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Characterizing the extent of genetic differentiation among individuals and its distribution across the genome is increasingly important to inform both conservation and management of exploited species. The Greenland Halibut is one of the main demersal fish species to be commercially exploited in Eastern Canada, and accurate information on geographic population structure and local adaptation is required to ensure the long-term presence of this species. We generated high-quality whole-genome sequencing data for 1,297 Greenland Halibut sampled across 32 locations throughout the Northwest Atlantic (from Arctic Canadian and Greenlandic coasts to the Gulf of St Lawrence). Population genetic structure was analyzed, revealing an absence of population differentiation between Canada and west Greenland but significant genetic differentiation between the Gulf of Saint Lawrence and the remainder of the Northwest Atlantic. Except for Gulf of Saint Lawrence, Greenland Halibut thus appear to be panmictic throughout the Northwest Atlantic. Environmental Association Analyses revealed that the environment explained up to 51 % might be replaced by 51% of the differentiation observed between the two stocks, with both ocean-bottom and surface variables (e.g., temperature and oxygen) involved in the observed genomic differentiation. Altogether, these results indicate that phenotypic differences previously observed between the Gulf of Saint Lawrence and the Northwest Atlantic likely resulted from functional adaptive divergence to their respective environmental conditions. Using coalescent simulations, we also assessed how high levels of migration between the two stocks would allow Greenland Halibut to potentially escape unfavorable environmental conditions in the Gulf of Saint Lawrence. In addition to supporting the management of this important exploited species, this work highlights the utility of using comprehensive genomic datasets to characterize the effects of climate change across a wider range of species.
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Introduction

Defining biologically meaningful units with the aim of sustaining biodiversity is one of the major goals of populations management and conservation biology (Moritz, 1994; Allendorf et al., 2012). In particular, the detection of genetic structure provides a crucial tool to identify such units and to assess the degree of connectivity among populations (Bernatchez et al., 2017). Neglecting to consider population structure may increase risks of overexploitation or mis-management (Waples, 1998), especially in a world governed by anthropogenically driven climate change where species and populations are under constant pressure to adapt to new environmental conditions (Smith and Bernatchez, 2008; Sheffers et al., 2016). If environmental changes are persistent, phenotypic plasticity, migration and adaptation can help a species avoid extinction. Species living in marine ecosystems are traditionally considered to be highly connected due to their large population sizes and the limited numbers of effective barriers to gene flow found in these ecosystems (Nielsen et al., 2009). Because of these conditions, combined with a complex life-cycle, high fecundity and the potential for long-distance migration and dispersal, the use of neutral genetic markers in marine organisms has often not been powerful enough to separate populations into divergent groups (Gagnaire et al., 2015). However, with the advent of new and affordable high-throughput sequencing, genomic analyses of population structure in marine species have increasingly revealed diverse and complex signatures of population differentiation (Lamichhaney et al., 2012; Benestan et al., 2015; Bradbury et al., 2015; Lamichhaney et al., 2017, Van Wyngaarden et al., 2018, Xuereb et al., 2018). These patterns range from genome-wide polygenic variation associated with subtle, coordinated shifts in allele frequency at multiple loci (e.g. Gagnaire et al., 2012; Pavey et al., 2015; Babin et al., 2017) to localized genomic regions housing structural variants or genes of large effect within otherwise undifferentiated genomes (Kess et al., 2019; Matschiner et al., 2022). Across studies, genomic differentiation in marine species has been found to be associated with behavioral traits (Prince et al., 2017; Kess et al., 2019), spawning time (Lamichhaney et al., 2017) and environmental variation (Bradbury et al., 2010; Lamichhaney et al., 2012; Benestan et al., 2016; Stanley et al., 2018; Kess et al., 2021). These observations support the hypothesis that genetic differentiation in marine species often underlies adaptive differences that delineate significant ecological diversity. Most genomic studies investigating the association between genotypes and environment (GEA, Genotype Environment Association) were first based on reduced-representation sequencing of natural populations (e.g. RAD-Seq, RNA-Seq, targeted sequencing, SNP-chips) and allowed the identification of important candidate genes or loci involved in climate adaptation. In contrast, whole-genome sequencing (WGS) delivers data on the entire genome of individuals and provides information on the spatial pattern of variation along chromosomes (when a reference genome is available) (Fuentes-Pardo and Ruzzante, 2017). If GEAs are combined with WGS data, a comprehensive set of loci is used for correlation to environmental variables and, depending on population structure and the strength of differentiation along the environmental gradient, minor effect loci can also be uncovered (De Villemereuil et al., 2014; Bernatchez, 2016). Moreover, GEAs do not require prior knowledge of specific phenotypic traits; they are therefore less labor-intensive and more affordable, even for genomes of intermediate sizes, due to decreasing costs of sequencing technologies.

Greenland Halibut, Reinhardtius hippoglossoides (Walbaum, 1792), is a highly-migratory (Vihtakari et al., 2022), cold-water, long-lived, slow-growing, and economically valuable groundfish (DFO, 2021) with a circumpolar distribution throughout the Northern Hemisphere (Vihtakari et al., 2021). It supports several commercial fisheries throughout the Arctic and the North Atlantic oceans as well as in the Estuary and Gulf of Saint Lawrence (EGSL), Canada (Bowering and Brodie, 1995; Bowering and Nedreaas, 2000; Treble et al., 2008; Delaney et al., 2012). Greenland Halibut are known to spawn during winter months (Gundersen et al., 2010). Following emergence, larvae drift along in the upper layers of the water column for a few months and then settle in nursery areas until adult form is reached (Sohn et al., 2010). Knowledge of nursery areas is limited and only a few have been confirmed in the North Atlantic: Disko Bay (Greenland: Stenberg et al., 2016) and the Svalbard archipelago (Albert and Vollen, 2015). In the EGSL, there are two known nurseries described by Ait Youcef et al. (2013), with the main nursery being located in the estuary and the secondary one in the northeast region of the Anticosti Island. In addition to long-distance migration, this groundfish is also known to undertake vertical movements and can make use of the pelagic environment for up to one fourth of an individual’s lifetime (Boje et al., 2014). Both the important larval dispersal and migratory capacity of the species make it difficult to define stock limits and assess connectivity and population dynamics (Jørgensen, 1997; Stenberg et al., 2016; Barkley et al., 2018; Vihtakari et al., 2022, Bassi et al., submitted). Given the growing importance of this fishable resource, several studies have aimed at documenting the population structure of Greenland Halibut in the North Atlantic. However, results have been ambiguous and sometimes contradictory. Studies based on morphological features (Bowering, 1983; Bowering, 1988; Riget et al., 1992), growth and maturity rates (Templeman, 1973; Morgan and Bowering, 1997; Morgan et al., 2003), tag-recovery data (Boje, 2002), physiological patterns and the abundance and prevalence of parasites (Khan et al., 1982; Arthur and Albert, 1993) revealed some differences between sampled localities. In particular, Greenland Halibut from EGSL has been proposed to be a single population distinct from other stocks in the Atlantic based on prevalence of blood parasites (Khan et al., 1982; Arthur and Albert, 1993). Throughout the North Atlantic, previous genetic studies based on either allozymes, microsatellites or few numbers of single nucleotide polymorphism (SNP) have shown some, albeit weak, transatlantic differentiation (Fairbairn, 1981; Riget et al., 1992; Knutsen et al., 2007; Westgaard et al., 2017). Based on microsatellite markers, Pomilla et al. (2008) identified two genetically distinguishable stocks throughout the Northwest Atlantic with a geographic intermingling and a possible admixing suggesting that only a single unit for management through the Northwest Atlantic would be reasonable until more information is available. Similarly, Roy et al. (2014) concluded that a single, panmictic population is present in the Northwest Atlantic. Vis et al. (1997) detected a weak genetic distinctiveness of the EGSL population when compared with the rest of the Atlantic, but this difference was not significant. A recent study based on genotyping-by-sequencing (GBS) approach confirmed the significant distinctiveness of the EGSL and revealed a fluctuating contribution from the Newfoundland – Labrador area to the EGSL stock over the years (Carrier et al., 2020).

In the absence of clear population structure, the Northwest Atlantic Fisheries Organization (NAFO) divided the Northwest Atlantic into separate management units on the basis of limited empirical evidence: (1) Baffin Island – West Greenland (NAFO Subarea 0 + 1 (offshore)), (2) Cumberland Sound and West Greenland fjords (NAFO Divisions 0B and 1B to F), (3) Labrador – eastern Newfoundland (NAFO Subarea 2 + Divisions 3KLMNO), and (4) the Gulf of Saint Lawrence (NAFO Subarea 4) (Vihtakari et al., 2022). While recent stock assessments suggest that the Baffin Island – West Greenland stock is at low risk, with a biomass index above the average throughout the time series 1997 to 2017 (Northwest Atlantic Fisheries Organization 2020a), a recent slight declining trend in exploitable biomass has been observed in the Labrador – eastern Newfoundland stock (Northwest Atlantic Fisheries Organization 2020b), and a decrease of more than 60 % in exploitable biomass has been observed since 2004 in the Gulf of Saint Lawrence stock (DFO, 2019) which corresponds to the southern limit of the species’ distribution.

In this study, the aim was to characterize the genome-wide variation of Greenland Halibut using high-quality whole-genome sequencing data from 1,297 fish sampled from 32 locations across the Northwest Atlantic, from Arctic Canadian and Greenlandic coasts to the Gulf of St Lawrence. Specifically, (i) population genetic structure throughout the Northwest Atlantic was assessed, (ii) connectivity between distinguishable stocks was estimated, (iii) use of genotype-environment association analyses to identify potential candidate genes or loci involved in climate adaptation was made and (iv) environmental association with the genome-wide differentiation observed between stocks was corroborated.



Materials and method


Sampling

With the collaboration of Fisheries and Oceans Canada (DFO) and volunteer fishermen, an extensive sampling was conducted in the Northwest Atlantic Ocean to collect Greenland Halibut specimens throughout its geographical range. A total of 1,366 fish were sampled across 32 locations from the Gulf of Saint Lawrence to Nunavut (in the Canadian Artic) and along the Greenland Coast during summer and fall 2016 and 2017 across 32 localities (mean N = 43, ranging from 17 to 76, Figure 1, Table 1). Fish were caught using benthic trawls as part of the annual multispecies surveys conducted by the Department of Fisheries Organization. Fish were lethally sampled and a part of the pelvic fin was collected and stored in 95 % ethanol (EtOH) until DNA extraction.




Figure 1 | (A) Geographic locations of the 32 sampling sites studied across the Northwest Atlantic. Locations are colored according to PCA results discriminating locations form the Gulf of Saint Lawrence (purple) and locations from the rest of the Northwest Atlantic (green). (B) Two first axis of the principal component analysis obtained without the 18 detected migrants (see main text for detail). (C) Distribution of the global mean pairwise Fst estimated across all sampling localities.




Table 1 | 32 locations analyzed in this study.





DNA extraction, libraries and sequencing

Genomic DNA was extracted from a fin-clip using a salt-extraction protocol (Aljanabi and Martinez, 1997) with an RNase A treatment (Qiagen). DNA quality of each extract was evaluated with Nanodrop 2000 (ThermoFisher scientific) and migration on a 1 % agarose gel electrophoresis. Following Therkildsen and Palumbi (2016), DNA fragments shorter than 1kb were removed by treating each extract with Axygen magnetic beads in a 0.4:1 ratio and eluting the DNA in 10mM Tris-Cl, pH 8.5. We measured DNA concentrations with the Accuclear ultra high sensitivity dsDNA quantification kit (Biotium) and normalized all samples at a concentration of 5ng/μL. Then, sample DNA extracts were randomized, distributed in plates (96 -well see details about randomization and number of plates used in Supplementary Material) and re-normalized at 2ng/μL.

Whole-genome high-quality libraries were prepared for each sample according to the protocol described in Baym et al. (2015) and Therkildsen and Palumbi (2016). Briefly, a tagmentation reaction using enzyme from the Nextera DNA sample preparation kit (Illumina), which simultaneously fragments the DNA and incorporates partial adapters, was carried out in a 2.5μl volume with approximately 2 ng of input DNA. Then, we used a two-step PCR procedure with a total of 12 cycles (8 + 4) to add the remaining Illumina adapter sequence with dual index barcodes and to amplify the libraries. The PCR was conducted with the KAPA Library Amplification Kit and custom primers derived from Nextera XT barcode sets A, B, C and D (total of 384 possible combinations, see Supplementary Material S1). Amplification products were purified from primers and size-selected with a two-steps Axygen magnetic beads cleaning protocol, first with a ratio 0.5:1, keeping the supernatant (medium and short DNA fragments), second with a ratio 0.75:1, keeping the beads (medium fragments). Final concentrations of the libraries were quantified with the Accuclear ultra high sensitivity dsDNA quantification kit (Biotium) and fragment size distribution were estimated with an Agilent BioAnalyzer for a subset of 10 to 20 samples per plate. Finally, equimolar amounts of 93 to 95 sample libraries were combined into 19 separate pools for sequencing on 19 lanes of paired-end 150bp reads on an Illumina HiSeq 4000 at the Norwegian Sequencing Center at the University of Oslo. Several samples were used in different pools and sequencing lanes in order to test for a putative sequencing lane effect in genetic variation (performing a PCA analysis as described in Ferchaud et al., 2022). No sequencing lane effect was detected and only one replicate for each sample (the one with the highest number of reads) was kept for the subsequent analysis. Given our multiplexing (up to 95 individuals per lane) and genome size (~ 600 Mb), we targeted a low sequencing coverage around 1.26 X in average. Individual samples containing too low or too high number of reads (top 2.5 % and bottom 2.5 %) were discarded from the dataset and subsequent analysis were conducted on 1,297 individuals (mean N per location = 41, ranging from 16 to 73, Table 1).



Sequencing filtering and processing

Raw reads were trimmed, filtered for quality, mapped to the reference genome (Ferchaud et al., 2022), cleaned for duplicates reads and mapping quality and then re-aligned using the pipeline available at https://github.com/enormandeau/wgs_sample_preparation, inspired by (Therkildsen and Palumbi, 2016) and fully described in Ferchaud et al. (2022). Given that more than 96 % of the assembly is comprised into the anchored 24 chromosomes (Ferchaud et al., 2022), raw reads were mapped against a reduced version of the Greenland Halibut reference genome excluding the unassembled scaffolds. Moreover, the sex-linked chromosomes recently identified in this species (chr 10 and chr 21, Ferchaud et al., 2022) were also removed in order to avoid unexpected biases in structuration due to sex-linked markers in further analysis (Benestan et al., 2017). Individuals presenting too low coverage (more than 2sd below the mean) were excluded from the analysis. For low-coverage whole-genome sequencing (lcWGS) data, the recommended practice is to avoid basing downstream analysis on called genotypes (Nielsen et al., 2011) and to use a probabilistic approach based on genotype likelihoods instead. Several models for computing genotype-likelihood-based on read data have been implemented in the program ANGSD (Korneliussen et al., 2014) and it is currently the most widely used and versatile software package for the analysis of lcWGS (Lou et al., 2021). Therefore, ANGSD v0.931 was used for most of our subsequent analyses according to the pipeline documentation available at https://github.com/clairemerot/angsd_pipeline. For all analyses, input reads were filtered to remove reads with a samtools flag above 255 (not primary, failure and duplicate reads, tag -remove_bads = 1), with mapping quality below 30 (-minMapQ 30) and to remove bases with quality below 20 (-minQ 20). We also filtered in order to keep only SNPs covered by at least one read in at least 50 % of individuals (-minInd) and removed SNPs in putative repeated regions allowing a maximum depth of 3 times the number of individuals (-setMaxDepth). Finally, for most of the subsequent analyses (unless mentioned otherwise), we kept SNPs with minor allele frequency above 5 %.

We first ran ANGSD to estimate genotype likelihoods (GL) with the GATK model (-doGlf 2 -GL 2 -doCounts 1), the spectrum of allele frequency (-doSaf 1) and the minor allele frequency (-doMaf 1) options. The major allele was based on the genotype likelihood and was the most frequent allele across all samples (-doMajorMinor 1). From this first analysis, we generated (i) a beagle file with GL estimates and (ii) a list of variants passing those filters and their respective major and minor alleles that were used for most subsequent analyses. The R program (R Core Team, 2020) was employed for graphic output in subsequent analyses, via the package ggplot (Wickham, 2016).



Clustering analysis

Genome-wide variation across samples was explored using PCAangsd (Meisner and Albrechtsen, 2018) on the genotype likelihoods. This program extracts a covariance matrix that is then decomposed into principal component analysis (PCA) with R, using a scaling 2 transformation adding an eigenvalues correction, to obtain the individual PC scores (Legendre and Legendre, 1998). Two clusters were identified by this analysis (on PC1, see results section). 18 of the 1,297 individuals were not correctly assigned to their geographic cluster and were considered migrants between the Gulf and the Northwest Atlantic. These migrants were confirmed using another clustering identification approach. To do so, NGSadmix (Skotte et al., 2013) was run with K = 2 (the K numbers revealed by the PCA above) to estimate admixture proportions across individuals. Once confirmed by the two approaches (PCAangsd and NGSadmix), migrants were removed before conducting a new PCA analysis and subsequent analyses.

Genome-wide pairwise FST comparisons was estimated in two rounds. First, in order to avoid bias due to lower numbers of samples, only locations with sample sizes above 30 were kept (28 locations out of 32, see Table 1) and pairwise FST estimations were performed (378 comparisons in total). A bimodal distribution of the mean global FST values from those 378 comparisons confirmed the existence of the two populations revealed by the PCA (Figure 1C). The presence of Isolation-By-Distance (IBD) was tested using a correlation between genomic differentiation estimates (FST/(1- FST)) and log (geographic distance) (Rousset, 1997) across the sampled locations. Secondly, estimation of genome-wide FST was conducted between these two identified populations (Gulf versus Northwest Atlantic) in order to detect any genomic regions implied in this differentiation. To achieve this, individuals were pooled into two groups accordingly to the results of the PCA and, in order to avoid bias due to sample size differences between the two groups, the largest group (Northwest Atlantic) was randomly sub-sampled to 303 individuals, the number of samples available for the Gulf. To perform genome-wide FST estimations, allele-frequency spectrum (-doSaf 1) and minor allele frequencies were calculated for each locality (or population in the second round) with the previous list of variant positions (-sites) and their polarisation as major or minor alleles (-doMajorMinor 3). Then, genome-wide FST was estimated using the realSFS function in ANGSD between localities and then summarized across sliding-windows of 25Kb with a step of 5Kb.

Given that recent studies have documented the increasing importance of structural variants in genome diversity, and notably chromosomal inversions (Wellenreuther and Bernatchez, 2018), including in marine species (e.g. Berg et al., 2016; Cayuela et al., 2020), we scanned the genome for putative inversions or non-recombining haploblocks. To do so, we first ran localPCAs (Li and Ralph, 2019) with PCAangsd on genotype likelihoods in non-overlapping windows of 200 SNPs in each chromosome to extract local covariance matrices and obtained local PCAs of genomic variation (as detailed above). We then used the R package Lostruct (Li and Ralph, 2019) which measures the similarity between local PCA (PC1 and PC2 for each 200 SNP window) using Euclidean distances. Similarity was mapped using multidimensional scaling (MDS) of up to 20 axes. Clusters of outlier windows (presenting similar PCA patterns) were defined along each MDS axis as those with values beyond 4 standard deviations from the mean, following (Huang et al., 2020). Adjacent clusters with less than 20 windows between them were pooled, and clusters with less than 5 windows were not considered. Different window sizes (from100 to 1000), different subsets of PCs (1 to 3 PCs) and different thresholds yielded consistent results. A typical signature of a polymorphic inversion is three groups of individuals appearing on a PCA: the two homokaryotypes for the alternative arrangements and, as an intermediate group, the heterokaryotypes. All clusters of outlier windows were thus examined either by a PCA as single blocks, or divided into several blocks when discontinuous.



Environmental association/adaptation

Recent values (2000 - 2014) for 14 environmental variables were extracted as monthly averages from Bio-Oracle (Tyberghein et al., 2012), one of the most commonly used global environment datasets for marine species (data used were updated on September 3th 2021). Mean surface layer values were obtained for the following variables: temperature, salinity, current velocity, ice thickness, chlorophyll, dissolved oxygen, nitrate, phosphate, phytoplankton and silicate. Mean benthic layers were also collected for variables showing variation at maximum depth across locations (i.e., current velocity, dissolved oxygen, temperature and salinity). Layers were imported into ArcGIS and values at each geographic coordinate corresponding to Greenland Halibut sampling locations were extracted using the “Extract Values to Points” tool implemented in the program.

Two regression approaches were used to investigate GEA, utilizing matrices of dependent and independent (explanatory) variables. The explanatory matrix contained environmental variables and the dependent matrix contained genotypic data (here a matrix of minor allele frequencies by sampling locations). From the 28 locations containing more than 30 individuals, we excluded two locations that were sampled across two consecutive years at the same location (ESTU17 and ESQU17) as well as the SAGU locality, for which environmental data was not available in the Bio-Oracle database. We thus aimed to identify SNPs associated with both surface and benthic variables among Greenland Halibut from different sampling locations. First, Redundancy Analysis (RDA) was conducted as a multi-locus GEA method to detect loci under selection (Forester et al., 2018). The function “rda” was used to compute the RDA on the model for each collected environmental variable independently (see Laporte et al., 2016; Le Luyer et al., 2017 and Ferchaud et al., 2020 for examples of similar methodology). An analysis of variance (ANOVA; 1,000 permutations) was then performed to assess the global significance of the RDAs, and the percentage of variance explained (PVE) was computed with the function “RsquareAdj”. When not mentioned, R functions were part of the VEGAN package (Oksanen et al., 2020). Only significant environmental variables were retained (Table S2) and correlation between them was tested with a Pearson correlation test. Correlated variables (with a Pearson coefficient > 0.7) were reduced by performing a PCA and retaining significant PCs following the Kraiser-Guttman and Broken Stick model (Borcard et al., 2011) (See Supplementary Material S3). Final redundancy analyses were then performed on each group of correlated variables and resumed by a PCA. SNPs linked to environmental variables were then defined following instructions from the online tutorial proposed by Brenna Forester (Forester et al., 2018; https://popgen.nescent.org/2018-03-27_RDA_GEA.html). We defined outliers as loci with loadings outside of 3 standard deviations from the mean (two-tailed p-value = 0.0027). The distribution of those outliers throughout the genome was explored by plotting the absolute value of the SNPs loadings on a Manhattan plot using gglplot2 library in R. For our second GEA method, we used Latent Factor Mixed Models (LFMMs), as implemented in the lfmm2 R package (Cayle et al., 2019) on the environmental variables defined as significant by the RDA analyses. The number of latent factors was set equal to K =2, corresponding to the elbow value in the PCA scree plots as evaluated from a PCA on a LD-pruned dataset. False discovery rate was assessed following the recommendations of François et al. (2016), using a Benjamini-Hochberg correction. The log10 of the p-value of SNPs was plotted on a Manhattan plot using the gglplot2 library on R. Finally, in order to assess how environmental conditions may modulate the extant of genetic differentiation between Greenland Halibut from the Gulf of Saint Lawrence and the Atlantic, a linear regression was performed between the number of SNPs harboring Fst values above 0.05 and the numbers of outliers detected both by RDA and LFMM (fdr= 0.01) approaches across the chromosomes, using the GLM function implemented in R with a binomial variance and logit link.



Migration estimations

The pattern of migration between the two observed populations was assessed using fastsimcoal2 (Excoffier et al., 2021). Fastsimcoal2 is a continuous time coalescence-based genetic simulation program that enables the estimation of demographic parameters under flexible scenarios from the site frequency spectrum (SFS) under a maximum-likelihood approach. Site frequency spectrum is defined as the sampling distribution of allele frequency at any random polymorphic locus in the genome and is commonly used for inferring population genetic parameters (Chen et al., 2007; Chen, 2012). SFS-based methods have received considerable great interest since the emergence of next generation sequencing, particularly due to computing time of these methods being independent of the length of the genome being analyzed (Gutenkunst et al., 2009; Chen, 2012). Moreover, several approaches of fitting the SFS using exact derivations or approximations have been developed (Gutenkunst et al., 2009; Excoffier et al., 2013, Liu and Fu, 2020) and it has been shown that the expected SFS could be robustly estimated using coalescent simulations (Excoffier et al., 2013). The statistics summarized in the SFS can also be considered for multiple populations and corresponds to the joint distribution of allele frequencies across di-allelic variants (joint SFS). SFS and joint SFS can be predicted from low-coverage data notably through the use of the genotype likelihood approach implemented in ANSGD (Nielsen et al., 2011).

Site allele frequency was first estimated for each of the two populations (Gulf of Saint Lawrence and the Atlantic) using -dosaf 1 in ANGSD with the GATK model (-GL 2), and the command -anc referring to the Greenland Halibut reference genome (Ferchaud et al., 2022). No minor allele frequency filter was applied since variants present in low frequency could be highly informative on demographic history. We kept only SNPs covered by at least one read in at least 80 % of individuals (-minInd) and removed SNPs in putative repeated regions, allowing a maximum depth of 3 times the number of individuals (-setMaxDepth) to filter putative genotyping error and paralogous. The realSFS function was then performed to get an unfolded joint SFS. This joint SFS was projected in the δaδi program (version 1.6.3 Gutenkunst et al., 2009) to remove missing data before being converted to a fastsimcoal2 format using a custom script. Estimating demographic parameters is highly time consuming for large sample sizes, therefore each population was randomly reduced to 100 individuals. The resulted observed joint SFS was then fed into fastsimcoals2 while an expected joint SFS was estimated under a model of two populations (with constant effective size) connected by gene flow. While recent studies have pointed out that failure to include complex parameters in extensive simulations can lead to biases in parameter estimations (e.g. Momigliano et al., 2021), the objective of this analysis was to get relative migration rates between the two groups rather than to get a comprehensive picture of the demographic history and we decided to use a simpler model. Effective size of the two populations (NPOP1 and NPOP2 uniformly distributed between 100 and 100 000) and migration rates between them (MIG21 and MIG12) were the parameters of the model. This model was replicated 100 times, simulating 200,000 coalescents (-n 200000), and containing at least 10 observed SFS entry counts (-C 10) over 40 optimization cycles, to estimate demographic parameters by maximum composite likelihood (-M) using the –nosingleton option to exclude genotyping error. Point estimates of the different demographic parameters were selected from the runs with the highest maximum composite likelihood.

Finally, we calculated interval confidences of parameter estimates from 10 parametric bootstrapped join SFS, and re-estimating parameters each time. The outputs of the 10 independent fastsimcoal runs from the 10 bootstrapped Join SFS were individually examined before being pooled together. For each run, the difference between the maximum likelihood estimated from the model and the maximum likelihood observed from the join SFS was calculated and only runs expressing the lowest difference (i.e., in the plateau with the lowest values) were retained. Estimated parameters of the retained runs were pooled together over the 10 independent runs to get confidence interval.




Results

After mapping the reads of 1,366 Greenland Halibut samples to the reference genome, cleaning for quality and processing for SNP identification with genotype likelihoods, we identified 5,347,751 single nucleotide polymorphisms (SNPs) with a minor allelic frequency (MAF) above 5 % across the 1,297 individuals with adequate coverage (see Material and Method section).


Differentiation between Gulf of Saint Lawrence and Northwest Atlantic

Genome-wide variation analyzed by a global PCA displayed two clusters, with PC1 explaining 0.86 % of the total genetic variation (Figure S1A). Those two clusters were respectively composed of the individuals from the Gulf and those inhabiting the rest of the Northwest Atlantic. Other PC axes did not reveal additional clusters. In particular, this suggests that there is no genetic differentiation between fish from the Canadian and Greenlandic waters, suggesting that they form a single panmictic population (Figure S1A). However, 18 individuals that were not correctly assigned to their respective geographic clusters were detected. It is suspected that these individuals could be migrants between the Gulf and the Northwest Atlantic (Figure S1B). When the PCA was re-run without the migrants, it displayed the same two distinct groups composed of individuals from the Gulf on one side and individuals from the rest of the Northwest Atlantic on the other side, with PC1 explaining 0.87 % of the genetic variation (Figure 1B).

Pairwise genome-wide FST estimations performed across sampling localities corroborated this clustering result. The distribution of mean estimates revealed two non-overlapping modes of FST values corresponding to (i) mean pairwise FST estimates among sampling locations within each group and (ii) mean estimates among sampling locations between the two groups (Figure 1C). Pairwise genome-wide FST between Gulf and Northwest Atlantic exhibited higher and non-overlapping values (median = 0.0083, range: 0.0080-0.0087) than estimates within the Gulf (median = 0.0072, range 0.0070-0.0075) or estimates within Atlantic (median = 0.0072, range: 0.0067-0.0075). No evidence of isolation by distance was detected, either between Gulf and Northwest Atlantic (r2 adj = 0.006369, p-value = 0.1575) or within the Gulf (r2 adj = 0.03719, p-value = 0.1648), although a very weak but not significant relationship within the Northwest Atlantic cluster was found between geographical distance and genetic differentiation (r2 adj = 0.009861, p-value = 0.09122, Figure S2).

Genome-wide FST estimations between the Gulf and the Atlantic revealed low levels of genetic differentiation along the genome (mean FST = 0.0018, range:0.00023-0.32). This mean global FST between the two groups could appear low compared to the mean estimates among sampling localities between the two groups (median Fst = 0.0083). In Supplementary Material S2, we show that this effect is attributed to the sample sizes used: 30 versus 30 individuals when estimating pairwise localities compared to 303 versus 303 individuals when estimating FST between the two groups. However, several peaks of differentiation were found along the genome (Figure 2). In particular, three sliding-window peaks exhibited FST values above 0.05, respectively in Chr03 (maxFST = 0.25), Chr05 (maxFST = 0.054) and in Chr23 (maxFST = 0.063). Figure S3 displays the SNP FST values for 200 Kbp windows surrounding these peaks as well as other regions revealing highest Fst values (FstChr03 = 0.30, FstChr05 = 0.18, FstChr07 = 0.17, FstChr12 = 0.18, FstChr15 = 0.15 and FstChr23 = 0.32).




Figure 2 | Genome-wide Fst differentiation estimated between fish from the Gulf of Saint Lawrence and the Northwest Atlantic in sliding windows of 25 Kb within each chromosome (sex-linked chromosomes, Chr 10 and Chr21 (Ferchaud et al., 2022) have been removed. Horizontal grey lines indicate Fst values of 0.01 and -0.01. Colored triangles correspond to outliers found in association with environmental variables by the RDA and LFMM (fdr = 0.0001) approaches. For clarity, Fst values of those SNPs have been reported in negative values as triangles. Purple triangles correspond to sliding windows containing SNPs found in association with bottom dissolved oxygen, those in yellow correspond to the sliding windows presenting SNPs associated with temperature-related variables. Black triangles identify sliding windows containing SNPs putatively in association with both the bottom dissolved oxygen and temperature-related variables and non-outliers in dark grey dots.



We retrieved 25,000 pb flanking regions upstream and downstream of the genomic location of the three SNPs exhibiting high Fst, based on the reference genome, to search for coding regions. The search was conducted using the database Nucleotide collection (nr/nt) using Megablast on the NCBI Blast + platform (Camacho et al., 2009). In Chr03, a match with a transcript of the green-sensitive opsin gene was found (99.51 % and 99.67 % of identity with Atlantic Halibut (Hippoglossus hippoglossus) and Pacific Halibut (Hippoglossus stenolepsis) transcripts respectively), in Chr05 the best hit was with the RIC8 guanine nucleotide exchange factor B transcript (94.99 % of identity with Atlantic and Pacific Halibut transcripts), in Chr07 the putative translation initiation factor eIF4E (81.75 % identity with the turbot, Scophtalmus maximus), the zinc finger protein 365 transcript (93.69 % of identity with Pacific Halibut) and the guanylate cyclase activator 1d (guca1d, 92.91 % of identity with Atlantic Halibut) were respectively the best hit for Chr12 and Chr15 and the transcript of the 24-dehydrocholesterol reductase (dhcr24) matched with the highest peak of differentiation in Chr23 (with 92.65 % of identity with the Japanese flounder (Paralichthys olivaceus) transcript).

Lostruct analysis detected five outlier genomic windows along the genome, respectively on Chr05, Chr06, Chr13, Chr19 and Chr23 displaying three distinct clusters in each that could represent the signature of an inversion (Figure S4). However, there was no variation in the geographic distribution of the different karyotypes for any of those putative structural variants, suggesting that there are not involved in the differentiation between fish from the Gulf and those from the rest of the Northwest Atlantic.



Genotype-environment association

Out of 14 environmental variables tested, seven were found to be significantly associated with genomic variation in Greenland Halibut using the RDA; two variables at maximum depth (bottom temperature and bottom dissolved oxygen) and five environmental variables at the surface of the sea (surface temperature, surface salinity, surface chlorophyll, surface phytoplankton and surface nitrate) Table S2. Pairwise Pearson correlation tests conducted among those seven variables revealed that six of them were highly correlated (r > 0.7, Supplementary Material S3). Only bottom dissolved oxygen was not highly correlated to the other variables (mean coefficient correlation with other variables = 0.45). Variation brought by the 6 related variables, hereafter denoted as “temperature-related” variables, was resumed by the first axis of a PCA (explaining more than 77% of the variation, see Supplementary Material S3) and relative loadings of each locality were then used to perform the final RDA. An RDA performed with the bottom dissolved oxygen was also used to detect outliers specifically associated with this variable. A total of 2,097 SNPs was detected as putative temperature-related outliers, whereas 1,851 SNPs were detected as putative oxygen-related outliers. For both variables, putative outliers were spread all along the genome (Figure S5). SNPs in association with environmental variables were also detected by LFMM. While considering a very conservative false discovery rate of 0.0001 in order to exclude putative false positives, a total of 95 SNPs was detected to be associated with temperature-related variables and 41 were associated to the bottom dissolved oxygen. All of those putative oxygen-related outlier SNPs were also detected by the RDA approach, while 94/95 of the putative temperature-related were in common with RDA outliers. With a less conservative false discovery rate (fdr = 0.01), 537 SNPS were detected as putatively associated with temperature-related variables and 282 SNPs putatively associated with the bottom dissolved oxygen and more than 92 % of them (respectively, 497/537 and 262/282) were confirmed by the RDA. As for the RDA analysis, outliers detected by LFMM were widely distributed throughout the genome but they were more concentrated in Chr 3 and Chr 23 (Figure 3). Moreover, while most of the outliers detected by both GEA analyses were unique to a single environmental variable, 15 of them were shared between the temperature and the bottom dissolved oxygen. All of those 15 putative outliers were located within the two most highly differentiated genomic regions between the Gulf and the Northwest Atlantic (Chr 03: 17,709,400 bp and Chr23: 9,606,635 bp, Figure 3). 80 % of them (12 out of 15) were located within a 21,000 bp region of Chr03 (Chr03: 17,709,400 bp, Figure 3) and the remaining SNPs (3 out of 15) were located in Chr23 (Chr23: 9,606,635 bp). Finally, a significant positive correlation was found across the chromosomes between the number of outliers associated with environment variables and the number of SNPs with high Fst values (Figure 4,   = 0.51, p-value = 1.27 10-4).




Figure 3 | Genome-wide Environmental Association detected by LFMM 2 with bottom dissolved oxygen (upper panel) and temperatures related variables (lower panel). The Manhattan plot show the -log10 of the p-value provided by LFMM2 for each SNP. Dots are colored according to False Discovery Rate (black:< 0.00001, brown:<0.0001, orange:< 0.001, purple:< 0.01, light blue:< 0.05 and grey: no outliers).






Figure 4 | Relationship between the number of SNPs with Fst estimates higher than 0.05 and the number of SNPs detected in putative association with both bottom dissolved oxygen and temperature-related variables for each chromosome (adjusted r-squared = 0.51, p-value = 1.26e-04).





Migration between the Gulf and the Northwest Atlantic

Migration rate (proportion of migrants per generation) from the Northwest Atlantic to the Gulf (mAtl_Gulf =0.0022 [0.0020; 0.0024]) was significantly higher than the migration rate from the Gulf to the Northwest Atlantic (mGulf_Atl=0.0017 [0.0015; 0.0019], t= -2.629, p-value = 0.008). According to the following estimated effective size, NGulf = 47,517 [45,083; 49,951] and NAtl = 57,757 [55,135; 60,378], significantly more migrants per generation were estimated to move from the Northwest Atlantic to the Gulf (63 [54; 72]) than in the other direction (41 [34; 48]). Empirical numbers of migrants detected by clustering analyses also report an asymmetric gene flow between the two populations. Seven migrants were observed in the Northwest Atlantic (sample size =983), whereas 7 migrants were detected in the Gulf (sample size = 314), leading to a higher proportion of migrants detected from Northwest Atlantic to the Gulf (10/314 = 0.03), than from the Gulf to the Northwest Atlantic (7/983 = 0.007).




Discussion

In this study, we conducted the first genome-wide investigation of genomic variation in Greenland Halibut, sequencing the whole genome of 1,297 individuals distributed throughout the Northwest Atlantic. This high genomic resolution allowed us to statistically confirm the previously supposed specificity of the Gulf stock and to determine that the divergence is mainly driven by environmental variables such as sea temperature, salinity and oxygen levels. As a result, the Gulf stock could be particularly vulnerable to the environmental changes that are expected in the context of a warming climate. Altogether, our results revealed a pattern of spatial selection in a marine fish species with high dispersal potential that will help support the management of this important exploited species.


Significant divergence between two stocks

Our analysis of population structure identified a weak but significant divergence between Greenland Halibut from the Gulf and those from the Northwest Atlantic. The small proportion of genomic variation explained (0.87 %), and low differentiation observed between the two stocks (mean FST = 0.0018), are both consistent with the weak structuration identified in other highly dispersed marine species (Jiménez-Mena et al., 2020; Le Moan et al., 2021) and often referred to as ‘cryptic structuration’ (Benestan et al., 2015; Le Moan et al., 2021). For example, Kess et al. (2021) identified a similar structure in Atlantic Halibut (Hippoglossus hippoglossus), based on 86,000 SNPs defined by restriction-site associated DNA sequencing, and estimated a lower genomic differentiation between the Gulf and adjacent areas on the continental shelf than we found for the Greenland Halibut (Atlantic Halibut; meanFST = 0.0005, minFST = 0, maxFST = 0.068 versus Greenland Halibut; meanFST = 0.0018, minFST = 0.00023, maxFST =0.32). This difference between the two species could be attributed to intrinsic biological features (notably, Atlantic Halibut spawn in nearshore waters along the west coast of Newfoundland (e.g. Belle-Isle Strait) that is geographically intermediate between the Northwest Atlantic and the Gulf (Le Bris et al., 2018), while the main Greenland Halibut spawning area is presumed to be in the Davis Strait (Gundersen et al., 2010). Alternatively, the two different genomic approaches to cover the genomic variation could explain the difference in observed Fst values between the two studies. The whole-genome screening we used enabled finding all the SNPs that were differentiated, including in the very restricted genomic regions explaining most of the differentiation between the two groups (see below for the discussion about those differentiation peaks). It is likely that a restricted approach like the one used for the Atlantic Halibut would miss such narrow regions, potentially leading to a lower average differentiation. Moreover, the high sample size used in our Fst estimations (303 individuals for each population) reduces the stochasticity that comes with to low sampling sizes and this could also lead to more power to find the differentiation peaks (Supplementary Material S2). Previous studies conducted on Greenland Halibut were based either on allozymes (Fairbairn, 1981; Riget et al., 1992), 12 microsatellites (Roy et al., 2014), or 96 SNPs (Westgaard et al., 2017). They reported an absence of structure and even claimed panmixia throughout the Northwest Atlantic (Roy et al., 2014). However, the reversal in relative frequency of the two most abundant mitochondrial haplotypes highlighted by Vis et al. (1997) did hint at a genetic difference between the Gulf of Saint Lawrence and the Atlantic. Recently, Carrier et al. (2020) used a Genotyping-by-Sequencing approach to reveal significant genetic differences between Greenland Halibut living in the Gulf and two offshore locations in Newfoundland. In this study, we have elucidated the genomic structure for Greenland Halibut throughout the Northwest Atlantic by covering the entire genomic variation across 1,297 individuals. In addition to confirming the significant specificity of the Gulf, we also observed an absence of distinction between Greenland Halibut from the Canadian and Greenland waters. This result suggests extensive mixing along the slope of the entire North Atlantic continental shelf where Greenland Halibut occurs. In addition to analyses of spatial distribution of settling larvae showing that larvae from geographical separate spawning areas could intermix (Stenberg et al., 2016), tagging studies indicate that mixing occurs between stock areas at juvenile and adult life-stages (Vihtakari et al., 2022). Our study fills gaps related to lack of knowledge about stock structure in Greenland Halibut and allows for the first time to conclude that Greenland Halibut occurring from NAFO Subareas 0 to 3 could be managed as a single unit.

Moreover, the absence of Isolation-By-Distance observed throughout the Gulf and the Northwest Atlantic, confirms the panmictic situation of Greenland Halibut in the Northwest Atlantic and is consistent with what we know about Greenland Halibut migratory behavior, in that the spatial scale within each stock is within the dispersal capabilities of this species. Indeed, Greenland Halibut of the Northwest Atlantic are highly migratory; fish tagged and released in Davis Strait, Baffin Bay, and the fjords of southwestern and eastern Greenland have moved south and been caught on the northern slopes of the Grand Bank of Newfoundland and as far east as Denmark Strait (between Greenland and Iceland) (Boje, 2002; Vihtakari et al., 2022).



Environment association

Despite high effective population sizes and connectivity between the two clusters, our results revealed a significant genetic differentiation between the Gulf and the Northwest Atlantic. This observation suggests that natural selection, in addition to genetic drift, might have driven contemporary Greenland Halibut population structure in the Northwest Atlantic. Our results revealed that environmental variables explain 51 % of the differentiation between the two populations. Specifically, we found that both temperature-related variables (bottom temperature, surface temperature, surface salinity, surface nitrate and primary productivity, estimated with phytoplankton and chlorophyll) and bottom dissolved oxygen represent key selective agents that appear to drive adaptive divergence between the Gulf and the Northwest Atlantic. Marine landscape genomic studies combining traditional landscape approaches with large genomic datasets have identified significant associations between environmental variables and genetic structure in other marine species such as Atlantic Herring (Clupea harengus) (Limborg et al., 2012), Atlantic cod (Gadhus morhua) (Berg et al., 2015), eastern oyster (Crassostrea virginica), purple sea urchin (Strongylocentrotus purpuratus) (Pespeni et al., 2013), sea scallop (Placepecten magellanicus) (Van Wyngaarden et al., 2018), sea cucumber (Parastichopus californicus) (Xuereb et al., 2018), European hake (Merluccius merluccius) (Milano et al., 2014), American Lobster (Homarus americanus) (Benestan et al., 2015; Dorant et al., 2020) and flatfish species such as Sole (Solea solea) (Diopere et al., 2018) and Atlantic Halibut (Hippoglossus hippoglossus) (Kess et al., 2021). In the Northwest Atlantic, based on a climate-associated multispecies cryptic cline, Stanley et al. (2018) revealed a biogeographic break along with a steep climatic gradient driven by temperature.



Strong selection acting on individual locus

Outliers in association with environmental variables have been discovered all along the genome and it is noteworthy that every high peak of differentiation between the two populations is associated with environmental variation (Figure 2 and Figure 4). Each of the two highest peaks (located in Chr03 (Fst = 0.30) and Chr23 (Fst = 0.32)) harbors SNP outliers associated with both the temperature-related variables and the bottom dissolved oxygen. The striking differences in allele frequencies between the two identified populations suggests that these restricted genomic regions as well as the other highly differentiated regions (like the ones found in Chr5, 7, 12 and 15) might be under strong selective pressure (Figure 2 and Figure S3). For these regions, and particularly for Chr12 (Figure S3), a single SNP is responsible for the large changes in allele frequencies among locations from the Gulf and those within the Northwest Atlantic, suggesting that an individual locus is experiencing strong selection.



Are Greenland Halibut adapting to climate change?

Our Genotype-Environment Association analysis revealed that both surface and bottom environmental variables are associated with genomic variation in Greenland Halibut. Although Greenland Halibut is primarily considered a deep-water fish, it uses both pelagic and bottom environments (Boje et al., 2014). For example, Vollen and Albert (2008) and Albert et al. (2011) documented extensive vertical activity of Greenland Halibut along the continental slope in Europe. It was found that individuals spend up to one fourth of their lives in the pelagic environment. This time is divided between the pelagic larvae phase and what is thought to be foraging on pelagic prey (Nygaard & Boje, 2011), thus exposing the fish to every layer of the water column and their associated environmental conditions. Warming ocean temperatures, both at the surface and in the deep waters, were at record levels in the Gulf of Saint Lawrence in 2020 (Galbraith et al., 2021). Climate data revealed that overall warming was detected in the Gulf in 2021. The observed surface warming falls in line with global warming data (about one degree per 100 years) but in the deep layers an increase of one-and-a-half Celsius degrees was measured over a period of 12 years (Galbraith et al., 2021), clearly outpacing global climate models. The last year for which below-normal temperatures at 300 m were observed was 2009. Since then, these temperatures have risen steadily. Given that deep water from the continental shelf flowing and diffusing into the Gulf of Saint Lawrence is also very warm, the situation is likely to continue (Neto et al., 2021). That flow is a mix of the deep-reaching Gulf Stream current moving north and the Labrador current moving south (Claret et al., 2018; Neto et al., 2021). Lately, the Gulf Stream has become dominant over the Labrador current (Neto et al., 2021), and while we don’t know if this is a permanent, cooling events are not expected in this area (Galbraith et al., 2021). With the Gulf Stream (oxygen-poor tropical and sub-tropical water) becoming more important than the Labrador current (well-oxygenated sub-arctic water) important environmental changes could be coming to the Gulf ecosystem. Oxygen levels in the Gulf of Saint Lawrence are rapidly decreasing, even outpacing the global and the North Atlantic basin average deoxygenation rates (Claret et al., 2018). Our study revealed that genomic variation in Greenland Halibut is associated with dissolved oxygen at deep layers of the water column. Interestingly, we found that the highest differentiation expressed between the Gulf and the Northwest Atlantic, located in Chr23, matches with the Delta (24)-sterol reductase gene known to be involved in the response to oxidative stress. Greenland Halibut inhabiting waters of the Saint Lawrence system might already suffer from hypoxia and allele frequency shift observed at this genomic region might be seen as an adaptive response to those conditions. Youcef et al. (2013) found a strong association between high Greenland Halibut densities and low dissolved oxygen concentration in the Gulf, suggesting that this species could already be highly tolerant to hypoxic conditions. They report that the negative effects of hypoxia, if present, could be compensated by other factors such as food availability and/or refuge from predation. However, Dupont-Prinet et al. (2013) revealed that juvenile Greenland Halibut are less tolerant to hypoxia than adults, notably due to a slower digestion process. The authors concluded that juveniles from the Saint Lawrence system were living at the edge of their metabolic capacities and that growth and distribution could be affected if further declines in dissolved oxygen occurred. The recent observed reduction in oxygen availability could make Greenland Halibut less tolerant to hypoxia. In addition to warm and poorly oxygenated waters, Greenland Halibut also has to cope with the recent nitrate increase in the Gulf of Saint Lawrence (Blais et al., 2021; Lavoie et al., 2021). Our analysis indeed revealed a genome-wide association with nitrate in surface waters, suggesting that Greenland Halibut may be responding to this observed increase. Nitrate occurs naturally at low concentrations in waterways but human activities, such as extensive use of agricultural fertilizers, the consumption of fossil fuels and increasing urban pressures, have increased nitrate concentrations to records levels in many places (Camargo et al., 2005; Claret et al., 2018), including in the Saint Lawrence system, where nitrate inventories in the surface water in recent years have been slightly above normal (Blais et al., 2021). Excess nitrate can trigger eutrophication events, where the growth of aquatic plants and cyanobacteria is spurred, subsequently stripping the water column of oxygen. Ultimately, fish exposed to nitrate increases become more susceptible to hypoxia (Gomez-Isaza et al., 2021). Finally, the genomic association found with productivity (chlorophyll and phytoplankton) may be mainly attributed to the high productivity, notably the phytoplankton spring bloom, occurring throughout the Saint Lawrence system (Lavoie et al., 2021).

The genotype-environment associations highlighted by our results and particularly the association between environmental variables and specific narrow genomic regions suggest that natural selection is acting and that Greenland Halibut are undergoing adaptation to their changing environment. For example, environmental association with the Green sensitive opsin gene located in the second highest peak of differentiation between the Gulf and the Northwest Atlantic (Chr03) was revealed by our study. This gene has already been shown to be associated with somatic growth in the Barfin Flounder (Verasper moseri) (Kasagi et al., 2015). In addition, on the third highest peak of differentiation (Chr05) we found an association with the Guanine nucleotide exchange factor B (RIC8), known to be involved in gastrulation and in embryonic development (Tonissoo et al., 2010). Moreover, other putative candidate genes involved in the differentiation between the Gulf and the Atlantic support this scenario of ongoing adaption to environmental change. In Chr07, the transcript of the translation initiation factor eIF4E, known to regulate stress homeostasis and modulate host invasion (Batool et al., 2021), seems under selection. The detected Zinc finger protein 365 in Chr12 has been recently defined as a new maternal LPS-binding protein that defends zebrafish embryos against gram-negative bacterial infections (Du et al., 2018) and, in Chr15, the detected guanylate cyclase activator 1d has been shown to be involved into the regulation of the photoreceptor GC in the teleost’s retina (Imanishi et al., 2004). Altogether, our results indicate that previous phenotypic differences observed between the Gulf and the Northwest Atlantic in terms of parasitism (Arthur and Albert, 1993), growth rate (Templeman, 1973), fecundity (Morgan et al., 2003) and physiology (Khan et al., 1982) may all be part of the signature of a functional adaptive divergence in Greenland Halibut that is mainly driven by the stronger climate changes observed in the Gulf of Saint Lawrence than elsewhere is the North Atlantic.



Another coping mechanism – escape from the Gulf of Saint Lawrence

If regional warming and deoxygenation continue in the Gulf of Saint Lawrence, one can anticipate that adaptation would not be sufficient for Greenland Halibut to cope with this climate change (Pershing et al., 2015). Greenland Halibut is not only a species with a narrow optimum temperature, but it is the Gulf’s species which prefers the coolest temperatures (1°C to 5°C) along with the Northern shrimp (Pandalus borealis) (Brennan et al., 2016). In a 50-year prediction for the decade 2060-2070, Chabot et al. (2013) concluded that Greenland Halibut could potentially disappear from the Gulf with warmer waters negatively affecting productivity, abundance and distribution. The Greenland Halibut is also in competition for its food with the redfish (Sebastes fasciatus or S. mentella), for which warming waters are beneficial (DFO, 2021). Recently, it has been reported that Greenland Halibut cohorts that were abundant in 2012-2013 grew slower and took more time to reach their commercial size than was expected in 2018-2019. It is difficult to determine if this was the consequence of warming and poorly oxygenated waters, competition with redfish or other factors, but indices of abundance and biomass of fish above 40 cm are decreasing (DFO, 2021). Another point brought by our study is the connectivity detected between the Gulf and the Northwest Atlantic. The asymmetrical connectivity detected by our analysis is congruent with the main nursery located in the Saint Lawrence Estuary (Ait Youcef et al., 2013 and Bassi et al. submitted) and GBS results revealing the contribution of Newfoundland stocks to this nursery (Carrier et al., 2020). It has been hypothesized that fish from the Atlantic could potentially drift during their prolonged pelagic larval phase and enter into the Saint Lawrence system via Belle-Isle strait, where there is a cold-water current oriented toward the Gulf coming from Labrador (Carrier et al., 2020). The proportion of larvae entering the Gulf would thus depend on the strength of this current. Considering the ongoing ocean circulation shift mentioned above (Claret et al., 2018), we can hypothesize that the asymmetrical migration detected by our study could potentially reverse and that emigration from the Gulf would become more important than immigration from the Atlantic. This could be seen as a passive response to the current dynamic, but it could be also an active strategy of Greenland Halibut to cope with environmental conditions becoming unfavorable in the Gulf of Saint Lawrence.




Conclusion

The high genomic resolution used in our study allowed to confirm the previously supposed specificity of the Gulf of Saint Laurent and the very high connectivity within the remainder of the Northwest Atlantic, suggesting that except for the Gulf of Saint Lawrence, Greenland Halibut appear to be panmictic throughout the Northwest Atlantic. Environment association analyses revealed that divergence between the two stocks is mainly attributed to environmental variables such as sea temperature and dissolved oxygen and indicated that phenotypic differences previously observed between the Gulf of Saint Lawrence and the Northwest Atlantic likely resulted from functional adaptive divergence to their respective environmental conditions. Altogether our results suggest that the Gulf stock could be particularly vulnerable to the environmental changes that are expected in the context of a warming climate. Moreover, the high levels of migration assessed between the two stocks would allow Greenland Halibut to potentially escape unfavorable environmental conditions in the Gulf of Saint Lawrence. In addition to supporting the management of this important exploited species, this work highlights the utility of using comprehensive genomic datasets to characterize the effects of climate change across a wider range of species.
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Supplementary Figure 1 | (A). The four first axes of the principal component analysis performed with all the 1,297 Greenland Halibut individuals. (B). Assignment of each of the 1,297 Greenland Halibut to the two clusters using NGSadmix.

Supplementary Figure 2 | Isolation-By-Distance among the Greenland Halibut localities sampled throughout the Northwest Atlantic. Relationship between the logarithm of the geographic distance and the corrected genetic differentiation for all the pairwise sampled localities.

Supplementary Figure 3 | SNP Fst values between the Gulf of Saint Lawrence and the Atlantic in the 100 Kbp flanking regions around the highest Fst peaks found in the genome.

Supplementary Figure 4 | Local PCA conducted for each of the outlier window detected by the Lostruct analysis. Despite the detection of three clusters within these windows, no geographical structuration is distinguishable. Therefore, those putative inversions are unlikely to be involved in the Gulf-Northwest Atlantic differentiation.

Supplementary Figure 5 | Genome-wide RDA absolute loading values for bottom dissolved oxygen and temperature-related variables found to be significantly associated with allele frequencies. Black dots correspond to SNPs that are significantly associated with the environmental variables, while grey dots indicate non-outliers SNPs.

Supplementary Table 1 | Mean pairwise Fst estimates among each locality containing more than 30 individuals.

Supplementary Table 2 | Results of the Redundancy of Analysis.
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