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Combining an Ecological Experiment and a Genome Scan Show Idiosyncratic Responses to Salinity Stress in Local Populations of a Seaweed
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Climate change-related effects threaten species worldwide; within-species populations may react differently to climate-induced stress due to local adaptation and partial isolation, particularly in areas with steep environmental gradients. Populations of the marine foundation seaweed Fucus vesiculosus are established over a steep salinity gradient at the entrance of the brackish water in the Baltic Sea (NE Atlantic). First, we analyzed the genetic differentiation among populations using thousands of genetic markers. Second, we measured the physiological tolerance to reduced salinity, a predicted effect of climate change in the study area, by measuring growth, phlorotannin (defense compounds) content, and maximum photochemical yield in tissue of the same individuals exposed to both current and projected future salinities. Our results show that despite short geographic distances (max 100 km), most populations were genetically well separated. Furthermore, populations responded very differently to a salinity decrease of four practical salinity units (psu) corresponding to projected future salinity. At the high salinity end of the gradient, some populations maintained growth at the cost of reduced phlorotannin production. However, at the low salinity end, mortality increased and growth was strongly reduced in one population, while a second population from similar salinity instead maintained growth and phlorotannin production. Among genetic markers that appeared as outliers (showing more genetic differentiation than the majority of loci), we found that four were associated with genes that were potential candidates for being under selection. One of these, a calcium-binding protein gene, also showed a significant genotype–phenotype relationship in the population where this genetic marker was variable. We concluded that local selection pressure, genetic affinity, and possibly also population history could explain the very different responses to reduced salinity among these populations, despite being from the same geographic area. Our results highlight the importance of local perspective in the management of species.
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INTRODUCTION

Coastal ecosystems are variable environments and so naturally stressful, which places adaptive demands on the species that live there. If the environmental variation is within an organism’s tolerance range and occurs over a short term, pre-existing physiological responses will cope with the stress (Bennett et al., 2015). However, recurrent environmental stress outside the tolerance limit of some individuals will induce a selective pressure removing individuals of low fitness, and potentially adapting the population to the new conditions. However, adaptation may only take place if there is sufficient genetic diversity in heritable traits influencing the fitness of individuals (Pigliucci, 2001). The degree of the genetic variation, in turn, is shaped by the demographic history of the population and its connectivity to other populations (Hewitt, 1999; Van Belleghem et al., 2018).

One key variable that affects coastal populations of marine organisms is salinity, as it has great effects on physiological processes involved in metabolic stress (Tomanek, 2011). Salinity can change dramatically over short spatial and/or temporal scales (Gagnaire et al., 2006), due to, e.g. rainfall, tidal currents, upwelling, and freshwater input from rivers (Kirwan and Megonigal, 2013). In some areas, these changes are short-lived, while in others they can be permanent indicators of a new regime. Changes may occur either to saltier and cooler conditions, as observed in Mediterranean regions (Schroeder et al., 2016), or warmer and fresher as in the semi-enclosed Baltic Sea (Björck, 1995). At the entrance of the Baltic Sea, one of the largest brackish waterbodies in the world, deep water of high salinity from the North Sea meets a surface layer of brackish water exiting the Baltic Sea (Snoeijs-Leijonmalm and Andrén, 2017). In this entrance area around the Danish straits with strong horizontal and vertical gradients, relatively small changes in wind forcing and currents can rapidly change surface salinity at local scales (Bendtsen et al., 2009; Maar et al., 2011).

Under global warming, increased precipitation in the Baltic Sea drainage area is expected to decrease salinity further in this brackish water basin (Saraiva et al., 2019). These climate-related effects have already led to a 1 psu decrease in sea surface salinity in the southern Baltic Sea from 1977 to 2007 (Vuorinen et al., 2015). In addition to a gradual decrease in mean salinity, surface water is expected to show higher frequency of short-term, extreme events of heat waves and high precipitation (Lehmann et al., 2015; Meier et al., 2019). Such a decrease together with more extreme events is expected to severely increase the stress of marine populations in the area, not least sessile species such as fucoid seaweeds. In temperate shallow hard-bottom ecosystems, these are the predominant, foundational seaweeds, providing shelter and food for various invertebrate and fish species (Råberg and Kautsky, 2007; Wikström and Kautsky, 2007).

Recent modeling studies show that Fucus vesiculosus will shift its distribution in this area during the next century as a consequence of the projected decrease in salinity (Jonsson et al., 2018; Kotta et al., 2019). This species is remarkably plastic and tolerant to a large range of salinities, but experimental studies have shown that growth rate will be negatively affected when individuals from full marine salinity (North Sea) are moved to Baltic Sea salinities (Bäck et al., 1992b; Johansson et al., 2017). Interestingly, in these experiments, Baltic Sea individuals showed higher growth in extremely low salinity (<4 psu) than in full salinity, indicating local adaptation of Baltic Sea populations to low salinity. Populations of F. vesiculosus from this low salinity area contain 50% higher phlorotannin levels than North Sea individuals (Nylund et al., 2012). Phlorotannins are polyphenolic metabolites in brown seaweeds with multiple roles at both cellular and organismal levels, including deterring grazing, however phlorotannins are costly to produce (Pavia et al., 1999).

Öresund, the strait separating Sweden and Denmark at its narrowest point, is right at the opening of the Baltic Sea to the North Sea, and over a geographic distance of ∼100 km, a steep salinity gradient is established from 10 psu in the south to 18 psu in the north. In this area, populations of F. vesiculosus might be under divergent selection and locally adapted to different ambient salinities, and potentially also different in their tolerance to shifts in salinity. In addition, more general genetic differences among populations might be due to different degrees of connectivity to populations outside Öresund or to different demographic histories as found in other organisms in this area (Nikula et al., 2007; Le Moan et al., 2019).

We combined a common garden approach with genome-wide DNA sequencing to test for the presence of genetic differences that correlated with tolerance to an immediate decrease in salinity. The decrease was chosen to correspond to short-term variations in salinity in this area that are expected to increase in frequency and intensity with climate change. The experimental treatment further corresponds to the projected average salinity in the year 2100, although in our experimental situation it represents an acute stress to decreased salinity rather than a gradual accumulated climate-induced stress. We assessed the response of decreased salinity by measuring the performance of three phenotypic traits (growth, phlorotannin content, and maximum photochemical yield) in new-grown parts of thalli of individuals of F. vesiculosus. In order to test the same genotype in both its original average salinity (control) and its decreased salinity (4 psu lower than control), each original thallus was divided in two parts, one grown under control conditions and the other under treatment conditions. All three traits can be susceptible to stress, and we expected them to react to the immediate and sublethal stress levels caused by the salinity decrease. We used the sequencing data to guide our interpretation with respect to population relatedness and the potential of local adaptation.



MATERIALS AND METHODS


Projection of Future Salinity

Future mean salinity in the transition between the Baltic Sea and the Kattegat was projected using the coupled physical-biogeochemical model RCO-SCOBI (the Swedish Coastal and Ocean Biogeochemical model coupled to the Rossby Centre Ocean circulation model; Eilola et al., 2009). In this study, we focused on the higher end of projected salinity change, and we assumed the A1B emission scenario (similar to scenario RCP 6.0 in IPCC, 2013) for the atmospheric forcing of the three-dimensional circulation model. RCO-SCOBI with a horizontal resolution of 3.7 km (2 NM) was forced by regionalized atmospheric data from the global climate model ECHAM5 (Roeckner et al., 2006) using an atmospheric horizontal grid of 25 km. The A1 scenario group assumes a future world of rapid economic growth, a global population that peaks in mid-century, and the introduction of new and more efficient technologies (Nakićenović et al., 2000). Salinity fields were projected for the period 2070–2099 and compared to the reference period 1978–2007 (Meier et al., 2012). During the season June–August, we used the maximum decrease in salinity in surface water (0–12 m) to guide the selection of the experimental treatment of a 4 psu reduction in salinity. Climate change is also expected to increase the frequency and intensity of extreme events in both temperature and precipitation (Lehmann et al., 2015; Meier et al., 2019). A decreasing surface salinity in the Baltic Sea with a steeper gradient toward the North Sea together with extreme events may lead to more dramatic short-term variations in salinity along the Danish straits.



Sampling and Experimental Set-Up

Individuals of F. vesiculosus were collected, all at least 2 m apart, from six sites in the Öresund strait; three sites on the eastern side (Nyhamnsläge, Landskrona, and Falsterbo in Sweden, from here on referred to as populations S1, S2, and S3, respectively) and three sites on the western side (Hornbæk, Humlebæk, and Dragør in Denmark, from here on referred to as populations D1, D2, and D3, respectively; Supplementary Table S1). The six sites were selected to represent high, medium, and low salinities of the area, from north to south, and the eastern and western sites as natural replicates for similar salinities (Figure 1). At each site, 24 individuals were collected and transported to the lab, wrapped in newspaper soaked in seawater and placed in a cooler (transportation took approximately 24 h on June 16–17th, 2017). All individuals were approximately 20 cm long, had 15–20 apical tips, and showed no signs of receptacle formation. Five apical tips were cut from each individual directly in the field and transported cold and stored in −80°C before DNA extraction and genotyping were done.
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FIGURE 1. Map of the study area and salinity gradient. Red dots represent the sites on the Danish side of the Öresund strait and the blue dots represent the Swedish sites, numbers on the map are average salinity values. Mean velocity field of modeled surface currents in southern Kattegat and the Öresund strait. Based on the circulation model NEMO-Nordic (Hordoir et al., 2019), currents in the surface layer (0–3 m) for the months June, July, and August were averaged for the years 1995–2002.


For the experiment, each algal thallus was split into two parts; one half was put in water with the current average salinity from the sample site (“control”) and the other at 4 psu lower salinity (“treatment”). The holdfast of each thallus was attached to a weight, and due to positive buoyancy from floating bladders, each thalli was kept in an upright position in a separate 12-L plastic bag. Each bag had a continuous flow-through (0.5 L/min) of sea water, and ventilation and turbulence was continuously generated through an air stone. Experimental salinities in the bags were controlled by AQUA MEDIC Conductivity monitor and controller, regulating a solenoid valve system. The salinity in the bags was continuously measured, and when it rose above the set value, the solenoid valves opened to increase the freshwater input to the system until the salinity dropped to the listed experimental value. The plastic bags were submerged, with sufficient space so there was no shading of neighboring algae, in a larger tank with a flow through of ambient temperature (17°C ± 1°C) water to ensure the same temperature in all experimental bags. The large tank was placed outside and partially shaded to mimic the conditions at 1 m depth; all thalli were exposed to the same ambient light conditions (approximately 600 μmol m–2s–1 average peak daily value) during the 45-day experimental period (June 19 to August 3, 2017). As the same genotype was exposed to both control and treatment salinities, phenotypic values represented the reaction norms of the individual genotypes (n = 24).



Phenotypic Traits

In each thallus, split in halves, a thread was sewn into three apical tips making it possible to measure the increase in tip length (Johannesson et al., 2012) from photographs taken at the beginning and at the end of the experiment using ImageJ (Schneider et al., 2012). The growth for each thallus was taken as the average of these three estimates (all raw data presented in Supplementary Table S2). Data were analyzed using a paired t-test to detect any differences in growth between the halves of the same individual exposed to present and future salinity.

At the end of the experimental period, the maximum photochemical yield (Fv/Fm – variable fluorescence/maximum fluorescence) was measured in the tissue that had been formed during the experiment. The tissue was dark-adapted for 10 min, the fiber optics were held at a fixed 10 mm distance from the algae, and measurements were taken with a PAM (pulse amplitude-modulated fluorometer; Walz, Effeltrich, Germany). To test for differences in photosynthetic performance, data were analyzed using a paired t-test between the halves of the same individual exposed to current and future salinity.

Apical tips (i.e., the tissue formed during the experiment) were cut from each thallus half at the end of the experiment and immediately frozen at −60°C for phlorotannin analysis. The tips were freeze-dried and homogenized to a powder. From each sample, 10 mg of the powder was used for extraction in 60% acetone, and the phlorotannin content in each was quantified colorimetrically using the Folin–Ciocalteu method (van Alstyne, 1995). Phloroglucinol (1,3,5-trihydroxybenzene, art. 7086; Merck, Darmstadt, Germany) was used as a standard, and the absorbance was measured at 725 nm after 2 h of incubation in the dark. Phlorotannin content in the respective halves was analyzed using a paired t-test to detect any differences.

For analysis of the phenotypical traits, the Benjamini–Hochberg procedure was used for correction of multiple testing (Benjamini and Hochberg, 1995).



Correlation Among Traits

In order to study whether the phenotypic traits that we measured were inherited independently or not, we analyzed the net changes in the various phenotypic expressions between sample halves placed in the treatment salinity and current salinity, i.e., the net change in phenotypic expression of each genetic individual using correlation analyses within each population.



Local Adaptation

Our experimental design with co-occurring salinities between control and treatment between different populations allowed us to evaluate the possibility of local adaptation in the phenotypic response variables (i.e., growth rate, phlorotannin content, and maximal photochemical yield). Thus, we compared thalli of different origin grown under the same conditions, that is, in the same salinity. For example, thalli originating in 10 psu and grown in their native salinity were compared to thalli originating in 14 psu but grown in 10 psu salinity using t-tests; the Benjamini–Hochberg procedure was used for correction of multiple testing (Benjamini and Hochberg, 1995).



DNA Extraction and Genotyping

Genomic DNA was extracted following Panova et al. (2016). Algal apical tissue was ground and washed with 100% acetone twice previous to digestion in CTAB buffer. DNA was precipitated and washed using the DNA Plant II Extraction Kit (Qiagen). The eluted DNA was further cleaned up using the DNA Clean and Concentrator Kit-25 (Zymo). DNA quality and integrity were assessed using Nanodrop on a 1% agarose gel. DNA quantification was performed with a Qubit dsDNA Broad Range Assay Kit (Invitrogen-ThermoFisher Scientific). DNA of 20 individuals from each locality was extracted, from which four individuals from each locality were also used as technical replicates (i.e., replicated extraction, library preparation and sequencing). Individual 2b-RAD libraries (Wang et al., 2012) were prepared following a laboratory protocol from Galina Aglyamova and Mikhail Matz available at https://github.com/z0on/2bRAD_denovo. Briefly, the 2b-RAD libraries were prepared individually, and DNA from each sample was digested using a 2b-type enzyme that targets two restriction sites that encompass a 36-bp DNA fragment. The libraries were individually barcoded, and the fragment selection was performed by excising the amplicon band from an agarose gel. Gel fragments were cleaned using a MinElute Gel Extraction Cleaning Kit (Qiagen) and pooled equimolarly into 20 individual population sets (plus technical replicates) per sequencing lane. The pooled libraries were then sequenced on the Illumina HiSeq2500 platform, generating 50 bp single-end sequences, at the Science for Life Laboratory (SciLifeLab)—Genomics, SNP&SEQ Technology Platform in Uppsala University, Sweden.

The bioinformatic analysis was performed using the computer cluster “Albiorix” at the University of Gothenburg, Sweden. The analysis followed a modified de novo pipeline available at https://github.com/crustaceana/TheFucusProject, originally developed by Mikhail Matz1. Sequences were trimmed and quality filtered before clustered into RAD tags with a minimum depth of 20 reads. Genotype calling was performed with a minimum depth of 5 to call homozygotes, a maximum acceptable proportion of 0.8 for heterozygotes at a locus, and minimum 20 observations for each allele across all samples. The technical replicates were used for non-parametric quantile-based recalibration of variants. Loci exceeding 75% heterozygotes were removed. The data were preliminarily thinned to retain one SNP per RAD fragment, where each fragment had <50% of missing data. Technical replicates were subsequently removed from the dataset. Further thinning was performed using Poppr (Kamvar et al., 2014) to remove loci or genotypes with >5% missing data and to only retain informative loci with at least two differing observations. The samples from population D2 showed unusually large heterozygosity deviations, possibly produced by sample contamination, and were therefore removed from further analysis.



Genetic Diversity and Population Differentiation

Observed (Ho) and expected (He) heterozygosity, as well as inbreeding coefficients (FIS), were calculated across sites using the R package radiator (Gosselin et al., 2020). To get an overview of the diversity distribution, Adegenet R (Jombart and Ahmed, 2011) was used to transform the data into principal components and partition the variance using multivariate discriminant analysis (DAPC, Jombart et al., 2010). This method maximizes the discrimination between groups to identify genetic clusters, and this was cross-validated using Poppr. Individually-based Bayesian clustering was further used to identify individual proportions of genetic ancestry using STRUCTURE (Pritchard et al., 2000) with a burn-in length of 10,000 and 50,000 Markov Chain Monte Carlo (MCMC) chains. CLUMPAK (Kopelman et al., 2015) was used to plot the STRUCTURE results and STRUCTURE HARVESTER (Earl and Von Holdt, 2012) to identify the most likely number of K genetic clusters that best describe the data.



Detection of Putative Loci Under Selection

Arlequin 3.5.2.2 (Excoffier and Lischer, 2010) was first used to identify putative loci under selection given the possibility of a hierarchical population structure over the sampled salinity gradient. This method, however, has been shown to produce high error rates and relatively high number of false positives (Narum and Hess, 2011). Therefore, a Bayesian analysis of outliers was also performed with Bayescan 2.1 (Foll and Gaggiotti, 2008) using 20 pilot runs of 5,000 iterations each, a burn-in period of 50,000 and 50,000 MCMC chains. Loci were considered outliers with a highest posterior density interval (HPDI) of >95%. Only those overlapping loci from the two methods were used for subsequent analyses. These loci were mapped to an unpublished reference draft genome of F. vesiculosus which is available on NCBI (BioProject accession number: PRJNA629489). Annotation of the putative loci under selection was performed by Blastx match to the NCBI protein database and UniProtKB search. While excluding outliers from population structure analysis may illustrate the effects of ongoing gene flow among populations as opposed to the demography and population history shown with the inclusion of these loci, the main patterns of our results remained fundamentally unchanged without the outlier loci, and thus, the results presented include all loci.



Tests of Phenotypic Effects Linked to Outlier Genotypes

In the four outlier SNP loci that we were able to functionally annotate (see section “Results”), we compared phenotypic performance in current and future salinities by estimating net growth as (net growth) = (growth in future salinity) − (growth in current salinity), and in a similar way, we estimated net content of phlorotannins among individuals of different genotype (homozygotes for the major allele, heterozygotes, and homozygotes for the minor allele).



RESULTS


Phenotypic Traits

Phenotypic performance in F. vesiculosus from the study region was different between current and future salinities in at least 8 of 18 tests. In future salinities, growth was lower in three populations (S2, D2, and D3), phlorotannin content was lower in four populations (S1, S2, D1, and D3), and maximum photochemical yield was lower in one population (D3) (Figure 2 and Supplementary Table S3).
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FIGURE 2. (A) Growth measured as increase in length, (B) Phlorotannin content, (C) Efficiency of photosystem I (Fv/Fm). Dark bars represent current conditions and light bars represent future conditions, values are means ± 95% CI, n = 24. Data analyzed with paired t-tests for effect of treatment within populations of Fucus vesiculosus grown in ambient and future salinities under 45 days; statistical differences within populations are denoted with asterisk.




Correlation Among Traits

Growth and photochemical yield were strongly correlated in population D3, and phlorotannin content and photochemical yield were correlated in the population S1 (Supplementary Table S4). No significant correlations were found for the remaining traits and populations, suggesting that in most cases, traits were independently affected by the decrease in salinity.



Local Adaptation

Phenotypic performance differed in half of the comparisons between populations grown in the same salinities during the experiment (Supplementary Table S5). In three of these cases, the populations originating from a higher salinity than the treatment salinity had a lower phlorotannin content than the populations originating from the same salinity [D1 (future salinity) – D2 (current salinity); S2 (future salinity) – S3 (current salinity); D2 (future salinity) – D3 (current salinity)]. In one case, the population from a higher salinity grew less than the population kept in its native salinity [D2 (future salinity) – D3 (current salinity)]. In two other comparisons, the photochemical yield was higher in the treatment populations than in the populations maintained in their native salinity [S1 (future salinity) – S2 (current salinity); S2 (future salinity) – S3 (current salinity)]. As all the measurements were done on tissue that was formed during the experimental period, these results suggest various types of local adaptation among the populations.



Genotyping Summary and Genetic Population Structure

Individual RAD libraries produced 1.5–18.7 (median: 10.4) million reads per individual. Technical replicates rendered 8,011 SNPs that were used as “true” SNP dataset for recalibration of variants. The dataset resulted in 23,209 SNPs that comprised a final set of 18,148 final loci and 94 individuals after filtering, with 6 individuals removed due to poor genotyping. Genome-wide individuals’ mean observed heterozygosity as well as missing data are shown in Supplementary Figure S1. The genetic diversity within populations was similar across all populations (Ho range 0.184–0.190) with non-significant negative FIS values (Supplementary Table S6).

The analysis of genetic differentiation showed that populations were clearly separated. The DAPC analysis showed cohesive groups corresponding to the geographic sampling localities (Figure 3) and a separation of the southernmost populations (D3 and S3) from the rest. These results were corroborated by the individually based assignment tests that also showed two groups with the highest likelihood of ancestry (K = 2 the most likely number of clusters), again clearly grouping the southernmost populations together, although K = 3 also revealed further separation of the remaining populations (Figure 4). Thus, the overall pattern appears as if there are gradual increasing differences among populations either reflecting weak stepping-stone gene flow or historical demographic patterns.
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FIGURE 3. Discriminant analysis of principal components (DAPC) showing that populations of Fucus vesiculosus, from the Öresund region, were clearly separated. The axes represent the first two linear discriminants. Colors indicate different populations, S indicates populations from the Swedish side of the strait, and D indicates populations from the Danish side. The subscripts 1–3 indicate populations from north to south (see Figure 1). The subplots show the number of principal components (PCA) and discriminant eigenvalues (DA) retained.
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FIGURE 4. STRUCTURE analyses of five populations of Fucus vesiculosus from the Öresund strait. K = 2 is the most likely number of clusters. S indicates populations from the Swedish side of the strait and D indicates populations from the Danish side. The subscripts 1–3 indicate populations from north to south (see Figure 1).




Putative Loci Under Selection

Fifty-one loci were detected with Arlequin over the 0.99 FST null distribution quantile and 74 loci above the 95% HDPI using Bayescan. In total, 33 loci overlapped from the two approaches which were used for annotation (Supplementary Figure S2). From those loci, 25 were identified in the draft genome assembly of F. vesiculosus, with 11 hits in NCBI and four of these with annotated matches also in the NCBI- and/or the UniProtKB databases, the remaining 7 being hypothetical unknown proteins at large. These four were calcium-binding protein 1, Tyrosyl-DNA phosphodiesterase 1 (TDP1), protein LONGIFOLIA 1-like mRNA, and PAS/PAC sensor hybrid histidine kinase (Supplementary Table S7). The allele frequency of the TDP1 gene showed a homogeneous pattern across all populations except the northernmost population on the Danish side of Öresund (D1) which was polymorphic in this locus (Table 1). The LONGIFOLIA allele frequencies showed more variability across populations, with a well-defined north-south cline with one allele increasing and the other decreasing from north to south on both sides of Öresund (Table 1). In contrast, the frequency variation of the PAS/PAC gene indicated a west-east (Denmark–Sweden) differentiation with the most common or even dominant allele in the three Swedish sites showing the opposite pattern in all Danish sites (Table 1). The frequency of the calcium-binding protein gene showed that population S3 is rather different from the other five populations with a dominant allele that was never dominant in any other population (Table 1).


TABLE 1. Allele frequency of the four outlier loci of Fucus vesiculosus populations from Öresund.

[image: Table 1]
We also compared phenotypic traits (net growth rate and net phlorotannin content) among groups of individuals of different genotypes (homozygotes for major alleles, heterozygotes and homozygotes for the minor alleles) for the four loci from the same population. We found one significant effect in population S3, where individuals that are heterozygote for the SNP associated with the calcium-binding protein grew faster than individuals that were homozygote for either the major or the minor alleles (Figure 5 and Supplementary Table S8). Notably, population S3 was the only population in which this locus was highly polymorphic, and the dominant allele in S3 was the overall minor allele at this locus (Table 1).
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FIGURE 5. Growth reduction (growth in future salinity minus growth in current salinity) over 45 days in population S3 in individuals of different genotype for the SNP marker annotated to calcium-binding protein 1. Positive values indicate increased growth under 4 psu decreased salinity and negative values indicate decreased growth. Individuals of the same genotype are ordered along the x-axis according to net growth (for statistic evaluation see Supplementary Table S8).




DISCUSSION

By focusing on a relatively small marine area overlapping a steep natural salinity gradient (Öresund, one of the Danish straits, 100 × 20 km), we show here that a large-scale stress (coastal salinity decrease) might affect populations within a small geographic area differently. A general pattern across phenotypic traits and populations was that performance decreased when individuals were exposed to lower salinities, however, with different specific responses among populations. For example, while two of the populations (D3 and S2) responded with both decreased growth and reduced phlorotannin content, one population (D2) only reduced in growth, and two other populations (D1 and S1) only reduced in phlorotannin content (Figure 2). Previous findings show that strongly reduced salinities negatively affect growth in F. vesiculosus; for example, a reduction from 20 to 10 psu (Nygård and Dring, 2008) or from 35 to 15 psu (Connan and Stengel, 2011a) had a negative effect on growth. Connan and Stengel (2011b) also showed reduced phlorotannin levels in F. vesiculosus tips exposed to low salinity (15 psu) compared to ambient salinity (35 psu) which is in line with previous research (review by Ragan and Glombitza, 1986). We found lower levels of phlorotannins in four of the six populations (S1, S2, D1, and D3) when exposed to lower salinity. In contrast, studies of F. vesiculosus in natural salinities have shown higher phlorotannin content in lower salinities, most likely due to a naturally higher grazing pressure (Nylund et al., 2012). Also, quantum yield and photosynthesis in F. vesiculosus have previously been found to decrease in experimentally lowered salinities (e.g., Nygård and Dring, 2008; Connan and Stengel, 2011b, respectively).

Overall, our results show decreased growth and reduced phlorotannin production caused by a much less dramatic decrease in salinity treatment than in earlier studies (e.g., Connan and Stengel, 2011b), which could be due to the naturally higher variability in salinity in this study area. Additionally, while some populations reduce growth, others reduce the costly production of phlorotannins, with the exception of population D3 that reduces both growth and phlorotannins and also was the only population with a negative response in photochemical yield (Figure 2). Indeed, the southernmost Danish population (D3) was the most heavily affected of all populations. This population was taken from 10 psu and exposed to the projected salinity of 6 psu. However, the southernmost population from the Swedish side (S3) was also sampled at 10 psu and treated with 6 psu, but maintained both growth and photochemical yield under the lower salinity (Figure 2). Optimal salinity for photosynthesis for F. vesiculosus from the Baltic Sea is 6 psu but 11–35 psu for populations from the Atlantic (Bäck et al., 1992a). It is known that ionic composition and osmotic regulation become problematic in many marine organisms below 7 psu due to a changed Ca2+/Cl– ratio which induces stress (Schubert et al., 2017). Thus, the shift from 10 to 6 psu might be more problematic for a population of more saline origin. The northbound current out of the Baltic Sea tends to be strongest along the Swedish coast, and the proximity of the most southern Swedish site (S3) to the Baltic populations of F. vesiculosus suggests that this population is more influenced by gene flow from Baltic populations than is the D3 site. Indeed, the high frequency in S3 of the otherwise very rare allele of the SNP locus in the Ca-binding protein corroborates such a difference. Interestingly, the high frequency of this “minor” allele in S3 might even suggest an adaptation to the skewed Ca2+ balance inside the Baltic Sea for this locus.

Local adaptation in phenotypic traits was most obvious in the two southernmost populations (D3 and S3) and in population D2. These populations responded more favorably in one or two phenotypic traits when compared to thalli transferred to the same salinity from a higher native salinity. These differences, combined with the differences in responses between populations visible in the phenotypic data, suggest that different populations may perform very differently under future decreased salinities. This calls for caution when generalizing experimental results across broad ranges, either geographic or genetic. Instead, detailed data must be collected in order to make reasonable predictions on population level effects.

Population S3 was the only population where no negative effects of decreased salinity were observed on the performance of the phenotypic traits. As mentioned above, the genetic analysis revealed that this population was an outlier for calcium binding protein 1 with a high frequency of an otherwise rare allele. Calcium has been recognized to be an important signal under abiotic stress, including salinity (Pandey et al., 2002). In terrestrial plants, overexpression of calcium-binding proteins leads to an enhanced tolerance to salinity stress (Deswal and Sopory, 1999; Veena et al., 1999). Our results suggest that this locus may also influence salinity stress tolerance in F. vesiculosus.

In the TDP1 (tyrosyl-DNA phosphodiesterase 1) locus, we found the major allele to be fixed in all populations except the most northern Danish population (D1). In terrestrial plants, it has been reported that this gene is upregulated in response to osmotic stress (Macovei et al., 2010), and so this locus might also be a candidate for selection under salinity stress, with population D1 being more connected to full-saline conditions than the other populations.

The allele frequencies of the SNP locus located in the gene coding for the protein LONGIFOLIA revealed a north-south cline parallel to the salinity gradient. In terrestrial plants, LONGIFOLIA is highly induced when salinity increases in salinity-tolerant genotypes, but repressed in salinity-sensitive genotypes (Kaashyap et al., 2018). This suggests that the variation in this SNP might also relate to adaptation over the salinity gradient.

In contrast, the variation in the SNP positioned in the PAS/PAC histidine kinase gene, a putative blue light receptor, indicated a west-east (Denmark–Sweden) differentiation with the allele dominant in the three Swedish sites being less common in the Danish sites. PAS domains have been identified in proteins from a variety of phyla and include, e.g., chemoreceptors, photoreceptors, and voltage-activated ion channels (Taylor et al., 1999). Lagarias et al. (1995) showed that the green alga Mesotaenium caldariorum contains a small family of phytochrome genes (of which the PAS/PAC gene observed here is a member) that are closely related to those in terrestrial vascular plants. Phytochromes are photoreceptors that mediate light-initiated adaptive physiological changes in terrestrial plants and can regulate light responses in different life-cycle stages (Lagarias et al., 1995). It has previously been shown that PAS/PAC histidine kinase is a putative blue-light photoreceptor and is both over-represented in F. vesiculosus males (Martins et al., 2013) and upregulated in F. vesiculosus sperm (Martins et al., 2013). A speculative hypothesis is that the irradiation climate of the water is different on the Danish and Swedish sides of the area, with somewhat less turbid water in the incoming North Sea water on the Danish side, and that the genetic difference we see in this gene may be related to differential selection across the strait.

All of these genetic and adaptive differences could also be explained by other factors; however, the study area was selected based on its relatively small geographic scope and similarity in most respects. Salinity is the single environmental factor with the broadest range in this region and hence is the most likely explanatory variable for the results we see.



CONCLUSION

We combined an experimental and a genomic approach to assess the variation in stress response among local populations of a common seaweed species, Fucus vesiculosus, all from the same small geographic area. Under exposure to an immediate decrease in salinity mirroring an increasing frequency of extreme events concomitant with a projected decrease in the area over the coming 80 years, populations reacted very differently. A few were only marginally affected, some moderately affected, and one showed severe stress and ceased growth. Our genome scan identified both overall genetic differences among populations and a few trends in outlier loci. These results suggest each population being locally adapted while also affected by genetic affinity to nearby populations, such as illustrated by the intriguing difference between the two most southern populations exposed to the same salinity. This illustrates how intraspecific variation and local adaptation among populations over relatively small geographic distances contribute to resilience to environmental changes in a widespread species. Importantly, it shows the strengths of combining ecological experiments with genome-scans in non-model species in order to elucidate the eco-evolutionary processes that shape species and populations.
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