
« FHB

« CBC =«
* NHR »
« PBR

« BLA
* PHR

SHA

CRB
BDL
RUS
RHW

BSA
LWN
TBR

Figure S11 Correlation between precipitation and the Ssa01p/Ssa23 chromosomal translocation

in Atlantic Salmon within Placentia Bay, Newfoundland, Canada. Linear regression of the first

principal component (PC) of a PCA based on 9 precipitation variables (BIOCLIM) and proportion

of non-translocated Ssa01p/q sampled in (a) 2017 and (b) 2018.
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