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Abstract

:

The freshwater pearl mussel Margaritifera margaritifera is a unionid species distributed across Northwestern Russia, Fennoscandia, Western and Southwestern Europe, and the Atlantic Coast of North America. In this study, we reconstructed the post-glacial expansion routes of this species based on FST genetic distances and the fact that M. margaritifera distribution is directly connected with salmonid expansion. The freshwater-pearl-mussel populations from North America and Northeastern Europe were the closest groups, judging by FST distances, supporting the concept of the North Atlantic Salmo salar colonization of the Barents and White Sea basins. We also documented that unique haplotypes in the populations of the Baltic and White Sea basins may have originated in isolated glacial refugia in Eastern and Northeastern Europe. The Iberian clade was the most distant group of populations, which is consistent with the previously observed role of the Iberian Peninsula as a glacial refugium. The high genetic diversity in the populations of Northern and Eastern Karelia was facilitated by migrants utilizing complex periglacial hydrological networks and by admixture in the contact zone where the migration flows met. We confirm that this region should be considered as a major center of genetic diversity within the European part of the species’ range.
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1. Introduction


The freshwater pearl mussel Margaritifera margariitfera (L., 1758) is one of the most remarkable species of freshwater mussels in the Northern Hemisphere, and once served as a source of pearl production. At the same time, it is endangered throughout its range, which extends from Northwestern Russia through Fennoscandia and Western and Southwestern Europe to the Atlantic Coast of North America. Inhabiting a narrow ecological niche in fast-flowing, low-mineral streams and rivers, the freshwater pearl mussel is sensitive to habitat degradation due to dam construction, riverbed transformations, agriculture and forestry within watersheds, and climate change [1,2,3,4]. Another significant threat is the degradation of the Atlantic salmon Salmo salar (L., 1758) and brown trout Salmo trutta (L., 1758) populations, which are utilized by glochidia, parasitic larvae of M. margaritifera, as hosts after release from the parental organism [5,6]. Glochidia metamorphose to juvenile mussels on the gills of Salmo salar and Salmo trutta and spread along the watercourse during this parasitic stage.



The association with certain host-fish species may shape the population genetic structure of the freshwater pearl mussel. The results of microsatellite-based studies showed clear divergence in a freshwater pearl mussel population utilizing different hosts in Norway [7], but not in Ireland [8]. Host specificity provides a link to the variable genetic structure of the species, as mussel populations limited to Atlantic salmon show higher genetic diversity and weaker differentiation than those limited to brown trout as the host [9]. Another source of the host-dependent genetic structuring is the life-cycle biology of the host fish. Regardless of the host species, the genetic differentiation is lower among mussel populations sustained by sea migration than by resident hosts, while the genetic diversity in such populations is higher [10].



The highest genetic diversity of the freshwater pearl mussel, as estimated by microsatellite markers, was observed in the northern part of the European range [11,12] and resembled the results obtained from North American populations. The small genetic differentiation among the sampling locations throughout Northeastern North America suggested a single genetic population as the most probable result [13]. The same result was obtained in studies of several M. margaritifera populations from Massachusetts when using the single-nucleotide polymorphism approach [14].



In contrast with the northern populations, high genetic differentiation but low genetic diversity of freshwater pearl mussel populations was discovered in Central Europe [12,15]. The freshwater pearl mussel populations in this region appear to be more genetically similar within the same drainage system than between drainage systems [15]. Even lower genetic diversity was observed in populations from the southern edge of the species’ range, i.e., the Iberian Peninsula [16,17], despite the fact that the region was an important freshwater refugium during the Last Glacial Maximum.



Fast-evolving molecular markers, such as microsatellites, and the SNP approach are effective tools for reconstructing the recent demographic history of populations and are obligatory for conservation management [14,18]. However, studies of more ancient demographic processes require molecular markers with a slower nucleotide substitution rate, which can reflect more ancient patterns of the population structure. Fossil-calibrated phylogeny returned extremely slow nucleotide substitution rates for the family Margaritiferidae [19]. The application of the mtDNA data for reconstructions of the species’ phylogeography in the Holocene allowed to detect freshwater glacial refugia in Southern Europe using the mitochondrial cytochrome c oxidase subunit I (COI) gene polymorphism between the lineages of Anodonta anatina (see [20,21]) and the ancient mtDNA ND1 region sequencing of S. salar [22].



Studies that attempt to infer population genetic patterns using mitochondrial DNA, particularly the COI marker, are rather limited. Machordom et al. [23] studied geographically isolated population groups of the freshwater pearl mussel from Iberia, Ireland, and Northern Europe and identified two mitochondrial lineages in the north, from the western Atlantic coast through Ireland to the Kola Peninsula, and in the south, from Ireland to the Iberian Peninsula. However, the M. margaritifera population in the Vuokkinjoki River in Karelia contains representatives of both lineages and is characterized by considerable genetic variation and high haplotype richness [24]. The mitochondrial DNA studies of M. margaritifera, mentioned above, showed that the COI-based phylogeographic reconstructions may highlight hidden patterns of the post-glacial diversification of M. margaritifera.



In our study, we estimate M. margaritifera postglacial expansion routes and diversification patterns based on a broad-scale dataset of the COI sequences covering almost the entire species distribution, with special attention to the northeastern part of the species range. The objectives of this study are to (i) determine the genetic structure of M. margaritifera populations using available COI sequences generated from newly collected samples and those obtained from NCBI GenBank; (ii) compare the species’ genetic diversity at the global and regional scales; and (iii) reconstruct the post-glacial expansion routes of M. margaritifera from putative glacial refugia throughout the species’ range.




2. Materials and Methods


2.1. Sample Collection, DNA Extraction, PCR, and Sequencing


The main body of the material was collected through a series of field surveys on rivers and streams of the White Sea and the Baltic Sea drainages in Europe (Table S1). Soft-tissue samples of M. margaritifera were snipped from the mussel’s foot by a non-lethal procedure [25,26] and immediately stored in 96% ethanol. After snipping, all mussels were carefully returned to the habitat. Soft-tissue samples were deposited in the collection of the Russian Museum of Biodiversity Hotspots (RMBH) of the N. Laverov Federal Center for Integrated Arctic Research of the Ural Branch of the Russian Academy of Sciences (FCIArctic) and in the collection of the Karelian Research Centre of the Russian Academy of Sciences.



Total genomic DNA was extracted from the tissue snips using the NucleoSpin tissue kit (Macherey-Nagel GmbH and Co., KG, Düren, Germany), following the manufacturer’s protocol. For molecular analyses, we obtained sequences of the COI gene. The sequences were amplified and sequenced using the primer pair, LCO1490 and HCO2198 [27]. The PCR mix contained approximately 100 ng of total cellular DNA, 10 pmol of each primer, 200 μmol of each dNTP, 2.5 μL of PCR buffer (with 10 × 2 mmol MgCl2), 0.8 units of Taq DNA polymerase (SibEnzyme Ltd., Novosibirsk city, Russia), and H2O, which totaled a final volume of 25 μL. Thermocycling included one cycle at 95 °C (4 min), followed by 28–32 cycles of 95 °C (50 s), 48–50 °C (50 s), and 72 °C (50 s), and a final extension at 72 °C (5 min). Forward and reverse sequencing were performed on an automatic sequencer (ABI PRISM3730, Applied Biosystems, Waltham, MA, USA) using the ABI PRISM BigDye Terminator v.3.1 reagent kit [28]. The resulting COI gene sequences were checked manually using BioEdit v. 7.2.5 [29]. In addition, 99 COI sequences of M. margaritifera were obtained from NCBI GenBank (Table S1). The sequences were aligned using the MUSCLE algorithm implemented in MEGAX [30]. For the subsequent analyses, each COI sequence of the aligned datasets was trimmed, leaving a 628-base-pair fragment.




2.2. Genetic Diversity, Genetic Differentiation, and Demographic History


The dataset under investigation covers most of the M. margaritifera range and was structured at the global (Figure 1) and regional (Figure 2) scales. At the global scale, we analyzed five subsets corresponding to certain groups of populations. The White Sea (WS; n = 317), Baltic Sea (BS; n = 99) and West–North Atlantic (WNA; n = 10) groups were delineated by the corresponding sea drainage. The exclusion was the Juojoki River, which flows to the northern rim of the Gulf of Bothnia in Sweden, but in our analysis, we included it in the WS group based on our assumption that rivers of northern Finland and Sweden were likely connected with the White Sea through a system of periglacial lakes and rivers (see the Discussion below). The Suomujoki River in Finland and the Zapadnaya Litsa River on the Kola Peninsula belong to the Barents Sea basin, but we included them in the WS group of populations based on the evidence that the Kola Strait was one the main migration corridors between the White and Barents Seas during the Scandinavian Ice Sheet retreat [31]. Iberian (IBER; n = 20) and British (BRIT; n = 11) population groups were determined based on previous phylogenetic studies of freshwater mussels, indicating that two COI lineages of M. margaritifera are distributed in Europe [23] and the existence of an Iberian glacial refugium of freshwater biota [20,21].



At the regional scale, we selected rivers where samples of sufficient size (n ≥ 7 in our dataset) were collected and considered them as populations in subsequent analysis. All these populations belong to the WS and BS groups of populations. The same subset was used to investigate the differentiation between salmon- and trout-associated freshwater pearl-mussel populations (Table S2). The Juojoki population was not included in this analysis, since the only unique haplotypes from this river basin are available in the GenBank.



Genetic diversity was estimated through haplotype diversity (Hd) and nucleotide diversity (Pi) calculations. Genetic differentiation was estimated through calculation of pairwise FST’s distances by the method of Tajima and Nei, and inter- and intrapopulation genetic variability was estimated by AMOVA. To detect deviation from mutational-drift equilibrium in the studied groups and populations, we calculated Fu’s F and Tajima’s D neutrality tests. Ramos-Onsins and Rozas’s R2 neutrality test was calculated in R-studio using pegas package [32], which is the most powerful test for detecting the deviation in small samples [33]. In the case of significance, in at least one neutrality test, we examined the frequency distributions of pairwise mismatch between sequences (MMD). The observed mismatch distribution was compared with that obtained under models of spatial expansion and population expansion for the evidence of model fit by calculating the sum of squared deviations (SSD) of the observed data relative to the model and Harpending’s raggedness statistic (HRag). Genetic diversity indices, FSTs distances, AMOVA, neutrality tests, and MMD were calculated using Arlequin v. 3.5.1.2 [34] all with 10,000 permutations.



To estimate the phylogeographic structure of haplotypes obtained from groups of populations, we applied a median joining network approach using Network v. 5.0 with default settings [35].



The Mantel test was performed to detect the geographic structure of population genetic differentiation based on matrices of geographical distances and FST distances. Principal component analysis (PCA) was performed to reduce the haplotype frequencies matrix to principal components (PCs) to estimate the contribution of certain haplotypes to the genetic differentiation of M. margaritifera populations in dependence on two factors “basin” and “host”. To test the hypothesis of host-fish and basin-induced genetic differences between populations of M. margaritifera from the WS and BS groups, the general linear models (GLM) were used. We used the PCs scores plotted against the variable “host” (1—Salmo salar, and 2—S. trutta) as a covariate and the group of populations as a factor with two levels. Statistical calculations were performed in PAST v4.03 [36].





3. Results


3.1. Genetic Diversity


In total, 32 haplotypes were identified from the studied dataset of the M. margaritifera sequences. The population groups share a relatively high level of haplotype diversity, with the mean Hd value varying from 0.35 ± 0.12 in the IBER group of populations to 0.89 ± 0.075 in the WNA group of populations (Table 1). At the same time, all the groups have an extremely low level of nucleotide diversity, with the mean π value not exceeding 0.004 ± 0.002 in the WNA and BRIT groups. Twenty of the observed haplotypes belong to the BS and WS groups of populations. At the regional scale, the haplotype diversity varies from 0 in the Peypia River, where one haplotype occurs, to 0.88 ± 0.03 in the Kem River. The nucleotide diversity also returned low values, with the maximum π value of 0.004 ± 0.002 in the Varzuga, Vuokkijoki, Solza, and Nimenga rivers.




3.2. Genetic Differentiation and Genetic Structure


The AMOVA showed low genetic differentiation irrespective of the data structure tested (Table 2). The contribution of the intrapopulation variability to the general variability was almost four times higher than the contribution of the interpopulation variability (61.64% vs. 14.32%), and more than twice as high as the contribution of the variability between the groups of populations (24.23%). We also tested the molecular differentiation between the groups of populations delineated by the corresponding fish host (S. salar or S. trutta). Only the interpopulation variability was found to be significant, with 20.64% of variance, while the intrapopulation variability was almost four times higher (79.81%), but not significant. Interestingly, between the groups of populations delineated by the corresponding fish-host, we found genetic similarity in the COI gene (−0.45%). The results of the AMOVA, showing low but significant interpopulation molecular differences, suggested an unclear population structure in the studied dataset.



The molecular distances were estimated by Tajima and Nei’s method, which returned insignificant values for the WNA-BS and WNA-WS pairs (Table 3). The most distant group of populations in terms of molecular distances is IBER, which is relatively close to the BRIT group (FST’s = 0.31) and distant from the rest. It is noteworthy that IBER is more closely connected to WS (FST’s = 0.55) than to BS or WNA (FST’s = 0.77 and 0.72, respectively). The molecular distances revealed relatively close connections between the Northeast European and North American populations in the past, while the populations from Iberia were barely connected to the others or lost these connections much earlier.



The matrix of the haplotype frequencies (Table S3) observed in the populations was reduced to principal components, and two PCA were obtained. For the first PCA, the host fish (S. salar or S. trutta) was used as an independent variable and, for the second PCA, the corresponding group (WS or BS) was such a variable. Prior to analyzing the PCA outputs, we ran a GLM analysis to check whether there was significant dependence of the PC distribution on the “host” or “basin”.



The results of the GLMs revealed that the PC1 and PC2 scores differ significantly between the populations from the White Sea and the Baltic Sea basins (Table 4). This is consistent with the PCA results, according to which PC1 and PC2 significantly contribute to the overall variability (Table 5). The loadings of certain haplotypes in PC1 and PC2 show that Hapl5, prevailing in the Peypia and Khorinka rivers, and Hapl16, which is mostly observed in the Yanega River, are associated with the BS group, while Hapl7, Hapl8, and Hapl10 are associated with the WS group (Tables S2 and S4, Figure S1). The GLMs also revealed that the PC6 scores differ significantly between populations associated with different hosts, but that the contribution of PC6 to the overall dispersion is insignificant, with a value of 2.6% (Table 5).



The median-joining haplotype network supports the AMOVA results (Figure 3). The network’s structure is almost star-like, and indicating the presence of the most abundant haplotype, which is mostly shared between the WS and BS groups of populations, and much less with the WNA group. Twenty-two haplotypes belong exclusively to a certain group of populations and eighteen of them are from the WS group. Almost all the haplotypes have a neighbor in one mutational step; the only exception is haplotype H18, from the Juojoki River, which stands in two mutational steps from its neighboring haplotype, H10. We found that six haplotypes are present in the WNA group, but only one is unique, and the rest are shared with the European populations. The haplotype network has five alternative connection loops between haplotypes from Northern Europe and North America, which suggests repeat and reverse mutations as a consequence of multiple migration events. The haplotypes H23, H24, and H2 observed in the Iberian populations are clustered together in the network, forming the least diversified group of populations.




3.3. Demographic Trends


Deviation from the mutation-drift equilibrium was detected only for the WS group of populations (Fu’s Fs = −12.66; p < 0.02) (Table 1). Usually, negative values on the Fu’s Fs test indicate the passage of a population through a bottleneck or a recent population expansion event. The observed mismatch distribution for the WS resembles a bell curve (Figure 4). This kind of unimodal distribution shows a genetic signal associated with a sudden population expansion; however, the verification tests differed significantly from the modeled distribution for a spatial expansion model and did not match the expectation of a sudden population expansion, rejecting both demographic models (Table S5). We did not use mismatch distribution computations to test demographic scenarios in the BS, WNA, BRIT, and IBER groups of populations, or in any of the populations at the regional scale, because the neutrality tests did not indicate deviation from the mutational-drift equilibrium.





4. Discussion


We sequenced COI gene fragments of M. margaritifera from populations inhabiting watercourses in the northeastern margin of the species range to clarify its post-glacial demographic history in the region and to estimate the genetic diversity and population differentiation patterns. The weak phylogenetic signal in our dataset prevented us from inferring the demographic trends and processes in the studied populations. However, combining newly sequenced fragments with the data available from NCBI GenBank, we suggest post-glacial routes of M. margaritifera expansion from putative glacial refugia through the species range.



The level of haplotype diversity observed in our global dataset varies among the designated groups of populations. The lowest level was observed in the Iberian group of populations. This finding could be an artefact of the low sample volume (n = 20), but a group of populations from the opposite side of the Atlantic with even lower sample volume (n = 10) shows a twice-higher haplotype diversity, which is comparable to the observations from the Baltic Sea and the White Sea basins. At the global scale, our results are consistent with the previous observations inferred from microsatellites, showing a latitudinal gradient in genetic diversity, with the lowest levels in the Iberian and the highest in the Scandinavian populations [11]. A reduced genetic drift due to a longer reproductive life span and higher population densities in the northern portion of the species’ range, together with the better conditions of the populations due to the lower anthropogenic impact in the area, were suggested as the possible causes of an inverse latitudinal trend in the spatial distribution of the genetic diversity [11,12]. Our COI-based data are unable to reflect such relatively recent changes in genetic diversity corresponding to adaptations to northern environments, and our data also have a limited power to detect the footprints of the anthropogenic disturbances in the genotype. Reflecting more ancient genetic processes, our dataset may indicate that the populations from the Iberian Peninsula are older and lost their COI diversity due to a lack of new immigrants, while the freshwater pearl-mussel populations in the northern areas are younger and host immigrants from western and southern areas, and possibly from glacial refugia in Eastern Europe (see below). This speculative suggestion may explain the inconsistency in the observed latitudinal gradient of the genetic diversity, based on the theoretical expectation that the genetic diversity in post-glacial populations should decrease with distance from glacial refugia [40]. The high level of haplotype diversity, together with the extremely low level of nucleotide diversity, indicates a high number of closely related haplotypes. This pattern is specific for young populations derived from parental populations that have recently expanded from refugia after the Last Glacial Maximum [41,42,43].



At the regional scale, we did not observe a significant correlation between the haplotype diversity and the latitudinal gradient (Pearson rs = 0.42, p > 0.05). Nevertheless, the most diverse populations, such as Kem, Vozhma, Kozha, and Varzuga, are from the north and the monotonous population in the Peypia River is from the south, although there are a couple of populations from the northern part of the range with the same level of diversity as that in the southern populations. The Nuris and Tuhka, which are tributaries of the Kumskoe Reservoir, share a relatively low level of haplotype diversity (0.3), whereas the other tributary of the same reservoir, the Tavajoki, features a higher haplotype diversity value (0.5). At first glance, this difference could be explained by the disproportion in the sample size, which was less than 10 for the Nuris and Tuhka, respectively, and 20 for the Tavajoki. Conversely, the lower level of genetic diversity may indicate continuing population decline [8]. Unfavorable environmental conditions can lead to increasing mortality in populations. The freshwater-pearl-mussel population from the Tuhka River is located in the Pyaozerski settlement and is thus exposed to heavy anthropogenic pressure. The mean levels of Cd and Pb observed in the mussels’ soft tissues were 0.31 mg/kg and 0.12 mg/kg, respectively (E.P. Ieshko, personal observation). By contrast, the concentrations of the mentioned elements in the freshwater pearl mussels’ soft tissues collected from the populations of the Paanajarvi National Park were much lower (Cd: 0.10–0.06 mg/kg; and Pb: 0.05–0.07 mg/kg, E.P. Ieshko, personal observation). The potentially high mortality of the freshwater pearl mussels in the Nuris River may be connected with spring floods. The mean channel slope of the river is approximately 5.5 m/km (E.P. Ieshko, personal observation). Seasonal floods may seriously disturb freshwater-pearl-mussel beds in such a steep channel.



Another peculiar observation regarding these tributaries of the Kumskoe Reservoir was the absence of haplotypes common in populations of the Tavajoki and Tuhka rivers (Table S3). Moreover, one of the two haplotypes observed in the Tukha population is unique, and the other, Hapl27, is only shared with the Kem population. The genetic uniqueness of the Tuhka population could be related to the anthropogenic impact discussed above, as well as to the population differentiation in proglacial waterbodies. Our data prevented us from drawing an unambiguous conclusion, but they did suggest the necessity of investigating the Tukha population using advanced molecular techniques.



The zero diversity in the Peypia population is consistent with the neutral model, which links the population’s genetic diversity with its effective population size and the gene’s mutation rate [44]. In the Peypia River, we observed a small population living in a small, isolated stream [45]. Examples of the same pattern of genetic diversity have been reported for bivalves [46], lizards [47], and platypus [48]. The effect of geographic isolation could also be multiplied by hermaphroditism, which occurs in M. margaritifera populations in extreme conditions [49,50]. Moreover, the Peypia population is subject to a number of anthropogenic effects from the neighboring city of Saint-Petersburg [45]. Small, isolated populations lose rare alleles through genetic drift; such reductions in genetic diversity can make species more vulnerable to extinction, because greater diversity increases adaptability and long-term population persistence [51,52].



Our COI-based analyses returned low genetic differentiation and unclear population structure in the analyzed dataset both at the global and the regional scales. The AMOVA results returned much higher variability intrapopulation than both interpopulation and even intergroup, independently of the group designation, i.e., sea basins or associated host-fish. However, the low but significant differences between the populations and between the groups prevented us from drawing a conclusion as to the lack of structure among the river drainages, as was observed previously in North-European and North American populations [11,13], based on microsatellites with a faster mutational rate than that in the COI gene.



The lack of differentiation between the populations from North America and the White Sea and Baltic Sea drainages and the low differentiation between other pairs of population groups point to relatively recent and multiple connections between different parts of the species range. In the case of slowly evolving species, such as M. margaritfera, the COI-based genetic structure reflects the haplotype ordering that took place before the Last Glacial Maximum or at early stages of post-glacial dispersion. The mean mutational rate of the COI gene in the family Margaritiferidae is slow (0.216% per site per million years in [19]), and it is comparable with that in the Unionidae (0.265% per site per million years in [53] and 0.150% per site per million years in [54]). It not enough time has passed since the Last Glacial Maximum for the clear diversification of most of the populations or groups of populations of M. margaritifera to occur. On the other hand, 23 unique haplotypes were observed in the median-joining COI haplotype network (Figure 3).



Two alternative hypotheses can be suggested to explain the presence of unique haplotypes in the populations of the White and Baltic Sea basins. The first is that the haplotypes differentiated after the Last Glacial Maximum, when the populations were isolated geographically or via association with a certain host-fish species. Considering the mean mutational rate of the COI gene in the family Margaritiferidae, this assumption is questionable, unless we concede that the evolution rate in the studied gene region has accelerated since the Last Glacial Maximum. The second hypothesis is that the unique haplotypes in the modern populations came from populations that existed in ice-dammed lakes and related freshwater basins during the glaciation events. Several lakes extended along the glacial margin in Eastern Europe, as documented in the literature, i.e., Lake Komi, the White Sea Basin Lake, and the Baltic Lake [55,56]. We observed unique haplotypes in the BS and WS regions, which could indicate that periglacial lakes, such as the White Sea Basin Lake and the Baltic Sea Lake, were probably not directly connected. Within the WS region, unique haplotypes were observed in the Juojoki, Tuhka, Uhta, and Vozhma Rivers. Remarkably, the last three populations belong to the upper part of the Kem River basin, but none of the unique haplotypes were found in the main channel of the Kem River. The difficulties involved in the reconstruction of the pre- and postglacial river network rearrangements, resulting in a complicated picture of the haplotype distribution, prevented us from drawing robust conclusions about the source of this genetic differentiation.



In their study, Machordom et al. [23] identified different mitochondrial lineages in the north (River Dereen) and the south (River Nore). According to their data, the northern lineage extends northwards from Ireland to the Kola Peninsula, and the southern lineage extends from Ireland to the south. Our expanded dataset does not support a strict geographical division between these lineages, since the “southern” haplotype (Hapl2) was found in several rivers from the northern part of the species’ range. Despite the generally unclear genetic structure in our dataset, we observed that the Iberian group of populations is less diverse and the most distinct in terms of FST distances. We speculate that the distinctiveness of the Iberian populations is further evidence of the existence of the Iberian freshwater glacial refugium, which played an important role in the evolutionary history of freshwater mussels [20,21] and fishes [22,57]. The M. margaritifera distribution to North America may have started from the Iberian refugium, adjacent river basins in Southern France, and the British Isles (Figure 1). The significant genetic distance between the Iberian and North American populations may indicate that this path of M. margaritifera expansion from the refugium discontinued much earlier than the northern path from Iberia to the British Isles. Alternatively, the exchange of migrants between the IBER and WNA regions was initially weak, and the penetration to the British Isles was the main direction of the spread from the refugium (Figure 1). However, the relatively genetic proximity between WNA and BRIT groups of populations indicates that the exchanges of immigrants between the North American and British populations played an important role in freshwater-pearl-mussel distribution across the ocean.



Freshwater-pearl-mussel distribution is directly connected with the transport of larvae on the gills of host fish, i.e., S. salar and S. trutta, as primary hosts. Fishes play an important role not only in freshwater pearl-mussel spread within the river basin, but also as genetic data point out, between neighboring river basins [10]. Glochidial transport across sea waters has been confirmed experimentally [58] and seems to be the only way for M. margaritifera to spread through the entire modern range.



The closest groups in our dataset, judging by the FST distances, are the populations from the river basins of Northern Europe and North America (Table 3). The difference between them is insignificant, which supports the theory of the restocking of North European rivers by Salmo salar from North America [31]. The second insignificant FST value was between the WNA and BS groups, which appears to be peculiar because the difference between the WS and BS is very small, but significant. We can assume that the spread of freshwater pearl mussels to the Baltic Sea basin from the west contributed significantly to the colonization of the region and may indicate the western path of the salmonid penetration of the Baltic Sea basin (Figure 1). At the same time, the southern part of the Baltic Sea drainage may have acted as a glacial refugia itself. Both the finding of unique haplotypes in the BS region and the paleontological record of freshwater pearl mussels from Middle-Weichselian deposits in North-Western Lithuania [59] indicate that M. margaritifera populations existed in the peri- and proglacial water bodies of the Baltic Ice Lake basin, to which they migrated from the area of the present-day Black Sea, together with brown trout [60]. The unique haplotypes discovered in the Khorinka and Ihala Rivers may be the remnants of the genetic diversity of freshwater-pearl-mussel populations of the refugium.



We did not find COI genetic differentiation between the populations of M. margaritifera utilizing Salmo salar or S. trutta as hosts. This pattern is consistent with the results obtained from freshwater pearl mussels in Ireland based on microsatellites [8], but contradicts the results of microsatellite-based studies in Norway, where a clear diversification between these two groups was shown [7]. However, the high genetic diversity and low genetic differentiation observed through our dataset resemble the genetic structure found in recent freshwater pearl-mussel populations utilizing sea-migrating hosts [10]. In the case of post-glacial freshwater pearl-mussel colonization history, the distribution associated with anadromous hosts has resulted in a diverse but poorly differentiated population genetic structure.



The insignificant genetic difference and high rate of gene flow between the North American and White Sea M. margaritifera populations support the hypothesis that the White Sea populations of Atlantic salmon were re-colonizers from a glacial refugium located somewhere in the Western Atlantic Ocean [31]. Common haplotype-sharing between the White Sea and the Baltic Sea freshwater pearl-mussel populations and secondary contact loops between them in the haplotype network highlight that Baltic Sea migrants might have participated in the recolonization of the White Sea. This pattern is supported by the post-glacial colonization history of Atlantic salmon [31,61] and brown trout [62].



There is a discussion over whether phylogeographic connections existed between salmon stocks in the Baltic Sea and the White Sea [31,61] or did not [63]. The phylogenetic data inferred from the COI sequences of the freshwater pearl mussels support the first hypothesis. The most abundant haplotype in the north-eastern part of the species range, Hapl5, is spreading from the population in the Khorinka River, Novgorod Oblast, northward, to the population of the Mutkajoki River in Northern Karelia. The direction of the gene flow can hardly be validated using our data; however, we can assume that a two-directional colonization, from the south and from the north, took place. The retreat of the Scandinavian Ice Sheet after the Last Glacial Maximum caused the emergence of multiple freshwater bodies connected to and disconnected from each other from the Late Weichselian onward. The ice-dammed Salla Lake, which was initially connected to the White Sea via the Kutsajoki River and then drained to the ancient Baltic Sea (during the Ancylus Lake stage) approximately 10,500 years ago [39,64], is an example of the temporal dynamic of sea-basin divides (Figure 2).



Complex hydrological networks along the glacier margin could facilitate gene drift and admixture between populations from freshwater basins, which subsequently separate. The ice-flow directions in Northern Fennoscandia during the Late Weichselian indicate that the water bodies in the region previously had connections with the Arctic Ocean and the White Sea ([65]: Figure 26), and possibly with the paleo-strait between the mainland and “Kola Island”. These connections represented one of the paths of North American S. salar pioneers penetration [31], and existed 10,500—10,200 years ago ([66]: Figure 3). Paleogeographic reconstructions of the recession of the ice margin reveal that approximately 11,000—10,500 years ago, the ice sheet retreated from Karelia in the north-westward direction, which allowed the ice-dammed Ancylus Lake to extend northward up to the Polar Circle (Figure 2) ([38]: Figure 3; [37]: Figure 9). The Ancylus Lake water’s penetration following the deglaciation of Central Finland opened the way for immigrants from the Baltic Sea, which contributed to high genetic diversity in the region. Direct connections between the Baltic Sea and White Sea faunas were most probably terminated after the Ancylus Lake regressed and turned into the Littorina Sea approximately 9800 years ago [38].



The complex history of the colonization of the Baltic, White, and Barents Sea basins by Atlantic salmon and brown trout reflects the gradual retreat of the Scandinavian Ice Sheet after the Last Glacial Maximum and can be considered as a basic scheme of freshwater-pearl-mussel expansion through the species range. Our data confirmed close connections between the freshwater biota of Northern Europe and the eastern coast of North America. Haplotype 5 dominates in the BS group, but it is also widely represented in the WS group (Figure 4 and Table S3). Given that it is especially abundant in the populations of the Kem River basin and the Mutkajoki River, the observation of this haplotype highlighted these freshwater basins as contact zones where migration flows met following the glacier retreat, as was shown for Central Sweden ([11] and references herein).



The COI-based data show a rather ancient picture of M. margaritifera genetic diversification and diversity but, despite the slow mutational substitution rate, may also trace populations in unfavorable conditions. The genetic diversity serves as an indicator in this case. The populations with low diversity, such as those from the Nuris and Tukha rivers and, especially, from the Peypia River, which shows zero diversity, require conservation and, possibly, restoration efforts. The northern populations, with their exceptional COI genetic diversity, are also a high conservation priority. Postglacially colonized areas, from Lapland [12] to Karelia, are remarkable sites of genetic diversity within the European range of the species. However, the weak phylogenetic signal in the studied populations prevents the detection of actual demographic processes and cannot infer actual population structure. These data are crucial for the conservation management of the species [8,13]. Therefore, population-genetic studies of M. margaritfera populations from the north-eastern margin of the range based on molecular markers with faster evolutionary rates, such as microsatellites, or on those covering a larger portion of the genome, such as a single-nucleotide polymorphism (SNP), are highly necessary.
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Figure 1. Map showing the distribution of COI haplotypes among Margaritifera margaritifera groups of populations and putative colonization patterns of the species. WNA—West–North Atlantic (n = 10), IBER—Iberia (n = 20), BRIT—Britain (n = 20), BS—Baltic Sea (n = 99), WS—White Sea (n = 317). For details, see Table S1. Values within or near arrows indicate FST’s distances. Arrow widths inversely correspond to FST’s values. The map was created using ESRI ArcGIS 10 software (Environmental Systems Research Institute, Redlands, CA, USA); the topographic base of the map was created with Natural Earth Free Vector and Raster Map Data (https://www.naturalearthdata.com, accessed on 15 March 2022). 
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Figure 2. Map of sampling locations of the Margaritifera margaritifera populations used for analysis at the regional scale with paleogeographic reconstructions showing: orange line—the glacier margin position at 10.5 Kyr BP ([37]: Figure 9), green line—the Ancylus Lake during the maximum transgression at 10.5 Kyr BP ([38]: Figure 4.7), black filling—area occupied by the Salla Ice Lake immediately before the rapid lowering of the water level and draining to the Ancylus Lake ([39]: Figure 36). Sampling location numbers correspond to the population numbers in Table 1. The map was created using ESRI ArcGIS 10 software (Environmental Systems Research Institute, Redlands, CA, USA); the topographic base of the map was created with Natural Earth Free Vector and Raster Map Data (https://www.naturalearthdata.com, accessed on 9 May 2022); the graphics were drawn using Adobe Photoshop 2022 (Adobe Inc., San Jose, CA, USA). 






Figure 2. Map of sampling locations of the Margaritifera margaritifera populations used for analysis at the regional scale with paleogeographic reconstructions showing: orange line—the glacier margin position at 10.5 Kyr BP ([37]: Figure 9), green line—the Ancylus Lake during the maximum transgression at 10.5 Kyr BP ([38]: Figure 4.7), black filling—area occupied by the Salla Ice Lake immediately before the rapid lowering of the water level and draining to the Ancylus Lake ([39]: Figure 36). Sampling location numbers correspond to the population numbers in Table 1. The map was created using ESRI ArcGIS 10 software (Environmental Systems Research Institute, Redlands, CA, USA); the topographic base of the map was created with Natural Earth Free Vector and Raster Map Data (https://www.naturalearthdata.com, accessed on 9 May 2022); the graphics were drawn using Adobe Photoshop 2022 (Adobe Inc., San Jose, CA, USA).



[image: Diversity 14 00477 g002]







[image: Diversity 14 00477 g003 550] 





Figure 3. Median-joining haplotype network of the COI sequences of Margaritifera margaritifera dataset (n = 457), delineating five groups of populations. The red numbers near branches indicate the numbers of nucleotide substitutions between haplotypes. Size of circles corresponds to the number of available sequences for each haplotype (smallest circle = 1 sequence). The list of sequences is presented in Table S1. 
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Figure 4. Diagram of the mismatch distribution (MMD) of pairwise differences of the COI sequences of Margaritifera margaritifera from the WS group of populations. Simulated MMD under expectations of spatial expansion is marked by the orange line, and that under sudden population expansion is marked by the green line. 
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Table 1. Summary of molecular diversity indices estimated from the COI sequencing data of Margaritifera margaritifera: sample size (n), number of haplotypes (NH), haplotype diversity (Hd), and nucleotide diversity (π) with standard-deviation values; results of deviation from mutational-drift equilibrium by different tests, statistically significant values are in bold (p < 0.05 for Tajima’s D and R2, and p < 0.02 for Fu’ Fs). Population numbers correspond to the sampling location numbers in Figure 2.
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No

	
Population

	
n

	
NH

	
Hd ± SD

	
π ± SD

	
Ramos and Onsis’s R2-Test

	
Fu’s FS-Test

	
Tajima’s D-Test




	
R2

	
p-Value

	
FS

	
p-Value

	
D

	
p-Value






	
1

	
Varzuga

	
8

	
4

	
0.82 ±0.10

	
0.004 ± 0.002

	
0.21

	
0.78

	
0.79

	
0.680

	
0.81

	
0.810




	
2

	
Mutkajoki

	
23

	
3

	
0.54 ±0.10

	
0.002 ± 0.002

	
0.17

	
0.77

	
2.21

	
0.870

	
0.75

	
0.770




	
3

	
Nuris

	
7

	
2

	
0.29 ±0.20

	
0.001 ± 0.001

	
0.35

	
0.70

	
−0.09

	
0.240

	
−1.00

	
0.230




	
4

	
Tavajoki

	
20

	
2

	
0.52 ±0.04

	
0.001 ± 0.001

	
0.26

	
1.00

	
1.46

	
0.690

	
1.53

	
0.960




	
5

	
Tuhka

	
8

	
2

	
0.25 ±0.18

	
0.0004 ± 0.001

	
0.33

	
0.74

	
−0.18

	
0.200

	
−1.05

	
0.220




	
6

	
Vozhma

	
15

	
7

	
0.86 ± 0.06

	
0.003 ± 0.002

	
0.12

	
0.30

	
−2.00

	
0.080

	
−0.38

	
0.400




	
7

	
Ukhta

	
14

	
5

	
0.7 ± 0.10

	
0.002 ± 0.001

	
0.16

	
0.62

	
−0.83

	
0.330

	
−1.02

	
0.160




	
8

	
Lopshenga

	
28

	
4

	
0.65 ± 0.06

	
0.003 ± 0.002

	
0.2

	
0.95

	
1.65

	
0.800

	
1.51

	
0.920




	
9

	
Kem

	
30

	
10

	
0.88 ± 0.03

	
0.003 ± 0.002

	
0.11

	
0.43

	
−2.80

	
0.080

	
−0.45

	
0.360




	
10

	
Vuokkijoki

	
22

	
10

	
0.83 ± 0.06

	
0.004 ± 0.002

	
0.13

	
0.47

	
−3.38

	
0.027

	
−0.73

	
0.250




	
11

	
Solza

	
30

	
8

	
0.82 ± 0.05

	
0.004 ± 0.002

	
0.13

	
0.70

	
−0.14

	
0.527

	
0.18

	
0.620




	
12

	
Maloshuika

	
30

	
5

	
0.7 ± 0.07

	
0.003 ± 0.002

	
0.19

	
0.89

	
0.47

	
0.620

	
1.26

	
0.900




	
13

	
Nimenga

	
30

	
8

	
0.8 ± 0.04

	
0.004 ± 0.002

	
0.11

	
0.47

	
−0.83

	
0.350

	
−0.30

	
0.400




	
14

	
Kozha

	
15

	
6

	
0.86 ± 0.05

	
0.002 ± 0.002

	
0.14

	
0.47

	
−1.53

	
0.120

	
0.01

	
0.600




	
15

	
Yanega

	
30

	
5

	
0.54 ± 0.10

	
0.002 ± 0.001

	
0.1

	
0.36

	
−0.05

	
0.470

	
−0.51

	
0.380




	
16

	
Peypia

	
30

	
1

	
0

	
0

	
n/a

	

	
n/a

	

	
n/a

	




	
17

	
Khorinka

	
30

	
3

	
0.35 ± 0.103

	
0.001 ± 0.001

	
0.09

	
0.18

	
−0.50

	
0.200

	
−0.50

	
0.330




	
Population group

	




	
BS

	
99

	
10

	
0.62 ± 0.05

	
0.002 ± 0.001

	
0.05

	
0.07

	
−5.26

	
0.027

	
−1.41

	
0.060




	
WNA

	
10

	
6

	
0.89 ± 0.07

	
0.004 ± 0.002

	
0.13

	
0.18

	
−1.51

	
0.117

	
−1.26

	
0.110




	
WS

	
317

	
27

	
0.88 ± 0.01

	
0.003 ± 0.002

	
0.05

	
0.12

	
−12.66

	
0.002

	
−1.01

	
0.160




	
BRIT

	
11

	
3

	
0.56 ± 0.13

	
0.004 ± 0.003

	
0.21

	
0.83

	
2.87

	
0.930

	
1.03

	
0.860




	
IBER

	
20

	
3

	
0.35 ± 0.12

	
0.001 ± 0.001

	
0.13

	
0.47

	
−0.77

	
0.200

	
−0.81

	
0.235
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Table 2. Analysis of molecular variance (AMOVA) measured among populations of Margaritifera margaritifera, delineated by the corresponding sea basin, and among populations from the north-eastern part of the range related to different fish hosts (see text for details).
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Structure Tested

	
Source of Variation

	
% Variance

	
Fixation Index

	
p






	
Basin

	
Among groups

	
24.23

	
0.190

	
<0.001




	
Among populations within groups

	
14.32

	
0.390

	
<0.001




	
Within populations

	
61.46

	
0.240

	
<0.001




	
Host

	
Among groups

	
−0.45

	
0.210

	
<0.001




	
Among populations within groups

	
20.64

	
0.200

	
<0.001




	
Within populations

	
79.81

	
−0.006

	
0.48
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Table 3. Mean genetic divergences (Tajima and Nei FST distances, %, statistically significant values with p < 0.05 are in bold) for the COI dataset between groups of Margaritifera margaritifera populations.
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	Group of Populations
	BRIT
	BS
	IBER
	WNA
	WS





	BRIT
	0
	0.51829
	0.30692
	0.25387
	0.30222



	BS
	
	0
	0.76573
	0.02165
	0.06705



	IBER
	
	
	0
	0.72199
	0.55286



	WNA
	
	
	
	0
	0.00520



	WS
	
	
	
	
	0
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Table 4. Results of general linear models (GLMs) of the principal components (PCs) obtained from the COI haplotype frequencies in Margaritifera margaritifera populations from the White and Baltic Sea basins, utilizing Salmo salar or S. trutta as host-fish. Only models with statistically significant differences (p < 0.05, marked in bold) are presented.
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Response Variable

	
Source

	
d.f

	
SS

	
F

	
p






	
PC1

	
Host

	
-

	
-

	
-

	
n.s.




	
Basin

	
1

	
317.762

	
5.282

	
0.04




	
Error

	
14

	
842.306

	

	




	
PC2

	
Host

	
-

	
-

	
-

	
n.s.




	
Basin

	
1

	
116.615

	
4.918

	
0.04




	
Error

	
14

	
331.983

	

	




	
PC6

	
Host

	
1

	
21.157

	
6.439

	
0.02




	
Basin

	
-

	
-

	
-

	
n.s.




	
Error

	
14

	
46.001
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Table 5. Results of the principal component analysis (PCA) of the haplotype frequencies matrix in Margaritifera margaritifera populations under the factor “Basin”: eigenvalues and percentages of contribution to the overall variability.
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	PC
	Eigenvalue
	% Variance





	1
	84.6624
	51.3110



	2
	28.8112
	17.4610



	3
	18.8291
	11.4120



	4
	15.3443
	9.2995



	5
	7.2902
	4.4183



	6
	4.2221
	2.5588



	7
	2.0581
	1.2473



	8
	1.3401
	0.8122



	9
	0.9264
	0.5615



	10
	0.6488
	0.3932



	11
	0.3759
	0.2278



	12
	0.2849
	0.1726



	13
	0.1383
	0.0838



	14
	0.0546
	0.0331



	15
	0.0138
	0.0084



	16
	0.0001
	0
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
0 250 500 750 1000

I I 1 Km
/ | eef'@
s
; P4 RY
1 ;!‘ /
, ® Murmansk
o)

arng
1
@
6/'{@
Cs
, Kep, 'O 8
\c@% ”’?. °
X =
NS 11
5 @
»)
>
6
1213
@ 114
]
o)
-3
©

-~
-

Helsinki D
[
galtic 5€2 16
SainT Petersburg

17






nav.xhtml


  diversity-14-00477


  
    		
      diversity-14-00477
    


  




  





media/file2.png
[ Hapl 1
. Hapl 2
. Hapl 5
[] Hapl8
. Hapl 9
B Hapl 10
|| Hapl 16
I Hapl 20

D Unique

haplotypes

WNA






media/file5.jpg
Hapi27 1

Hapi21

Hapizs |
3

%

o

Hap!11

7/
b

1

o
Hapl30

apia

1

HabI13

Hag”, a2

N

Hapls

Hapi3t 1

Loz

Hapr 1
1_Hapzs

Thepze | pita

.
Hapia2

O eer
WeRT
Ews
Wes
mwwa





media/file3.jpg
250500 750 1000

umansk

et






media/file1.jpg
9%






media/file7.jpg
Pairwise difference

16,000
14,000
12,000
10,000
8,000
6,000
4,000
2,000

Pairwise difference






media/file0.png





media/file8.png
Pairwise difference

16,000
14,000
12,000
10,000
8,000
6,000
4,000
2,000
0

Pairwise difference






media/file6.png
Hapl23 1

1 Hapl29
o

Hapl27 1

Hapl28 ]

1
Hapl11

[ ] IBER

B BRIT

B ws
1 Hapl22 B Bs

[] WNA

1

1 Hapl25
O

1 THapl20 1

Hapl30
1

Hapl13

| Hapl26 1 He;p|14

1 Hapl9

Hapl32 1 Hapl3

1
Hapl4






