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Dam construction on the upper Yangtze River has dramatically altered riverine ecosystems and caused habitat fragmentation of fishes, which might influence the genetic structure of fish populations. In this study, we examined the possible genetic effects of dam construction on Chinese lizard gudgeon (Saurogobio dabryi) populations in the upper Yangtze River, China. Seven populations were sampled, and genetic structure was analyzed using single nucleotide polymorphism (SNP) markers through the specific locus amplified fragment sequencing (SLAF-seq) method. The numbers of SNPs were lower in the upstream populations than in the downstream populations. Genetic similarity was increased from downstream to upstream. The upstream populations of S. dabryi might be more vulnerable to genetic drift than those downstream. Structure analysis indicated three distinct genetic groups of S. dabryi in the upper Yangtze River, among which the genetic differentiation values (Fst) were at a high level. The genetic differentiation of S. dabryi exhibited a close correlation with spatial distance. We did not detect a significant correlation between isolation time and genetic differentiation, suggesting that impacts of dams on the genetic structure of S. dabryi can be relatively minimal on a short time scale. The results quantify the genetic diversity and population structure patterns of S. dabryi after habitat fragmentation caused by dams, which will provide a reference for resource protection and management of this species in the upper Yangtze River.
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INTRODUCTION

Dam construction has damaged the continuity of natural rivers and dramatically altered riverine ecosystems, causing habitat fragmentation of fishes. This affects the connectivity and migration of fish species, leading to increased inbreeding probability, enhanced genetic drift, and blocked gene flow, thereby reducing genetic diversity and increasing genetic differentiation (Pavlova et al., 2017; Nakajima et al., 2020; Machado et al., 2021). Low genetic diversity might reduce the viability of individuals and populations in the fragmented habitats (Cook and Sullivan, 2018).

The upper Yangtze River is a hotspot of diverse fish species. However, it has been facing a serious issue of habitat fragmentation due to the construction of a cascade of hydropower dams, such as Three Gorges Dam, Xiangjiaba Dam, Xiluodu Dam, Baihetan Dam, and others (Cheng et al., 2015). Many fishes have been greatly affected in aspects, such as population size decline, spawning ground loss, and reduced reproductive success. If key habitats are lost or are no longer accessible, such destruction may have a serious negative impact on local fish species (Zhang et al., 2021), and it is particularly difficult to conduct fish conservation. Understanding the genetic effects of habitat fragmentation is a basis for conservation and management actions for fishes in the Yangtze River.

At present, studies on the genetic effects of habitat fragmentation caused by dams in the Yangtze River mostly focus on large and migratory fishes (Wang et al., 2007; Song et al., 2016; Liu et al., 2017, 2020; Dong et al., 2019), while research on small-sized species is very limited. Saurogobio dabryi is a small-sized fluvial fish species in the sub-family Gobioninae (Cyprinidae) and prefers to inhabit flowing waters. Its sexual maturation is early and the minimum age of sexual maturity is 1 year (Liu et al., 2019). This species produces drifting eggs, which need flowing water to be hatched (Lin et al., 2018). After dam construction, many river sections are changed from lotic water to close lentic water, which has greatly altered the habitats of S. dabryi and will potentially reduce its reproductive success (Xu et al., 2019). The spawning time of S. dabryi has become shortened and the reproductive rate has decreased (Gao, 2016). Li et al. (2016) reported the genetic structure of three populations from Chishui River, Hejiang and Yibin of the upper Yangtze River based on the mitochondrial Cyt b gene sequence, but the sample regions were near one another and not blocked by dams, thus, genetic effects caused by dam blockage were not involved. Liu (2020) studied the genetic differentiation of four populations in the Jialing River based on the mitochondrial D-loop sequence and 10 microsatellite loci, but the sample regions were limited to a tributary of the upper Yangtze River. The previous studies focused on populations of S. dabryi at relatively small spatial scales and included a small number of genetic markers, which yielded limited genetic information on this species.

Genome-scan approaches, such as specific locus amplified fragment sequencing (SLAF-seq), present large numbers of genome-wide single nucleotide polymorphisms (SNPs) and increase coverage throughout the genome using thousands of SNP markers, and thus can improve the capacity to unravel genetic diversity and genetic divergence within species (Zhang et al., 2020). In this study, we used SNP markers produced by the SLAF-seq method to assess the genetic diversity and genetic differentiation of seven S. dabryi populations in the upper Yangtze River. The aim was to reveal the genetic diversity and differentiation patterns of S. dabryi in fragmented habitats of the upper Yangtze River and to probe possible genetic effects of isolation by dams. The results are expected to provide a reference for natural resource protection and management of this species in the upper Yangtze River.



MATERIALS AND METHODS


Study Areas and Sample Collection

A length of the river of about 1,500 km distance from the Wudongde Dam to the Three Gorges Dam on the upper Yangtze River was selected as the research area. This zone has been fragmented by hydropower dams, such as Wudongde Dam (closure in 2016), Baihetan Dam (2015), Xiluodu Dam (2007), Xiangjiaba Dam (2008), and Three Gorges Dam (2003) from upstream to downstream. These dams are large, impassable, and power-generating dams, which lack fishways (Cheng et al., 2015). Individuals of S. dabryi were sampled at seven sites from August to October 2019 (Table 1). These sites were Qiaojia (QJ), Shaonvping (SN), Yibin (YB), Hechuan (HC), Banan (BN), Wanzhou (WZ), and Taipingxi (TP) (Figure 1). Sampling site QJ is between Wudongde Dam and Baihetan Dam. Sampling site SN is between Xiluodu Dam and Xiangjia Dam. Sampling sites YB, BN, WZ, and TP are in the long river section between Xiangjia Dam and Three Gorges Dam. The length of this river section is about 1,000 km with changes from river habitat (400 km) to reservoir habitat (600 km), and it is a relatively intact habitat for fishes to complete their life histories, especially for fishes producing drifting eggs. Sampling site HC is in the lower reach of the Jialing River, a tributary of the upper Yangtze River. There is Caojie hydropower station (closure in 2005) between HC and the main stream. QJ and YB are river habitats. SN, HC, WZ, and TP are reservoir habitats. BN is in fluctuating backwater area of the Three Gorges Reservoir. When the impounding height of the Three Gorges Reservoir is 145 m from June to September, the water of BN flows. When the impounding height is 175 m from October to May of the next year, the water of BN closes to lentic (Table 1).


Table 1. Sample information of Saurogobio dabryi.
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FIGURE 1. Sampling sites in the upper Yangtze River.


Individuals were captured using trammel or gill nets. Fin clips were taken and preserved in 95% ethanol until DNA extraction.



Preparation of SLAF Sample for Sequencing, Data Processing, and SNP Calling

Twenty individuals per population were randomly selected for DNA extraction when the sample size was >20. If the population sample size was <20, all samples were taken for screening.

Total genomic DNA was extracted from fin tissues using a phenol-chloroform protocol (Green and Sambrook, 2012), DNA quality was checked by a NanoDrop One Spectrophotometer (Thermo Scientific) and the samples were used for library construction. A total of 120 samples of S. dabryi were used to generate genome-wide SNP data using the SLAF sequencing methodology (Sun et al., 2013), a new sequencing technology much like RAD-seq, which targets a reduced representation of the genome. As there was no reference genome sequence for S. dabryi, the genome of a related species, Cyprinus carpio (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/951/615/GCF_000951615.1_common_carp_genome) (Xu et al., 2014) was selected to perform in silico digestion prediction. The restriction enzymes RsaI + HaeIII were used for digestion. SLAF tag length was selected between 314 and 364 bp. Based on the prediction, we then proceeded to library construction. Genomic DNA (about 500 ng) was digested to completion with RsaI (New England Biolabs, NEB), T4 DNA ligase (NEB), adenosine triphosphate (ATP), and RsaI adapters at 37°C. Restriction-ligation reactions were heat-inactivated at 65°C and then digested with the second restriction enzyme HaeIII (NEB) at 37°C. Duplex tag-labeled sequencing adapters were ligated to the A-tailed DNA with T4 DNA ligase. PCR reactions were performed using diluted restriction-ligation samples, deoxyribonucleoside triphosphates (dNTPs), high-fidelity DNA polymerase (NEB), and PCR primers. PCR products were purified and then separated by electrophoresis in a 2% agarose gel. Fragments 300–450 bp (with indexes and adaptors) in size were excised and purified using QIAquick Gel Extraction Kit (Qiagen). The gel-purified product was sequenced on the Illumina HiSeq 2500 system.

The highest depth tag in each SLAF was taken as the reference sequence tag. SLAF paired-end reads with clear index information were clustered and detected using BLAT (Kent, 2002). Sequences with over 80% identity were considered as one SLAF locus. Both GATK (McKenna et al., 2010) and Samtools (Li et al., 2009) were used to call SNPs. VCFtools (Danecek et al., 2011) was used to filter SNPs, which met all four criteria: QUALITY (QUAL) value ≥30, minor allele frequency (MAF) ≥5%, significance level of Hardy-Weinberg equilibrium (HWE) test ≥0.01, and no more than four individuals with missing genotypes at each locus among all individuals.



Genetic Analysis

VCFtools software (Danecek et al., 2011) was used to calculate the nucleotide diversity index (π), Tajima's and Fu's FS D value within populations, and the genetic differentiation coefficient (Fst) between pairs of populations. Perl scripts (Goodswen et al., 2010) were used to calculate the expected heterozygosity (He) and the observed heterozygosity (Ho). The population structure of S. dabryi was analyzed by Admixture software (Alexander et al., 2009), and groups with K values ranging from 1 to 10 were clustered, separately. The clustering results were cross-validated and the optimal number of clusters was determined by the method of minimized cross-validated error rate. A maximum likelihood (ML) tree based on the General Time Reversible model (GTR)+proportion of invariable sites (I)+gamma distributed site-to-site variation (G) model by the Bayesian inference method was constructed using RAxMLv8.1.17 software (Stamatakis, 2014) with 100,000 replicates. A principal coordinate analysis (PCA) plot was generated using Eigen software (Price et al., 2006) to visualize the population differentiation. Identity-by-state (IBS) was calculated by Plink software (Purcell et al., 2007) to assess the genetic similarity of groups.



Genetic Effect of Environmental Factors

Spatial distance between sites (measured along river channels), drainage area, and river length were measured on large-scale catchment topographic maps in ArcGIS10.5. The channel slope was the drop per unit reach length, which was calculated according to reach an elevation of 5 km upstream and 5 km downstream of the sample sites. The isolation time was calculated from the dates of dam closure. The elevation at each sample site was recorded by the Global Positioning System (GPS) (accuracy of 1 m; Table 1). The correlation between the parameters of genetic diversity (SNP numbers, π, and Ho) and the environmental factors (drainage area, river length, channel slope, and elevation) were performed using the cor.test function in the R package. The influence of environmental variables (such as spatial distance, isolation time, and channel slope) on population genetic differentiation was calculated by the Mantel test using the Vegan procedure of the R package (Dixon, 2003). The value of genetic differentiation used linearized Fst values [Fst/(1 – Fst)]. Significance was tested using 1,000 permutations.




RESULTS


Statistics and Evaluation of Sequencing Data

A total of 237.86 Mb of clean reads and 59.87 Gb of clean data were generated for 120 S. dabryi by SLAF sequencing. The average Q30 quality score was 94.98% and the average guanine-cytosine (GC) content was 42.52%. After low-quality reads, adaptors, and barcode sequences were removed, a total of 989,072 SLAF tags were obtained in which 237,400 tags were polymorphic. Population sequencing depth was from 14.23 × to 21.68 ×, with an average sequencing depth of 17.58 ×. A total of 1,300,189 SNPs were obtained, among which there were 58,930 SNPs that passed the SNP filtration criteria (Table 2).


Table 2. Genetic diversity parameters of Saurogobio dabryi.
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Genetic Diversity

The number of SNPs within the population ranged from 9,115 (QJ population) to 57,523 (BN population), exhibiting great variation among populations in the upper Yangtze River. The number of SNPs in the QJ population was significantly less than in the SN and YB populations (t-test, p < 0.01), The number of SNPs in the SN and YB populations was significantly less than in the HC, BN, WZ, and TP populations (t-test, p < 0.01), showing that the numbers of SNPs were lower in the upstream populations, which suggested that more alleles might have been lost by random genetic drift. There were no significant differences for other metrics of genetic variation (π, He, and Ho) among the seven populations (t-test, p > 0.05). All seven populations had positive values of Tajima's D and Fu's FS, indicating that S. dabryi in the upper Yangtze River had experienced a recent bottleneck (Table 2).



Population Structure

K = 3 had the smallest cross-validation error (Figure 2a), thus supporting three genetic groups. Individuals in QJ belonged to group 1 (in gray), individuals in SN and YB belonged to group 2 (in orange), and individuals in WZ and TP belonged to group 3 (in blue). Groups 2 and 3 both existed within BN and HC populations and exhibited almost equal average probabilities of membership (Figure 2b). This result was also indicated by the PCA, wherein the seven populations formed three distinct groups (QJ; SN\YB; HC\BN\WZ\TP), but there was one individual of the HC population that was clustered into the SN\YB group (Figure 2c). The ML tree also supported this arrangement (Figure 2d). It was clear that the upstream and downstream populations belonged to different genetic groups.


[image: Figure 2]
FIGURE 2. Genetic structure of seven Saurogobio dabryi (S. dabryi) populations based on SNP markers. (A) The optimal number of clusters was determined by minimized cross-validated error rate. (B) Population structure (K = 3) of all individuals. Different colors represent the probability of an individual belonging to different genetic groups. (C) PCA plots of every individual. (D) ML phylogenetic tree. Cluster I included all QJ individuals, cluster II included all SN and YB individuals and one HC individual, and cluster III included all BN, WZ, and TP individuals and the rest of the HC individuals.


Identity-by-state analysis was conducted to assess similarity within three distinct groups. To avoid the interference, we eliminated the BN and HC populations that exchanged genes with both upstream and downstream neighbors. IBS value was the highest in group 1 (the QJ population), followed by group 2 (the SN and YB populations), and the lowest in group 3 (the WZ and TP populations), indicating that the degree of genetic similarity within groups was increased from downstream to upstream (Figure 3).


[image: Figure 3]
FIGURE 3. Genetic similarity within three distinct groups by identity-by-state (IBS). The upper and lower ranges of the boxplot, with the upper limit being the upper quartile and the lower limit being the lower quartile. The horizontal line inside the box represents the median. The whiskers were extended to the 95th percentile.




Population Genetic Differentiation

Fst values among the three clusters (QJ; SN\YB; HC\BN\WZ\TP) were high (Fst = 0.166–0.416), implying considerable genetic differentiation (Table 3). The QJ population most upstream had diverged highly from other populations. The Fst values between the SN and YB populations were very small (0.007), but they were highly differentiated from other populations. The YB, TP, WZ, and BN populations were in the same river section. However, there was high differentiation between the YB population in the upstream river habitat and the TP, WZ, and BN populations in the downstream reservoir habitat.


Table 3. Genetic differentiation (Fst) among seven populations of S. dabryi in the upper Yangtze River.
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Genetic Effect of Environmental Factors

Correlation analysis indicated a significant negative relationship between the numbers of SNPs and the elevations of the seven populations (r = −0.867, p < 0.05). There were fewer SNPs within upstream populations in the high-elevation region than within downstream populations in the low-elevation region. The numbers of SNPs within populations had no significant correlation with drainage area, river length, and channel slope (Figure 4). In addition, the other genetic diversity metrics (π and Ho) also had no correlation with these environmental factors.


[image: Figure 4]
FIGURE 4. Correlation analysis between the single nucleotide polymorphism (SNP) numbers and environmental factors. (A–D) r is correlation coefficient, p value is used to determine the result of hypothesis testing.


Genetic differentiation exhibited a close correlation with spatial distance among the populations (r = 0.907, p < 0.01). No significant correlation was found between genetic differentiation and isolation times. There was no correlation between genetic differentiation and channel slope (Figure 5).


[image: Figure 5]
FIGURE 5. Mantel tests between genetic differentiation and environmental factors. (A–C) r is correlation coefficient, p value is used to determine the result of hypothesis testing.





DISCUSSION

In this study, no significant differences in the values of π, He, and Ho were observed among these populations, but the number of SNPs was lower in the QJ, SN, and YB populations, suggesting that more alleles might have been lost in the upstream populations due to random genetic drift. Compared with other parameters of genetic diversity, variation in the number of SNPs was more apparent. Consistently, the genetic similarity was higher within the upstream group. The two genetic values reflected that genetic diversity was lower within the upstream populations than in the downstream populations. The percentage in the abundance of S. dabryi was about 4.1% of the total catch in the QJ section in 2006–2012 (Tang et al., 2014), which was lower than that in the YB section, 11.3% in 2007–2009 (Xiong et al., 2015), which indicated that S. dabryi was historically less abundant upstream than downstream. Historically smaller populations might account for the lower genetic diversity in the upstream populations. Some other cyprinid fishes in the upper Yangtze River showed a similar trend, lower genetic diversity upstream, such as Coreius heterodon (Yan et al., 2008; Cheng et al., 2013), Ancherythroculter nigrocauda (Zhai et al., 2019), and Megalobrama pellegrini (Wang et al., 2019). In this study, the upstream populations of S. dabryi with lower allelic richness and higher genetic similarity were more vulnerable to genetic drift than downstream populations. Upstream populations should be given more conservation attention to avoid inbreeding and gene pool degradation.

We have detected a recent bottleneck event according to the positive values of Tajima's D and Fu's FS. S. dabryi prefers to inhabit and spawn in flowing water, but dam construction has changed the river into lentic water habitats. It has been found that the spawning time has become shortened and the reproductive rate of S. dabryi has decreased (Gao, 2016). In addition, environmental features in the upper Yangtze River also have changed in response to dam construction (Cheng et al., 2015). Under such conditions, the dam-induced fragmentation might lead to the decline of the fishes (Blanton et al., 2019). The recent bottleneck events may possibly have resulted in the loss of allelic richness of S. dabryi.

Structure analyses indicated that the seven populations of S. dabryi represented three distinct groups. It was clear that upstream and downstream populations presented different genetic structures. The YB, WZ, and TP populations were in the same river section with no dam barrier, but the YB population was in the riverine habitat, and the WZ and TP were in reservoir habitat. The YB population was obviously differentiated from WZ and TP, suggesting that different local flow conditions can lead to genetic differentiation (Landguth et al., 2014).

Genetic differentiation of S. dabryi exhibited a close correlation with spatial distance. Significant genetic differentiation was shown between populations except for YB-SN, WZ-TP, and BN-HC. It was found that the populations of YB-SN and BN-HC without differentiations were distributed very closely regardless of isolation by dams. These populations might have been genetically differentiated before the dam construction. S. dabryi is a small-sized fish species with a finite capacity movement (Liu et al., 2019). It tends to move short distances more frequently than long distances and thus had gene flow over a limited geographic region. Such distance-attenuated movement might give rise to population structure consistent with an isolation-by-distance (IBD) evolutionary model (Roberts et al., 2013). Interestingly, the genetic differentiation between populations WZ and TP was not significant although the distance between them is relatively long. WZ and TP are both reservoir habitats and have similar ecological environments, which might bring the similar ecological adaptation. Therefore, such genetic structure of S. dabryi might be attributed to spatial distance and ecological adaptation.

At present, we did not detect a significant correlation between isolation time and genetic differentiation of S. dabryi. It is generally considered that genetic differentiation on a short time scale is difficult to detect. No genetic change was detected in rainbow trout (Oncorhynchus mykiss) populations 5–10 generations or in galaxiid (Galaxias platei) populations 20–30 generations after dam construction (Deiner et al., 2007; Vera-Escalona et al., 2015). However, dam-induced isolation on a long time scale has had a significant impact on other fish populations. Gouskov et al. (2016) found a dam, which was built over 100 years ago and had a strong effect on population structure of the carp (Squalius cephalus) in the Rhine River Basin. In our study, these dams are around 20 years old or even younger (Cao, 2019) about 20 or less generations for S. dabryi. The effect of isolation has not obviously emerged. Hence, the genetic impacts of dams can be relatively minimal on a short time scale. Environmental changes have occurred in the upper Yangtze River after the construction of these dams. With the increase in isolation time, these changes will possibly influence the genetic structure of S. dabryi, and thus genetic impacts of dams need long-term monitoring.



CONCLUSION

High-throughput DNA sequencing technology has provided a large number of molecular markers and powerful tools for the study of population genetics. In this study, we identified a large number of SNP loci in populations of S. dabryi in the upper Yangtze River. The results showed that the numbers of SNPs were lower within the upstream populations, and more alleles might have been lost in the upstream populations. It suggests that the upstream populations are more vulnerable to genetic drift and thus should be given more attention in resource conservation. These populations of the upper Yangtze River formed three distinct groups, with significant genetic differentiation among three groups, and should be considered as three different genetic units for conservation management. Our results exemplify the genetic diversity and population structure of S. dabryi after habitat fragmentation caused by dams, which will provide a reference for natural resource protection and management of this species in the upper Yangtze River.
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