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Understanding the population structure and level of genetic diversity of wild populations is fundamental for appropriate stock management and species conservation. The common carp (Cyprinus carpio) is one of the most important bony fish throughout the Southern coastline of the Caspian Sea, but captures of this species have seen a dramatic reduction during the last decade. As a consequence, a restocking program has been put in place to maintain C. carpio populations, but its impact is not clear. In the present study, the population structure and genetic diversity of C. carpio in the Southern Caspian basin was determined using 17,828 single-nucleotide polymorphism (SNP) markers. A total of 117 individuals collected from four different locations in the southern Caspian basin and a farm were genotyped by genotyping-by-sequencing. The overall Fst obtained was 0.04, indicating a low level of differentiation between populations, and most genetic diversity was attributed to within population variation (97%). The low Fst values suggest that frequent migration events between different locations occur, and three migration events were inferred in the present study. However, each population still showed a distinct genetic profile, which allowed distinguishing the origin of the fish. This indicates that the ongoing restocking program is maintaining the differences between populations to some extent. Nonetheless, high inbreeding and low heterozygosity were detected in all populations, suggesting that additional conservation efforts are required to protect C. carpio populations in the Southern coast of the Caspian Sea.
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INTRODUCTION

Common carp (Cyprinus carpio) is one of the most widely distributed fish species across the world, and is farmed in Asia, Europe, Africa, and America. This species has been domesticated for thousands of years (Nakajima et al., 2019) and currently represents almost 10% of the world’s freshwater aquaculture production (Xu et al., 2014). Common carp is considered an endemic species across the Caspian and Aral Seas. Carp fisheries along the southern coast of the Caspian Sea have been traditionally important for the region, but the captures of this species have sharply decreased over the past decade, indicating a substantial reduction of its population. Several factors have contributed to this decline, such as overfishing, pollution, and loss of nursery grounds due to the construction of dams. Furthermore, global warming and the associated decrease of water levels may also be playing an important role. In addition to its commercial importance, C. carpio also plays a critical ecological and environmental role by affecting aerobic decomposition of organic matter and nutrient accessibility in the water column, specifically through benthic sediment bioturbation when feeding on benthic organisms (Rahman, 2015). Consequently, the reduction in wild populations of C. carpio in the southern Caspian basin led the Iranian Fisheries Organization (IFRO) to establish a restocking program in 1999. Mature animals coming into the rivers to breed were captured and their reproduction occurred under controlled conditions in captivity. Then both fingerlings and parents are in theory released to the rivers of origin, although field observations suggest that this release may not always happen based on their origin. The effects of this restocking program on population size, genetic diversity, and population structure of C. carpio in the Southern Caspian basin have not been studied, even if understanding these aspects is fundamental to evaluate the success and impact of the restocking program. It is worth to mention that despite the annually high number of released offspring to the rivers (∼50 million larvae in 2020), the capture rate of wild C. carpio in the southern basin of the Caspian Sea is still low.

Population identification plays a key role in the genetic management of natural stocks (Utter, 2004; Waples et al., 2008). Previous studies on the genetic structure of C. carpio in the Southern Caspian basin suggested a low level of genetic diversity between populations (Dorafshan et al., 2013; Laloei et al., 2013) based on a low number of genetic markers. Single-nucleotide polymorphisms (SNPs) are not only valuable genetic markers in population studies but can also provide far denser genotypes with higher precision for genomic approaches such as association mapping and genomic selection (Daw et al., 2005; Bradbury et al., 2015). The lower mutation rate of SNP variants compared to simple sequence repeats (SSRs) makes them more appropriate for individual-based genetic diversity deduction (Lemopoulos et al., 2019). Recent advances in sequencing technologies have provided the opportunity to perform high-throughput genomic studies in non-model species devoid of previous genomic knowledge (Allendorf et al., 2010; Stapley et al., 2010; Li et al., 2012), which has resulted in an increased understanding of the demography, evolution, and adaptive mechanisms of natural populations (Rodríguez-Ezpeleta et al., 2016; Xu et al., 2017).

Genotyping-by-sequencing (GBS) refers to a range of genomic technologies generally based on a reduction of genome complexity for cost-effective genotyping. Many of these techniques rely on the use of restrictions enzymes, varying in the type and number of enzymes (Andrews et al., 2016; Robledo et al., 2018b). GBS methods represent a cost-effective genotyping strategy over whole genome sequencing, offering increased depth of coverage per locus for a fraction of the cost, allowing genotyping a larger number of samples (Andrews et al., 2016). Further, this approach frequently produces genotypes for thousands of genetic markers, generally enough for population-level analyses, such as genetic diversity assessment, genome-wide association studies, or genomic selection (Sonah et al., 2013; Barría et al., 2018; Liu et al., 2018; Robledo et al., 2018a; Zhao et al., 2018). GBS is particularly useful to clarify the structure of populations showing low genetic differentiation, such as in Pacific lamprey [Entosphenus tridentatus, Hess et al. (2013)], Atlantic salmon [Salmo salar, Bourret et al. (2013)], and Chinook salmon [Oncorhynchus tshawytscha, Larson et al. (2014)].

The aim of the present study was to apply GBS-acquired SNP information to reveal the influence of overfishing and the Iranian restocking program on genetic diversity of C. carpio populations across the southern coastline of the Caspian Sea.



MATERIALS AND METHODS


Sample Collection and DNA Extraction

A total of 117 specimens of C. carpio with an average weight of 673.72 ± 51.11 g (mean ± SD) were used, namely 102 wild animals caught along the southern coast of the Caspian Sea near the cities of Gomishan, Miankaleh, Anzali-wetland, and Anzali (Rezvanshahr) during the winter of 2015 (Figure 1), and 15 additional fish from Sijval farm (the farmed group in this study). Fish were humanely sacrificed with an overdose of tricaine methanesulfonate (Pharmaq Ltd., United Kingdom) at 300 mg/L for 5 min. Caudal fin samples were taken from each animal and kept in ethanol until DNA extraction. Total genomic DNA extraction was performed using the DNeasy Blood and Tissue kit (Qiagen, Germany) following the manufacturer’s protocol. DNA concentration was measured using Qubit 3.0 fluorometer (ThermoFisher Scientific, United States) and a 1% (w/v) agarose gel was used to assess the integrity of the DNA.
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FIGURE 1. Sampling locations of wild C. carpio specimens across the southern Caspian basin.




Library Construction and Sequencing

Preparation and sequencing of GBS DNA libraries were performed by BGI Genomics (China). Libraries were prepared following the protocol of Elshire et al. (2011) with minor modifications. Briefly, 100 ng of genomic DNA was digested with the restriction enzyme ApeKI (NEB, United States), and afterward common and barcode adaptors were ligated to the digested DNA fragments of each sample and incubated at 22°C for 1 h. After adapter ligation, equal volumes of the DNA products from each sample were pooled. The pool was purified using the QIAquick PCR Purification kit (Qiagen). The adapter-ligated DNA fragments were enriched by PCR amplification with PCR Primer Cocktail and PCR Master Mix. The PCR products were then size selected by agarose gel electrophoresis and the QIAquick Gel Extraction kit (Qiagen) was used for gel purification, retaining fragments between 180 and 480 bp. Quality control of the libraries was performed using the Agilent Technologies 2100 Bioanalyzer and the ABI StepOnePlus Real-Time PCR System. The final GBS libraries were sequenced on a lane of Illumina HiSeq 2000 at the facilities of BGI as 150 bp paired-end reads.



Quality Filtering and Single-Nucleotide Polymorphism Calling

Raw sequencing data (Jafari et al., 2021a) were demultiplexed using the Illumina Experiment Manager ver. 1.16.0. The quality of the individual fastq files was assessed using FASTQC ver. 0.11.5 (Babraham Bioinformatics, Babraham Institute1). SNP calling was performed using the stacks pipeline version 2 (Catchen et al., 2013). Briefly, raw reads were filtered using the process rad tag script to remove low quality reads using a sliding window of 15% of the length of the reads, so that if the average score of the window drops below 90% of base-call accuracy (a raw phred score of 10) the read is discarded. The clean reads were mapped to the most recent reference genome assembly of C. carpio (NCBI; GCF_000951615.1) using Bowtie2 ver. 2.3.2 in –very-sensitive mode (Langmead and Salzberg, 2012). The obtained Sequence Alignment Map files were converted to binary format and sorted with samtools 1.6. Using the gstacks module, loci were built from the paired end data and SNP calling was performed after removing PCR duplicates. The Populations module of stacks 2.3b was used to generate a variant call format (VCF) file with the loci found in at least 65% of the animals (-r 0.65) of a minimum of three (out of five) populations (-p 3), filtering possible sequencing errors, paralogous sequence variants (PSVs), and uninformative polymorphisms. PGDSpider 2.1.1.5 (Lischer and Excoffier, 2012) was used to convert the VCF file to other file formats for downstream applications. The Hardy–Weinberg exact test with genepop ver 4.0.0 was used to identify loci significantly out of equilibrium, which were removed from the data set. Finally, only one loci of those in linkage disequilibrium (r2 > 0.5) was retained in the final data set using GBS_SNP_Filter (Alexander, 2018).



Population Structure and Genetic Diversity

A principal component analyses (PCA) was conducted based on the SNP data using the ape package (Paradis and Schliep, 2019) in R ver. 3.6 (Team, 2013) and the first two principal components were used to evaluate and visualize the distribution of the individuals using ggplot2 package (Wickham, 2009). Population clustering and connectivity were estimated in R using the packages vcfR (Knaus and Grünwald, 2017), ape, and adegenet (Jombart, 2008), estimating the best K parameter based on the lowest Bayesian information criterion (BIC = 54.9). Nei genetic distances (GDs) between individuals and between populations were calculated in R using the poppr package (Kamvar et al., 2014) and visualized using a heatmap. The Fst index between sampling locations was determined using Genepop 4.0.9 (Rousset, 2008). Pairwise population differentiation based on Weir’s and Cockerham’s Fst estimator was obtained using Genodive 2.0b23 (Meirmans and Van Tienderen, 2004). Observed (Ho) and expected heterozygosity (He) were obtained with the package GBS_SNP_Filter. To assess the proportion of between and within population genetic variances, an AMOVA was run in Genodive 2.0b23 pre-replacing missing values by randomly selecting values based on overall allele frequencies. The AMOVA was run with 1000 permutations with an infinite allele model.

The package fineRADstructure, combined with chromopainter and finestructure, was used to understand the structure of the C. carpio populations examined in the present study. This package works based on the nearest neighbor haplotype (coancestry) among sampled individuals by deriving a coancestry matrix, which is a summary of pairs of individuals that had the most similar haplotypes (Malinsky et al., 2018). The TREEMIX package was used to investigate the pattern of migration between different C. carpio sampling locations (Pickrell and Pritchard, 2012).



Population Assignment Test and Effective Population Size

In order to assess the probability of the individuals’ dependency to their sampling site, the Population Assignment test was implemented using the Genodive 2.0b23 Home likelihood statistic method, replacing frequencies of 0 with 0.005. This analysis is based on allele frequencies, and to avoid bias due to the calculation of allele frequencies from the same individuals that are going to be assigned, the program uses the leave one out validation procedure so that a marked individual is removed from its source population before allele frequency calculation. A total of 1000 permutations and a significance threshold of 0.01 were used.

Demographic estimates of the effective population size (Ne) were conducted with the SNeP software V1.11 using default parameters and considering the Sved and Feldman approximation as the recombination model (Barbato et al., 2015).



Outlier Detection and Number of Private Alleles in Each Population

Loci under selection were detected using BAYESCAN v.2.1 (Foll, 2012) with the Fst parameter, considering significant outliers those with a false discovery rate (FDR) p-value < 0.05. Loci with Log10 (PO) > 2 were considered under selection. The outliers were then mapped to the genome reference annotation of C. carpio with the genome data viewer to identify the related genes. Discriminant analysis of principal components (DAPCs) was applied for a new population structure classification based on all identified outliers using adegenet package in R. Furthermore, the number of private alleles in each population was estimated from the VCF file using the Population program of Stacks2.3b.




RESULTS


Sequencing and Single-Nucleotide Polymorphism Calling

After filtering, a total of 388.82 million clean reads were obtained from the 117 C. carpio specimens, with an average of 6.53 million reads per sample. The average data size and Q30 of the reads were 484.49 Mb and 92.5%, respectively. After mapping the clean reads to the C. carpio reference genome, a total of 1,539,147 loci were obtained, and 252,288 of them passed the sample/population quality control. Of the 36,219 SNPs identified in these loci, 17,828 remained after filtering and were used in the subsequent analyses.



Genetic Variation and Heterozygosity Studies

The first (4.27%) and second (2.03%) principal components of the PCA explained 6.3% of the total genetic variation, clustering the farmed and Anzali populations separately from the other populations (Figure 2). The overall Fst value was 0.046, and the pairwise values ranged from 0.02 for Anzali-wetland and Gomishan to 0.07 for Miankaleh-farmed populations (Table 1). The overall mean value of the observed heterozygosity (Ho) was 0.19 ± 0.001, with minimum and maximum values of 0.17 and 0.23 for Anzali and farmed populations, respectively. The mean genetic diversity within populations (Hs) was 0.315, with the farmed fish showing the highest value (Hs = 0.334) and Anzali-wetland and Miankaleh the lowest (Hs = 0.302). The Anzali population had the highest Fis value (Fis = 0.48), while the farmed population had the lowest with Fis = 0.32 (Table 2). The overall genetic differentiation based on the exact G test and Fisher’s method for all populations were highly significant, as shown in Supplementary Table 1.
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FIGURE 2. Principal component analysis (PCA) scatter plot based on 17,828 GBS-obtained SNPs on investigated populations of C. carpio.



TABLE 1. Fst values between different locations of C. carpio based on 17,828 SNP markers.
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TABLE 2. Genetic diversity statistics of C. carpio based on 17,828 SNP markers from genotyping by sequencing.
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Population Clustering

The Nei based GDs between populations were calculated and visualized (Figure 3). Based on the GD values, the different populations were classified into three groups. The results of AMOVA estimated that within population variation accounted for 97% of the total variation, while variation between populations accounted for only 3% of the total (Table 3).
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FIGURE 3. Pairwise genetic distances between C. carpio populations and clustering based on 17,828 SNP markers.



TABLE 3. Proportion of variation based on AMOVA results from 17,828 SNP markers.
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Admixture Analysis and Migrations

The patterns with the highest admixture were observed for Gomishan, Miankaleh, and Anzali-wetland locations, while the Anzali and farmed populations showed the lowest admixture (Figure 4). The admixture results and the BIC parameter classified all studied locations into three separate clusters so that Anzali and Farmed populations (two clusters) showed recognizable patterns, while Anzali-wetland, Gomishan, and Miankaleh (one cluster) had a higher level of admixture structure, consistent with the results of the PCA.
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FIGURE 4. Compoplot showing the assignments of population membership probability against their original populations. The X axis is the sample individuals and the Y axis represents the membership probabilities, fill colors indicate the population of origin.


FineRADstructure analysis based on the nearest neighbor haplotype or coancestry confirmed the admixture pattern and revealed that all animals were related to three main ancestral populations (Figure 5). The population assignment test showed that among all individuals, 25 animals were identified as migrant, having a genetic background indicative of another location (Supplementary Table 2). Furthermore, TREEMIX recognized four migration edges including farmed population to Anzali and Anzali-wetland; Gomishan to Anzali-wetland; and Miankaleh to Gomishan (Figure 6).
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FIGURE 5. Finestructure classification based on the obtained SNP markers from genotyping-by sequencing (GBS) on C. carpio across the southern Caspian basin (different colors in the X and Y axis trees represent different populations; Green: Anzali, Purple: Anzali-wetland, Olive: Gomishan, Pink: Miankaleh, and Blue: Farmed).
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FIGURE 6. Graph of admixture between 117 individuals of C. carpio fitted using TreeMix (Pickrell and Pritchard, 2012) with three migration edges. The drift parameter is proportional to 2Ne (effective population size) generations and migration weight indicates the proportion of ancestry deriving from the migration edge.




Effective Population Size (Ne)

Demographic estimates of Ne for all individuals obtained up to 578 generations ago, ranged from 41,653 for 578 generations ago to 81 for the latest generation (Table 4). Recent Ne up to 10 generations ago showed a drastic reduction of 88%.


TABLE 4. Effective population size (Ne) for C. carpio in the southern basin of the Caspian Sea (dist: average distance between loci; r2: average LD; r2SD: LD standard deviation).
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Loci Under Putative Selection and Number of Private Alleles

Bayescan identified 240 outlier loci across the genome of C. carpio with positive values for alpha, implying diversifying selection (Supplementary Figure 1A). A total of 109 out of 240 identified outlier loci (45%) were related to 70 unique genes. After filtering based on the Log10 (PO) > 2, 57 loci were identified as strong candidates under selection, connected to 17 unique genes (Supplementary Table 3). Further, the Anzali fish had the largest number of private alleles (663), while the Gomishan population showed the least number of private alleles (79, Supplementary Figure 1B). The DAPC scatter plot based on the limited data set (240 outlier loci identified through BayeScan) classified all the investigated C. carpio individuals into five different groups (Figure 7).
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FIGURE 7. Discriminant analysis of principal components (DAPCs) scatter plot based on the outlier loci (240 SNPs) found through BayeScan.





DISCUSSION

In this study we have obtained 17,828 genetic markers from wild C. carpio captured from four different locations in the Caspian Sea and from one aquaculture farm. This dataset has allowed us to study the genetic diversity of wild common carp populations of the Caspian Sea, their genetic structure and introgression and migration between populations. To the best of our knowledge, this is the first study investigating the population genomics of C. carpio in the southern coastline of the Caspian Sea using a large number of genetic markers, and offers pivotal evidence to assess the Iranian restocking program.


Genetic Diversity and Inbreeding of the Wild and Farmed Populations

All populations studied showed low levels of heterozygosity, in agreement with other studies on Caspian C. carpio (Khalili and Amirkolaie, 2010; Yousefian and Laloei, 2011) and other wild populations of C. carpio, which reported low to medium level of diversity (Li et al., 2007). Mean observed heterozygosity (Ho) estimates suggest that the farmed population has higher genetic diversity (Ho = 0.23) than the wild populations. Amongst the wild populations, Gomishan with Ho = 0.21 showed the highest diversity. Gomishan is considered the main source of animals for the restocking program of C. carpio, as capture rate in this area is higher than other locations in the South of the Caspian Sea. Gomishan is in the southern east of the Caspian Sea, and it is less affected by the industrial pollutants, urban, and agricultural runoff, which are known to have a negative impact on the genetic diversity of fish populations (Mcmillan et al., 2006; Martinez et al., 2018). A small effective population size of the wild animals can be one of the main reasons for the current low level of genetic diversity. However, it should be noted that the farmed C. carpio may have come from different families, resulting in a higher level of genetic diversity compared to the wild animals. Furthermore, the negative genetic and epigenetic effects of stocking programs known as Ryman–Laikre effect on wild fish species such as S. salar have been reported (Hagen et al., 2021). Stocking can lead to a loss of genetic variation, breakdown in genetic structure of wild stocks by increasing the level of inbreeding and reduction in effective population size in spite of the increased census population size (Christie et al., 2012).

All C. carpio populations investigated showed considerable positive values of inbreeding. Anzali-wetland is an isolated area (∼15,000 ha) with a narrow connection to the sea. It is presumed that the C. carpio individuals in the Anzali-wetland have no tendency to migrate outside for breeding, which also could explain the observed low heterozygosity. Freshwater fish species are more prone to experience inbreeding due to the lower connectivity between different habitats, as they are usually geographically isolated from each other. Landínez-García et al. (2020) reported a significant inbreeding and high genetic diversity for the freshwater fish Prochilodus magdalenae using 11 species-specific SSR markers. For example, a high level of inbreeding and genomic relatedness among individuals within the population of northern pike (Esox lucius) in the Irtysh River in China was recognized and the controlled capture was suggested for future conservation of this species (Luan et al., 2021). There are also documented cases of inbreeding amongst marine fishes and, for instance, a high level of relatedness and inbreeding was reported for winter flounder (Pseudopleuronectes americanus) in 6 New York estuaries (O’Leary et al., 2013).



Genetic Differentiation, Population Structure, and Gene Flow

Low to medium level of differentiation was observed among different wild populations of C. carpio and also between wild and farmed animals, respectively. The Fst values for the wild populations were between 0 and 0.051, while wild-farmed comparisons showed Fst values above 0.05, except the Anzali–Farmed comparison (Fst = 0.04). The genetic difference between populations is considered small for Fst below 0.05, whereas Fst values in the range 0.05–0.15 indicate a medium level of differentiation, and Fst above 0.15 corresponds to complete separation (Li et al., 2007). Based on AMOVA, genetic variation between populations accounted for only 3% of the total variation, indicating a high level of introgression among wild populations of C. carpio in the southern Caspian Sea.

Animals from the five sampling sites in the present study were related to three main genetic stocks. The two first clades included the farmed and Anzali populations while the third clade encompassed mainly the individuals from Gomishan, Miankaleh, and Anzali-wetland. C. carpio from different locations were traceable based on their recent coancestry matrix. The Anzali population showed a fair differentiation relative to the other Caspian populations. These results support previous reports based on SSR markers, which genetically discriminated two populations of C. carpio existing in Anzali and Anzali-wetland (Laloei et al., 2013). While both Anzali and Anzali-wetland are located the Guilan province, not only the reproductive behavior of their carp populations is very different, but also their time scale for breeding is slightly different. The sea form of C. carpio migrates to the rivers for spawning between March and May, while the specimens in Anzali-wetland (resident form) have no migratory behavior, completing their life cycle in the wetland and breeding mostly in May (Coad 2020). Further, while we found no sign of isolation by distance, Anzali is geographically relatively far from the other locations, which probably contributes to the larger genetic differences between this site and the other sea form populations of C. carpio.

The decrease of C. carpio wild fisheries in the southern part of the Caspian Sea over the past decade led to the establishment of a restocking program that uses a semi-natural breeding scheme. Migrant adults from the Sea to rivers are collected during the breeding season, bred under controlled conditions and then the progeny is released to the rivers where their parents were collected. Our results suggest that each sampling location maintains a specific genetic signature, which means that this restocking strategy has managed to preserve the genetic differences of wild C. carpio populations. Nonetheless, there is some evidence of admixture between populations.

Four migration edges were identified between different populations of C. carpio, and the latest identified migrations occurred from the farmed population to the Anzali and Anzali-wetland locations. The longest distance migration was observed between Gomishan and Anzali-wetland, which was surprising, while the migrations between Gomishan and Miankaleh or Anzali and Anzali-wetland were more expected because of the closer geographic distances. Besides, the lack of migration form Anzali-wetland C. carpio confirms the assumption that this population is a permanent resident in this lagoon. The observed migrations and the consequent low genetic differentiation could have three possible reasons. The migration events have probably occurred naturally, especially during the breeding season, because the fish can migrate far distances to find suitable nursery grounds. Another factor could be human-induced gene flow during the restocking program. Shen et al. (2019) in their study on population structure and demographic history of grass carp observed a high level of gene flow between geographically isolated river systems and mentioned that the aquaculture activities have probably played a more important role than natural gene flow in the observed low genetic differentiation. The Gorganrod river area close to Gomishan is the region in which restocking for the sea form of Caspian C. carpio happens in practice; however, in Anzali-wetland restocking is done occasionally and the origin of its restocking source is not clear. Accordingly, a mantel test showed no significant relationship between genetic and geographical distances (r = 0.001, p = 0.50, nrepet = 9999). Hence, migration between populations can be considered as the main possible factor for the small genetic differences. As the third alternative explanation, Anzali-wetland in the southwest of the Caspian Sea has a narrow connectivity to the sea and the observed migration between this location and Gomishan in the Southeast may be supported by the historical connectivity between these populations now inhabiting in different locations. This theory was also suggested by Mcglashan and Hughes (2001) to explain the unexpected patterns of low genetic variations among freshwater populations of Hypseleotris compressa.

The Farmed population showed the highest genetic differentiation. The Farmed stocks of C. carpio in Iran have been imported from European domesticated strains, which probably originated from the Caspian Sea (Balon, 1995). Historically, the Caspian Sea and Black Sea were a single mass of water known as Paratethys Sea, which separated 5.5 million years ago. The outputs in the present study support the admixture between farmed and wild C. carpio in the southern basin of the Caspian Sea, probably caused by farmed escapees to the drainages of the Caspian Sea and/or by crossing between wild parents and farmed animals in restocking centers.



Effective Population Size

The results of demographic estimates (Ne) based on SNP data from C. carpio showed a dramatic reduction from 578 generations ago to the present. Demographic estimates of Ne is a practical tool in population genetics to infer the history of populations and to determine the level of variability for a given population (Charlesworth, 2009). The low Ne value in recent generations (81) implies a small number of breeders contributing to genetic diversity in the wild populations of C. carpio across the southern coasts of the Caspian Sea.



Signatures of Selection

Amongst 17,828 obtained SNPs in this study, 240 SNPs (1.34%) were identified as outliers under diversifying selection. During the first stage of new habitat colonization, populations experience different evolutionary forces that contribute to population differentiation, namely genetic drift and directional selection (Shen et al., 2019). Diversifying selection can maintain and increase genetic variation (Gavrilets and Vose, 2005). In populations experiencing strong diversifying selection, extreme phenotypes are favored and the population diversifies into new populations. Hence, the level of differentiation between the new populations increases over time, especially when migrations are absent. For example, a study on three European whitefish (Coregonus lavaretus) morphs showed that diversifying selection was the force driving the observed phenotypic specializations (Häkli et al., 2018). The southern coast of the Caspian Sea varies ecologically and environmentally (Jafari et al., 2021a,b) and the outliers reflecting diversifying selection in different populations are likely involved in local adaptation of C. carpio.



Management Implications

Conservation efforts must aim to preserve the genetic diversity of the different populations of a species (Weissing et al., 2011), and inappropriate management can frequently decrease this genetic diversity. Our results highlight a low genetic diversity in the C. carpio populations of the Southern Caspian Sea, albeit genetic differences between these populations still exist. The low level of differentiation in the presence of migration may be an indicator of the small effective population size leading to a shallow population structure for this species in the southern coasts of the Caspian Sea. Given the global vulnerable status of C. carpio based on the IUCN red list (Freyhof and Kottelat, 2008) and the small effective population size of the Southern Caspian Sea populations, it is essential to consider fishing bans and provide action plans to rehabilitate the nursery grounds. In this scenario, it is fundamental that the restocking programs take into account the distinct genetic backgrounds and make efforts to avoid mixing animals from different locations. The present study is the first report of SNP outliers in C. carpio in the southern Caspian Sea basin. We have shown that a reduced number of SNPs can effectively determine the genetic background of Southern Caspian C. carpio populations. A low-density SNP panel with these SNPs capable of distinguishing the different genetic backgrounds would facilitate fisheries management and restocking programs (Smith et al., 2005; Dann et al., 2013). Furthermore, considering the high level of inbreeding, one of the practical solutions to improve the genetic health of the C. carpio populations in the southern parts of the Caspian Sea would be to introduce wild specimens from the Aral or Black Seas.




CONCLUSION

The present study is the first investigation of C. carpio population structure at the genomic level along the southern coast of the Caspian Sea. Fish from different locations showed specific genetic signatures, which implies the existence of distinct C. carpio populations. The fact that this diversity is preserved to some extent suggests that the ongoing restocking program has been successful in this regard. However, all populations showed a high level of inbreeding, and therefore better fisheries management and habitat protection are recommended to keep and improve the genetic diversity in order to avoid loss of C. carpio stocks in the Caspian Sea.
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