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The spatial distribution of fish individuals is affected by habitat conditions and species ecological characteristics, and it also reflects the longtime adaptation to habitat at the phenotypic and genotypic level. As a typical river-lake migratory fish species, the silver carp habitat selection was determined by its migration preference and genetic features. In this study, 15 microsatellite fluorescent markers combined with capillary electrophoresis were used to analyze the genetic diversity, genetic differentiation, and structure of nature silver carp populations in the Sanzhou (SZ), Hukou (HK), Anqing (AQ), Zhenjiang (ZJ), and Rugao (RG) sections of the Yangtze River. The results showed that 15 microsatellite loci exhibited medium to high polymorphisms. The overall genetic diversity in the Yangtze River was high, with the average value of Shannon’s information index ranging from 1.559 to 1.668. The numbers of alleles (Ne) ranged from 1.630 to 10.100. The expected heterozygosity (He, 0.690–0.721) was higher than observed heterozygosity (Ho, 0.598–0.646), and the genetic variation mainly originated from within the population (94.69%). However, the entire population was in the state of heterozygous deletion, and HK, RG populations encountered the risk of inbreeding risk (F > 1). Interestingly, there was a distinct genetic structure for the population in the HK section, which indicated that local population has occurred to the silver carp in this river section, and they may also possess aggregation characteristics specific to the river-lake-connected (RLC) habitat. The results mostly support the conclusion that the RLC habitat is essential for geographic population formation. The potential impact of special habitats on natural populations should be considered, and continuous surveys on population dynamics should be performed.

Keywords: silver carp, the Yangtze River, habitat selection, SSR, stock enhancement


INTRODUCTION

The silver carp (Hypophthalmichthys molitrix) belongs to the Cypriniformes order, Cyprinidae family, and Hypophthalmichthys genus, and it is one of four major Chinese carp (Ni and Wu, 2006). Paleontological analyses demonstrated that the silver carp originated in the Yangtze-Huanghe River basin (Li and Fang, 1990). Currently, silver carp is widely distributed and is found in the basin of the Red River, the Pearl River, and the Heilongjiang River in China (Lu et al., 2020).

Artificial cultivation technology of silver carp was founded in 1958, which got rid of the passive situation of relying on catching and promoted the development of aquaculture (Mao et al., 2010). Then silver carp were transplanted to rivers in Europe, the United States, and Africa (Pinter, 1980), and even became an invasive fish species (Kolar and Lodge, 2002; Conover et al., 2007). The overseas population of silver carp continued to expand, while the Chinese indigenous population exhibited a declining trend (Li, 1996). Because of the construction of Three Gorges Dam, water pollution, and overfishing, fishery output was 427,000 tons in 1954. From 1956 to 1960, the fishing volume decreased to 260,000 tons, 200,000 tons in the 1980s, and reduced to about 100,000 tons 2000s, less than 1/4 of the maximum annual output (Mai, 2003). The four major carps accounted for 46.15 percent of the catch weight, but that figure decreased to only 10 percent in 2001–2003. The proportion of silver carp and bighead Carp among the four major fish decreased significantly (Zeng, 1990; Liu et al., 2005; Li and Xu, 2008). With a 10-year ban on fishing in the Yangtze River initiated in January 2020 and the continuous implementation of stock enhancement, the populations of the four major Chinese carp are in the process of recovery. However, stock enhancement and unscientific artificial release may result in negative ecological impacts such as impaired growth, disease spread, and decrement of genetic diversity (Liu et al., 1997; Bell et al., 2006; Fang et al., 2021).

The Yangtze River is the longest and largest river in China, and is the main germplasm resource area for silver carp. Studies have reported that there are 11 spawning grounds for the four major Chinese carp in the middle and lower reaches of the Yangtze River (Xu et al., 2017), and silver carp spawning grounds are still being found (Tang et al., 2010; He et al., 2021). As a fish species that migrates between rivers and lakes, the silver carp spawns in the main stream of the Yangtze River every breeding season (from April to July). The postpartum parent fish and the young fish enter the lake connected to the Yangtze River for feeding (Xu et al., 2017).

Moving away from an unsuitable environment is one of the most important adaptive strategies for fish (Matter et al., 1989). During the process of migration, adult fish are able to be selective regarding their habitat, and they would choose to remain in habitats with appropriate environmental conditions, especially if there are abundant food sources and little interference (Bonte and Maelfait, 2004). For example, studies on the manini (Acanthurus triostegus and A. vicensis) fish habitat found that a covered shallow water area was its preferred habitat (Sale, 1968). Similarly, silver carp requires a great deal of energy input for the process of reproduction and fattening. When the environment lacks sufficient resources, this will lead to its continuous exploration to find a suitable habitat (McMahon and Matter, 2006). There is abundant plankton bait in river-lake-connected (RLC) habitats, which are ideal living places for silver carp (Liu et al., 2019). During the growth period for silver carp, adults will choose a habitat with rich bait for growth and fattening.

The Hukou section connects Poyang Lake with the Yangtze River, which is the largest lake connected to the Yangtze River in the lower reaches (He et al., 2021). The Anqing section connects the Wan River, which also forms a unique complex ecosystem with RLC characteristics. Because these bodies of water are rich in aquatic biological resources, they provide a key channel for fish migration behavior (Liu et al., 2019). These similar habitats provide perfect feeding and reproduction grounds for the silver carp in the Yangtze River. This habitat connectivity is vital for ecosystem function and the distribution of biota (Lindenmayer et al., 2008). However, studies on silver carp in the Yangtze River have mainly concentrated on germplasm genetic diversity, and it has been proven that there is genetic differentiation in fish from different river sections (Zhu et al., 2007; Chen et al., 2018; Sha et al., 2018). The value of connectivity in conservation has been poorly understood, and few genetic studies have linked population dynamics to habitat selection.

The simple sequence repeat (SSR) is a powerful genetic marker that has been widely used in fishery assessment. It has the advantages of large number of markers, wide distribution in gene sequence, neutrality, and co-dominance. It is one of the ideal molecular markers for genetic evaluation (Sun et al., 2008). It was previously reported that five microsatellite loci were used to investigate the population structure of Culterery thropterus from seven lakes in the middle and lower reaches of the Yangtze River (Wang et al., 2007). Additionally, sixteen SSR polymorphic loci were used to construct a partial genomic library of bighead carp (Aristichthys nobilis) (Cheng et al., 2008). In this study, fifteen microsatellite loci were used to analyze the genetic diversity and genetic structure of silver carp populations in the Sanzhou (SZ), Hukou (HK), Anqing (AQ), Zhenjiang (ZJ), and Rugao (RG) sections of the Yangtze River. The population’s genetic structure difference between sampled sections in the Yangtze River was clarified, so that we can deduce potential relation between the fish distribution pattern and habitat differences.



MATERIALS AND METHODS


Sample Collection

Five nature populations of adult silver carp in the Yangtze River were collected by a traditional net trap from 2017 to 2021 avoiding the stock enhancement period. Totally 335 tail fins of silver carp were non-destructively sampled and stored in absolute ethanol for further study. The sampling sites, coordinates, time and size were listed in Table 1, and the distribution of sampling sites was shown in Figure 1. SZ belongs to the middle reaches of the Yangtze River, HK, AQ, ZJ, RG belongs to the lower reaches of the Yangtze River.


TABLE 1. Sampling of silver carp in the middle and lower Yangtze River.
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FIGURE 1. Sampling sites of five silver carp populations in the Yangtze River.




DNA Extraction and Microsatellite Genotyping

Total genomic DNA was extracted using a TIANamp Marine Animals DNA Kit (TIANGEN Biotech Co., Ltd., Beijing, China) following the manufacturer’s instructions. The quality of the extracted DNA was assessed by 1.2% agarose gel electrophoresis to ensure that successful amplification could be accomplished for all DNA strands, and then, the DNA was stored at −20°C for further study.

Fifteen polymorphic microsatellites were proactively identified and also used in another study (Tan et al., 2011). Each primer was synthesized by Sangon Biotech (Shanghai Co., Ltd., Shanghai, China) and fluorescently labeled at the 5′ terminus (Table 2). The PCR application of SSR markers was carried out in a total volume of 10 μL and consisted of 5 μL Taq Premix (TaKaRaTaq™ Version 2.0 plus dye, Takara, Dalian, China), 0.2 μL (10 μM/OD) primer pairs, 1 μL (200 ng/μL) genomic DNA, and 3.8 μL ddH2O. PCRs were performed in a 96-well thermal cycler (Gene Co., Ltd., Shanghai) using the following conditions: 94°C for 120 s; 30 cycles of 94°C for 20 s, 59°C for 20 s, 72°C for 20 s; extension at 72°C for 600 s, and finally, storage at 4°C. The PCR products were qualified by 2% agarose gel electrophoresis and the G:BOX automatic gel imaging system. Qualified PCR products were sent to Sangon Biotech (Shanghai Co., Ltd., Shanghai, China) for capillary electrophoresis sequencing and typing, which was performed using an ABI Prism 3730 XL automated sequencer (Rox-500 standard).


TABLE 2. Parameters of 15 pairs of fluorescent microsatellite markers for silver carp.
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Genetic Analysis

After genotyping based on capillary electrophoresis technology, we manually confirmed the accuracy of genotypes. Pedigree analysis software Cervus 3.0.7 was used to analyze the polymorphic information content (PIC) (Kalinowski et al., 2007). GenAlEx 6.503 software was used to calculate sample sizes (n), the number of alleles (Na), effective numbers of alleles (Ne), numbers of private alleles (Ar), expected heterozygosity (He), observed heterozygosity (Ho), unbiased expected heterozygosity (uHe), Shannon’s information index (I), and inbreeding index (F) (Peakall and Smouse, 2006). Bootstrapping analysis (1,000 repeated samplings) was used to evaluate the paired F-statistics values (Fst) and gene flow (Nm) among populations.

Analysis of molecular variance (AMOVA) was performed on the genetic variation of samples using the software Arlequin 3.1 to obtain the variation level difference between and within populations (Excoffier and Lischer, 2010), and the paired genetic distance (GD) was calculated at the same time. GenAlEx 6.503 was used to verify the principal coordinates analysis (PCoA) with GD as a parameter. Mega 5.0 software used the unweighted pair group method with the arithmetical mean (UPGMA) to construct a phylogenetic tree based on genetic distance (Tamura et al., 2011).

Structure 2.3.4 software was used to divide the population genetic structure (Smouse and Peakall, 1999). Based on the Bayesian model, the number of possible genetic cluster K values was set at 1–10, the length of the burn in-period for Markov chain Monte Carlo (MCMC) was set at 50,000 times, and each K value was repeated five times. The method of Evanno was used to calculate Delta K, and the most optimal K value was the number of clusters for the population (Evanno et al., 2005). Through the repeated sampling analysis of Clumpp 1.1.2 (Jakobsson and Rosenberg, 2007), a diagram was drawn by the software GraphPad Prism 8.0.2 to illustrate the population’s genetic structure (Swift, 1997).




RESULTS


Genetic Diversity

Fifteen microsatellites fluorescently labeled PCR products were genotyped by capillary electrophoresis. Cervus 3.0.7 analysis showed that the PIC (polymorphism information content) ranged from 0.380 (ZJ-HLJBL167) ∼ 0.919 (ZJ-HLJBL174). Every locus showed high polymorphism (PIC ≥ 0.5) in one or more silver carp populations, which indicated that the 15 SSR loci are suitable for the evaluation of genetic diversity of silver carp.

The genetic diversity results for different silver carp populations were based on the GenAlEx 6.503 analysis (Table 3). Na in every locus of each population ranged from 3 (HK, HLJBL167) to 22 (ZJ, HLJBL217). Ne ranged from 1.630 (HK, HLJBL169) to 10.100 (SZ, HLJBL217). Ar was the highest at the HLJBL165 loci in the SZ population (12). There were more private alleles in the SZ population (21), and fewer private alleles in the HK (8) and ZJ (3) populations, which indicated that SZ population has the highest gene abundance. The mean He of all populations was higher than the mean of Ho, which indicated that the proportion of homozygotes was larger than that of heterozygotes at the average level of these 15 loci. The mean value of uHe (i.e., gene diversity index) ranged from 0.697 (ZJ) to 0.727 (RG), which indicated that there was a similar level to the genetic diversity of all populations. The average value range of I was 1.559 (HK) to 1.668 (SZ). The mean of F was higher than zero and ranged from 0.073 (ZJ) to 0.169 (RG).


TABLE 3. Genetic diversity of silver carp in 5 sections of the Yangtze River.
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Genetic Differentiation

The results of AMOVA analysis showed that genetic variation mainly existed among different individuals within the population (94.69%), and a small part was contributed from different populations (5.31%) (Table 4). The pair-wise matrix of Fst and Nm showed that the Fst ranged from 0.016 (SZ and AQ) to 0.045 (SZ and RG), Nm was 6.365 (SZ and HK) to 15.850 (SZ and AQ) (Table 5). The genetic distance between populations ranged from 0.029 (SZ and AQ) to 0.087 (SZ and RG) (Table 6). Among them, the genetic distance between SZ and HK, SZ and ZJ, SZ and RG, HK and AQ, and AQ and RG was greater than 0.05. The genetic distance between the SZ and RG population was the largest (0.087), which was consistent with the geographical distance of the two populations. Based on the genetic distance, the population phylogenetic tree (Figure 2) showed that the SZ and AQ populations were first clustered, the HK and ZJ populations were also clustered, and then RG joined them together. The genetic distance between individuals was analyzed by PCoA (Figure 3). When the four sections were divided by the abscissa and ordinate as different habitats, HK, ZJ, and RG formed one group of habitats, and SZ and AQ formed another group of habitats. It was observed that some groups of AQ integrated into the first environment, and a small portion of ZJ individuals entered the second group of environments.


TABLE 4. Molecular variance (AMOVA) for 5 silver carp populations.
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TABLE 5. F-statistics values (Fst) (below diagonal) and gene flow (Nm) (above diagonal) matrix of 5 silver carp populations.
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TABLE 6. Genetic distance (GD) (below diagonal) of 5 silver carp populations.
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FIGURE 2. UPGMA tree for five silver carp populations based on genetic distance.
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FIGURE 3. Principal coordinate analysis (PCoA) for 335 individuals.




Genetic Structure

The most optimal K value was 2 when Delta K was the largest (Figure 4), indicating that 335 individuals can be divided into two potential groups (Figure 5). The results show that cluster 1 of the SZ population accounts for more than 90%. The HK and RG populations are nearly composed of cluster 2, which indicates that one potential group occupies most of the components in SZ and a part of AQ and ZJ. The other potential group occupies most of the components in HK and RG, and a part of AQ and ZJ.
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FIGURE 4. The curve of change of Delta K with the changing K value.
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FIGURE 5. Structural diagram of 5 populations of silver carp (K = 2).





DISCUSSION


Genetic Diversity

Genetic diversity is the basis for long-term survival of a species as it adapts to the environment and maintains evolution. It provides an important basis for population resource assessment (Yuan et al., 2017). Heterozygosity of 0.500–0.800 indicates that the genetic diversity of this population was high (Takezaki and Nei, 1996). From the uHe of these five populations, the genetic diversity of all populations was at a middle to high level. From the comparison of Ar and I, the genetic diversity level of the SZ population was the highest, while the ZJ population was the lowest. Compared with the research of five silver carp populations (Shishou, Jianli, Jiujiang, Xiangjiang, and Anqing) in the middle and lower Yangtze River (Zhu et al., 2007) and two populations (Wanzhou and Jianli) in the middle and upper Yangtze River (Wang et al., 2008), it was found that the genetic diversity of silver carp in the middle and upper Yangtze River was generally higher than that in the lower reaches, which was consistent with the results of this study. This is due to the sharp decrease in silver carp biomass caused by overfishing. The decrease in biomass is closely related to the decline of genetic diversity (Xuan et al., 2021).

Na and Ne reflect the difference in population genetic variation. The more evenly alleles distributed in the population, the closer the Ne value to Na (Sun et al., 2014). In this study, alleles distributed in the population unevenly. The value of Ho and He reflect the excess or deletion of heterozygotes in the population (Li et al., 2006). From the average heterozygosity of the five populations, He was higher than Ho, which indicated that the entire population was in a state of heterozygous deletion. The F value of most loci (F > 0) in each population indicated that there was no bottleneck effect in the silver carp population of the Yangtze River. From the mean value of the population inbreeding coefficient, the HK and RG populations have encountered the risk of inbreeding inhibition (F > 0.1) (Moss et al., 2007).

Large numbers of young silver carp have been introduced into the Yangtze River every year to supplement the nature resources, which has a significant negative impact on the natural population genetics (Araki and Schmid, 2010). Genetic studies on the silver carp in four sections of the Yangtze River in Jiangsu also showed that large-scale stock enhancement would increase the gene flow among populations in the Yangtze River and increase the risk of inbreeding (Fang et al., 2021). It has been proved that stock enhancement in the lower Yangtze River can result in heterozygous deletion (Feng et al., 2020), which bring potential genetic risk and lead to a decrease in desirable traits.



Genetic Differentiation and Genetic Structure

In this study, Nm among the five populations was higher than 4 (6.365–15.850), which indicated that gene exchange can be carried out among the five populations. The higher the value, the greater the degree of gene exchange, which prevented the generation of genetic differentiation to a certain extent. Moreover, Fst among 5 populations (0.016–0.045) less than 0.15 indicates low genetic differentiation (0.05 < Fst < 0.15, low genetic differentiation, 0.15 < Fst < 0.25, moderate genetic differentiation) (Weight, 1978). The influence of genetic drift can be ignored, and each population can mate randomly (Hu et al., 2020), that is, the variation mainly came from within the population, which was consistent with the results of the AMOVA analysis. The high Nm was also obtained in a 2016 study among the three populations of the Ganjiang River, Poyang Lake, and the Yangtze River. This occurred because the three sampling points were close to each other, and the silver carp populations in the Ganjiang River and Yangtze River exchanged genes through Poyang Lake (Yu et al., 2016). However, the distance between the five populations in the current study was far, and therefore, it could be speculated that stock enhancement perhaps increased the gene exchange between populations in the Yangtze River. The genetic distance of fish at the three levels of genus, species, and population are 0.90, 0.30, and 0.05 respectively (Shaklee et al., 1982). There was population differentiation in SZ and HK, SZ and ZJ, SZ and RG, HK and AQ, and AQ and RG. The genetic distance between the SZ and RG populations was the largest, and it was positively correlated with the distance of the geographical location.

The results of the UPGMA phylogenetic tree and PCoA analysis divided the five silver carp populations into two groups. Among them, SZ and AQ were grouped together, HK and ZJ were grouped together, and RG was alone. It has been proven that the SZ and HK sections are the spawning grounds of silver carp (Xu et al., 2017; He et al., 2021). In the process of local fertilized eggs drifting downstream with the water, they develop into larvae and juveniles (Ren et al., 2016). When the juvenile fish have the ability to independently swim, they also have the ability to select adaptive habitats for feeding. Furthermore, the geographical distance between the SZ and AQ sections is similar to that from HK to ZJ (both approximately 600 km). Some supplementary populations in the AQ and ZJ sections were probably derived from the offspring of spawning populations in SZ and HK, respectively, which then locally formed corresponding populations.

HK is the dividing section between the middle and lower reaches. There was a single genetic cluster for the HK section in the genetic structure diagram. Poyang Lake is the largest lake connected to the Yangtze River. There were complex ecological conditions and abandoned bait resources (Wang et al., 2016). Silver carp likely entered Poyang Lake through the HK section for fattening after spawning. Some larvae and juveniles that developed from eggs may subsequently complete the life history of feeding and rearing in the lake until they return to the main stream of the Yangtze River for reproduction and spawning. In this case, the HK population possibly formed a distinct population composition that is different from the downstream populations. Another study that investigated the fish assemblage structure of Chinese carp in the Yangtze River indicated that the larvae and juveniles of the four major Chinese carp will passively enter the lake when the water flows backward and will grow for 3–4 years in the lake (Ru and Liu, 2013). Research on the habitat between coral reefs and mangroves indicated that the connectivity promoted fish abundance. The study also recommended that connected habitats should be considered as a high priority for conservation (Olds et al., 2012). Therefore, only by protecting the habitat and fishery resources of the HK section can we ensure the natural connectivity of the river and lake and thus successfully enable the silver carp to complete its reproduction and fattening process.

The AQ section was also one of the most important fishery waters and the key habitat for aquatic animals in the lower reaches of the Yangtze River (Tian et al., 2020). The silver carp migrate to the lower reaches of the Yangtze River for overwintering after finishing the reproductive migration in the middle reaches. Therefore, silver carp populations in AQ and ZJ contain more genetic clusters. The RG population showed the same single genetic structure in the structural diagram, while the UPGMA tree showed that it was clustered into one single class, which indicated that silver carp populations in this section had a further genetic relationship with other populations. The RG section is located at the estuary of the Yangtze River and far from the spawning ground in the middle and upper reaches. Besides, the silver carp in Rugao section experienced overfishing in the process during upward migration, so it is difficult to form a surplus group of multiple reproduction. Similar studies have been found in the biological investigation of Coilia nasus in the Yangtze River (Luo et al., 2021). Overfishing made it difficult for large-scale Coilia nasus to reach the Anqing section of the Yangtze River. Most of the silver carp in this section came from stock enhancement, and thus, the genetic structure was more singular than that of other river sections in the lower reaches.



Habitat Relevance and Conservation Strategies

Experiments on fish and other animals showed that local residents readily become immigrants when the resources required by a habitat are limited. Similarly, when the resources are sufficient, immigrant individuals become residents (Matter et al., 1989; Nelson et al., 2002). The HK section is located between the SZ and AQ section, but there is closer genetic distance between SZ and AQ with more frequent gene exchange, indicating that when migratory silver carp pass the HK section with rich bait resources after spawning and breeding in the middle reaches, some silver carp populations enter the lake for fattening and become residents of local Poyang Lake (Liu et al., 2019). Although seasonal migrations are easily confused with real migration, we have largely avoided this error through years of sampling (McMahon and Matter, 2006). Therefore, the populations preferred to select the RLC habitats until sexual maturity, and then formed a local geographical population. Research on Dongting Lake also showed that the larvae and juveniles of the four major Chinese carp will grow and mature in the lake for 3–4 years (Ru and Liu, 2013).

For the silver carp populations with distinct genetic structure and inbreeding inhibition such as HK and RG, excellent silver carp larvae and juveniles should be introduced from different sections of the Yangtze River to avoid sib or half-sib mating, and reduce inbreeding and avoid heterozygote loss. In addition, in order to increase the genetic diversity of each section and maintain the ecological balance of fish species reproduction, individuals from the RG section should be encouraged to enter the HK section. In this case, fish between these two populations can exchange their migratory habits. For instance, fish from the RG section may lead fish in the HK section to migrate downward, so as to increase the information exchange of the silver carp population in the Yangtze River and maintain the overall ecological balance. Populations with additional genetic structures can better adapt to a changing environment (Fang et al., 2021). For AQ, ZJ, and other river sections with diversified genetic structures, the genetic balance in the population is in a dynamic process of regulation. The parents of released fish should be derived from the natural population in the corresponding river basin to avoid potential genetic risk caused by gene mixing (Sha et al., 2021). Furthermore, maintaining distinctive habitats of the silver carp is vital importance to protect their species diversity radically.




CONCLUSION AND FUTURE PROSPECTS

Based on 15 microsatellite loci, the genetic diversity, and genetic structure of five silver carp populations in the middle and lower Yangtze River were analyzed. The results showed that the genetic diversity level in the middle was higher than that of the lower reaches. There are potential genetic risks in distinct geographic populations. The RLC habitat characteristics perhaps have greatly contributed to forming local residents and the geographical population. Future stock enhancement of silver carp from different river sections should be considered genetic structure analysis. Furthermore, more valuable molecular markers should be developed to continuously evaluate the population dynamics of the silver carp in the Yangtze River as well as fishery resources assessment.
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