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Abstract


The Chinese longsnout catfish (Leiocassis longirostris) is an economically important freshwater fish in China; however, its wild resources have declined dramatically in recent decades. Understanding the genetic structure of Chinese longsnout catfish populations is crucial to guide breeding programs and fishy restoration. In this study, 15 highly polymorphic microsatellite DNA loci were used to evaluate its genetic diversity and population structure. Chinese longsnout catfish populations show high genetic diversity; they do not show significant genetic differentiation or systematic geographic pattern of variation. From the upper to the lower reaches of the Yangtze River, the genetic diversity of Chinese longsnout catfish populations showed an increasing trend. The Gezhouba and Three Gorges dams, which physically divide the Yangtze River into upstream and mid-downstream sections, did not contribute to the genetic differentiation of Chinese longsnout catfish populations. Hence, the source of broodstock is not critical for within-river breeding programs and stock enhancement to restore the wild population. In addition, possible effects of dams on differentiation among populations are crucial and long-term evaluation is essential.
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Key Contribution: This study, revealing that wild populations of Chinese longsnout catfish maintain a high level of genetic diversity and show no significant genetic differentiation, will inform fishery management actions.










1. Introduction


Different individuals of the same species are not genetically identical; difference in nucleic acid sequences contribute to the genetic diversity of the species [1]. Genetic diversity is a fundamental source of biodiversity and provides the raw material for adaptive evolution [2]; increasing genetic diversity within species can improve the survival rate of individuals and their fitness in the environment [3,4,5]. Molecular markers are important tools for assessing levels and patterns of genetic diversity. Microsatellites, useful DNA markers, have attracted attention due to their extensive genomic distribution, highly conserved characteristics, and high polymorphism [6,7]. Microsatellites, or simple sequence repeats (SSRs), are short regions of 2–6 base tandem repeats observed in all prokaryotic and eukaryotic genomes [8,9]. Due to the characteristics of microsatellites and the convenience of analysis using PCR, they have been applied to evaluate the genetic diversity and population structure of numerous aquatic animals [10,11], such as walleye pollock (Theragra Chalcogramma) [12], large yellow croaker (Larimichthys crocea) [13], gibel carp (Carassius auratus gibelio Bloch) [14], hard clam (Meretrix meretrix) [15], and red swamp crayfish (Procambarus clarkii) [16,17].



The Chinese longsnout catfish (Leiocassis longirostris), also known as Jiangtuan in some regions, belongs to the family Bagridae, which comprises >220 species [18]; it is primarily distributed in the Yangtze River and Pearl River drainages, and is found in the Liaohe River, Huaihe River, and other drainage in eastern China [19]. The Chinese longsnout catfish is a semi-migratory fish; however, its historical migration route has been disrupted by river damming; anthropogenic activities, such as overfishing and environmental pollution, have led to the degradation and fragmentation of its habitat in the Yangtze River Basin and the loss of spawning grounds [20], resulting in a decline in its wild population. Due to its nutritional value and flavor, Chinese longsnout catfish has become an important commercial fish species in China [21]. Artificial propagation of Chinese longsnout catfish has been achieved, and its domestic supply is currently almost entirely artificially bred [22]. Poorly designed breeding programs, which can be caused by inbreeding associated with the use of a small number of parents to establish and maintain a strain, can lead to decreased genetic variability [23]. Therefore, knowledge of genetic diversity and population structure is crucial for understanding population dynamics, defining management units, and maintaining sustainable fisheries [24]. In Chinese longsnout catfish, one previous microsatellite study showed no significant genetic differentiation or systematic geographic pattern of this species in the Yangtze River [25]. Notably, high genetic diversity was observed in the cultured populations of Chinese longsnout catfish [26]. However, recently, the genetic diversity and differentiation of wild Chinese longsnout catfish have not been analyzed, which is vital to guide artificial proposition and release to restore wild populations and assess the impact of the ten-year fishing ban in the Yangtze River.



In the present study, 15 microsatellite markers developed using transcriptome sequencing were used to evaluate the genetic diversity of Chinese longsnout catfish collected from the Yangtze and Pearl River basins. Additionally, genetic differentiation and structure among populations were analyzed, to provide useful information for the artificial propagation, release, and enhancement of wild populations.




2. Materials and Methods


2.1. Sample Collection and DNA Extraction


A total of 170 Chinese longsnout catfish were collected from eight wild populations from the Yangtze and Pearl River basins and one seed stock population from the Sichuan Chinese Longsnout Catfish Foundation Seed Farm (Figure 1, Table 1). Blood or caudal fin (preserved in absolute ethanol) was collected from fresh specimens and frozen at −20 °C. All experimental procedures were performed according to the Guiding Principles for the Care and Use of Laboratory Animals at the Yangtze River Fisheries Research Institute, Chinese Academy of Fishery Sciences, China. Genomic DNA was extracted from each fish according using the Genomic DNA Extraction Kit (Wuhan Tianyi Huayu Gene Technology Co., Ltd., Wuhan, China). The quantity and quality of isolated DNA were determined using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively. The extracted DNAs were stored at −20 °C for further analysis.




2.2. Microsatellite Loci


SSR searches and analyses were performed using Chinese longsnout catfish transcriptome data. Primers for 192 SSR loci were designed using Primer premier 5 [27]. Eight individuals were randomly selected for the assessment of SSR polymorphisms and applicability of primers using PCR and 10% polyacrylamide gel electrophoresis, and the population structure study was conducted using 15 screened polymorphic loci.



The 5′ ends of the forward primers of each pair were labeled with fluorescent dyes (TAMRA, HEX or FAM). The PCR reaction system (10 μL) contained 1 μL template DNA (20 ng), 5 μL 2× Taq PCR Master Mix (Genetech, Shanghai, China), 0.5 μL forward and reverse primers, and 3 µL sterile water. The PCR amplification program was performed as follows: initial denaturation at 95 °C for 5 min; 10 cycles at 95 °C for 30 s (denaturation); 52–62 °C for 30 s (annealing; each cycle decreased by 1 °C); and at 72 °C for 30 s (extension); 25 cycles at 95 °C for 30 s (denaturation); 52 °C for 30 s (annealing), 72 °C for 30 s (extension); and a final extension step at 72 °C for 20 min; and stored at 4 °C. After the PCR reaction, the amplified products were detected by fluorescence capillary electrophoresis using an ABI3730xl DNA sequencer (Applied Biosystems, Inc., Carlsbad, CA, USA). GeneMarker software (version 2.6.4) was used to analyze the results, and the allele number, peak map, and genotype of each sample were obtained [28].




2.3. Microsatellite Analyses


GenAlEx software (version 6.501) was used to calculate the genetic diversity indices of the SSR loci and populations, including the observed number of alleles (Na), effective number of alleles (ne), Shannon index (I), polymorphism information index (PIC), observed heterozygosity (Ho), expected heterozygosity (He), and inbreeding coefficient (Fis) [29,30,31,32,33].



The genetic distance between populations was calculated using the PowerMarker software (version 3.25) [34,35]. The neighbor-joining method was used for cluster analysis, and a cluster plot was drawn [36]. STRUCTURE 2.3.4 was used to analyze the population structure of 170 samples [37,38]. The following parameters were set: K = 1~20, burn-in period of 10,000, and Markov chain Monte Carlo (MCMC) of 100,000, and each K value was run 20 times; the online tool STRUCTURE HARVESTER was used to calculate the best ΔK value (the best population stratification situation) [39]. The structural analysis result plot was generated using CLUMPP and DISTRUCT software (version 1.1; version 1.1) [40,41].



Analysis of molecular variance (AMOVA) was used to partition the genetic variation within and among individuals and populations and calculate the paired genetic differentiation coefficient to evaluate the genetic differentiation between populations. Principal coordinate analysis (PCoA) was used to visualize similarities or differences between the respective populations [42,43]. Based on the results of the population genetic structure analysis, the variation and differentiation between and within populations were calculated using GenAlEx software (version 6.501), and significance was tested. The gene flow (Nm) was estimated according to the formula of Wright (1931): Nm = 0.25 (1 − Fst)/Fst [44,45].





3. Results


3.1. Polymorphism of Markers


Based on the transcriptome data of the Chinese longsnout catfish, 192 SSR loci were identified. After detecting potential primer-binding sites in eight randomly selected samples, 15 SSR loci with high polymorphism and stable amplification were identified (Table 2). Population genetic diversity analysis was performed on the collected samples using the 15 loci.



In total, 185 alleles were observed among 170 samples (Table 3). The number of alleles per locus ranged from 9 (Lli093) to 16 (Lli079), and the average number of alleles per locus was 12.3. The total ne was 72.9, with a numerical range of 2.4 (Lli075) to 8.9 (Lli167) and an average of 4.9. The I value ranged from 1.24 (Lli075) to 2.27 (Lli167), with an average value of 1.78. The numerical range of Ho was 0.49 (Lli075) to 0.93 (Lli167), with a mean of 0.74. The numerical range of He was 0.59 (Lli075) to 0.89 (Lli167), with a mean value of 0.77. The value range of PIC was 0.55 (Lli075) to 0.88 (Lli167), with an average value of 0.74. Based on these results, all 15 microsatellite loci showed high polymorphism (PIC > 0.5).




3.2. Genetic Variation within Different Populations


The Na values of all populations ranged from 5.2 (SCYZ) to 8.9 (AQ) with an average of 6.3, and the ne values ranged from 2.94 (SCYZ) to 5.30 (AQ) with an average of 4.11. The I value ranged from 1.19 (SCYZ) to 1.80 (AQ), with an average of 1.47. The Ho ranged from 0.70 (ZJ) to 0.78 (SS) and He ranged from 0.61 (SCYZ) to 0.79 (ZJ), with mean values of 0.73 and 0.72, respectively (Table 4). The Ho values of six populations (JA, SCYZ, SS, WH, YB, and PRZX) were greater than their He values, indicating that these populations were slightly heterozygote-surplus, whereas the Ho values of the other three populations (AQ, JY, and ZJ) were lower than their He values, indicating that these populations were slightly heterozygote-deficient.




3.3. Population Genetic Differentiation and Structure


The genetic differentiation among the nine populations showed pairwise Fst values ranging from 0.013 (SS/JY) to 0.110 (AQ/SCYZ), indicating that there were different degrees of genetic differentiation, but they were relatively low (Table 5). The estimated number of migrants per generation (Nm) among the nine populations ranged from 2.0 to 18.9, indicating a moderate to high level of gene flow among the populations, with JY showing the highest gene flow among the populations and AQ demonstrating the lowest.



The maximum genetic distance among the nine populations was 0.401 (AQ/SCYZ), and the minimum was 0.065 (JY/SS) (Table 6). The neighbor-joining method based on Nei genetic distance was used for cluster analysis, which showed that there were two independent branches; populations in the mid-downstream of the Yangtze River were located in one independent branch, and the other four populations were located in the other (Figure 2). The clustering analysis results did not show a clear systematic geographical pattern.



Within population genetics, PCoA can be used to visualize the similarity or dissimilarity of sampled populations. The scatter plot (Figure 3) shows that the AQ and SCYZ populations clustered separately, and the other populations were clustered together. AMOVA was used to partition genetic variation between genotypes or collection of genotypes; results revealed that 6% of the genetic variation occurred among populations, 1% among individuals within populations, and 93% within individuals, with variation within individuals being the primary source of total variation (Table 7). All populations in the Yangtze River were divided into two groups (upstream and mid-downstream populations), and AMOVA was conducted. The results showed that 3% of genetic variation occurred among populations, 8% among individuals within population, and 90% within individuals (Table 8).



Structuring within and among the nine populations were evaluated using 15 microsatellite loci. Applying the maximum likelihood algorithm within STRUCTURE [37,38] resulted in the best-supported K value being 2, and the nine populations could be divided into two subgroups (Figure 4a,b). In addition, the result with K value being 4 showed that the AQ and SCYZ were the most distinct populations, revealing the distinction of the most downstream natural population and the genetically bottlenecked cultured population.





4. Discussion


4.1. Genetic Diversity


The availability of DNA sequences from the transcriptome enabled the random selection of 192 SSR loci; 15 polymorphic loci were identified from the transcriptome data in this study. According to previous studies, loci with PIC values > 0.5 were highly informative [46]; PIC values of the 15 microsatellite loci selected in this study ranged from 0.55–0.88, indicating that all the loci were highly informative and sufficient to discriminate individuals and populations of Chinese longsnout catfish. Genetic diversity is crucial to the adaption of a population to environmental changes. It can be understood as the ability of a wild population to cope with natural selection by altering its allele frequencies [47,48,49]. The results showed that the average He of the microsatellite loci was 0.77, and the average number of alleles was 12.3, indicating a high level of genetic diversity; this was higher than the mean genetic diversity of 30 freshwater fishes (average He = 0.46, Na = 7.50) [50]. The high genetic diversity of Chinese longsnouted catfish suggests that its historic effective population could have been very large.



However, the genetic diversity in this study was lower than that of a previous study conducted in 2012 that used 20 microsatellite loci to evaluate the genetic diversity of Chinese longsnout catfish in the Yangtze River valley (He = 0.8095; Na = 18.5) [51]. This could be attributed to the different polymorphism of the respective collections of microsatellite markers and the number of samples, as different loci have different degrees of polymorphism and the sample size used for microsatellite analysis is positively correlated with the average values PIC and Na [52]. Another possible reason is the decline in Chinese longsnout catfish wild resource over the past decades due to overfishing, habitat degradation, and pollution, consequently resulting in a decrease in genetic diversity. Therefore, it is crucial to monitor the genetic diversity of Chinese longsnout catfish.




4.2. Population Structure


The pairwise Fst values of Chinese longsnout catfish (0.014–0.110) were considered small, indicating that different populations of Chinese longsnout catfish show relatively low genetic differentiation [53]. Gene mutations and random genetic drift primarily cause genetic differentiation among populations. Although the PRZX population belonged to the Pearl River basin, its genetic differentiation from the other eight populations remained low, and this population clustered with JA and YB populations from the upper reaches of the Yangtze River. This could be because the PRZX population was derived from individuals that escaped from the cultured population, and their seeds came from breeding farms located in the upper reaches of the Yangtze River. In contrast, the SCYZ population collected from the Sichuan Chinese Longsnout Catfish Foundation Seed Farm showed the lowest genetic diversity, which could be attributed to the fact that it was the offspring of only a few parents. Furthermore, this population clustered with populations from the upper and middle reaches of the Yangtze River, further demonstrating minimal genetic differentiation among the populations collected from different geographic sites.



Phylogenetic tree results revealed that Chinese longsnout catfish did not show a systematic geographic pattern, and pairwise Fst analysis and genetic distance analyses further confirmed this result. This indicates that geographic distance does not predict the phylogenetic structure of Chinese longsnout catfish. Additionally, the genetic diversity of Chinese longsnout catfish populations in the upper, middle, and lower reaches of the Yangtze River gradually increased, and a similar result was obtained in a previous study [51]. With increasing genetic diversity, the downstream populations exhibited more unique alleles. Because the sampling site of the AQ population is located in the Aquatic Germplasm Resources Conservation Zone of Chinese longsnout catfish, many individuals are available to provide a lot of raw material for genetic variation. This may explain why the downstream populations (AQ and ZJ) of the Yangtze River grouped into a single cluster.



The Yangtze River originates in the southwest of Qinghai Province, flows from west to east, and finally flows into the East China Sea. The Gezhouba and Three Gorges dams are located in Yichang City, Hubei Province, and physically divide the Yangtze River into upstream and mid-downstream areas; the mid-stream and downstream reaches of the Yangtze River are continuous areas. According to the pairwise Fst values and AMOVA results, the degree of genetic differentiation between the upstream and mid-downstream populations of Chinese longsnout catfish was low, indicating that these dams did not cause significant genetic differentiation between the upstream and mid-downstream populations. A previous study on the genetic structure of Chinese longsnout catfish revealed similar results [51]. This may have been due to the short time since construction of these dams. In addition, the escape of individuals from the hatchery population to the wild or artificially released individuals could lead to the exchange of gene pools between different populations and increase the genetic homogeneity of the populations. A similar situation has been observed in other fishes, such as marble trout (Salmo trutta marmoratus) [54], brown trout (Salmo trutta) [55], and Arctic charr (Salvelinus alpinus) [56]. However, dams hinder the gene flow between the upstream and mid-downstream populations, potentially impacting the genetic structure. Therefore, it is critical to conduct long-term monitoring of the population structure to assess the ongoing influence of dams on the genetic structure of Chinese longsnout catfish.




4.3. Conservation Implications


Habitat and spawning ground protection and stock enhancement have effectively improved some declining wild freshwater fish resources. In the present study, Chinese longsnout catfish populations showed high genetic diversity and a relatively low degree of genetic differentiation among different populations. Consequently, in the Yangtze River basin, the origin of individuals is not significant for breeding programs of Chinese longsnout catfish; therefore, when artificial propagation and release of cultured fish is practiced, the source of parents is not as critical as obtaining a large broodstock and implementing practices to maintain genetic variation. On 1 January 2021, the Chinese government implemented the ten-year fishing ban on the Yangtze River, which can significantly protect the Yangtze River ecosystem; therefore, it is necessary to analyze the genetic diversity and structural variation of Chinese longsnout catfish to evaluate the effects of the ban. Further research, such as the genomic study of SNP (single nucleotide polymorphism) variation and the analysis of adaptive genetic variation of Chinese longsnout catfish, are of great significance.





5. Conclusions


In this study, 15 new microsatellite DNA loci were developed for Chinese longsnout catfish and used for the genetic analysis of eight wild populations from the Yangtze and Pearl River basins and one stocked seed population from the Sichuan Chinese Longsnout Catfish Foundation Seed Farm. Genetic diversity within these populations was relatively high, and genetic differentiation was low, even among populations from the Yangtze and Pearl River basins. Therefore, when implementing breeding programs and stock enhancement of Chinese longsnout catfish to restore the wild population, the sources of parents and individuals should not be considered as significant a factor as collecting broodstock and maintaining genetic variation. In addition, long-term evaluation of the effects of the Gezhouba and Three Gorges dams on the genetic differentiation and structure of Chinese longsnout catfish should be conducted.
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Figure 1. Sampling localities for Leiocassis longirostris populations. YB—Yibin; JA—Jiangan; SS—Shishou; JY—Jiayu; WH—Wuhan; AQ—Anqing; ZJ—Zhejiang; PRZX—Zhexiang; SCYZ—Stock seed. 
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Figure 2. Neighbor-joining phylogram for 9 populations of Leiocassis longirostris. 
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Figure 3. Principal coordinate analysis of 9 populations of Leiocassis longirostris. 
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Figure 4. (a) K value change diagram drawn using the ΔK method of Leiocassis longirostris structure analysis. (b) Structure results of 9 populations of Leiocassis longirostris for K = 2 and K = 4 (different colors represent different clustering subgroups). 
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Table 1. Information on Leiocassis longirostris samples.
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Location

	
Sample Name

	
Sample Size

	
Geographic Locations

	
Collection Date






	
Upper reaches of Yangtze River

	
Yibin (YB)

	
14

	
Sichuan (28.7669° N, 104.6279° E)

	
June 2022




	
Jiangan (JA)

	
13

	
Sichuan (28.7359° N, 105.0724° E)

	
October 2021




	
Middle reaches of Yangtze River

	
Shishou (SS)

	
18

	
Hubei (29.7382° N, 112.3955° E)

	
June 2022




	
Jiayu (JY)

	
34

	
Hubei (29.9956° N, 113.8760° E)

	
October 2021




	
Wuhan (WH)

	
7

	
Hubei (30.6827° N, 114.5270° E)

	
July 2021




	
Lower reaches of Yangtze River

	
Anqing (AQ)

	
20

	
Anhui (29.8971° N, 116.3881° E)

	
May 2022




	
Zhenjiang (ZJ)

	
8

	
Jiangsu (32.1976° N, 119.2702° E)

	
December 2021




	
Upper reaches of Pearl River

	
Zhexiang (PRZX)

	
27

	
Guizhou (25.1621° N, 106.2552° E)

	
May 2022




	
Sichuan Province

	
Stock seed (SCYZ)

	
29

	
Sichuan (30.3958° N, 103.6672° E)

	
October 2021











 





Table 2. Information of 15 SSR loci in Leiocassis longirostris.
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	Locus
	Repeat Motif
	Forward Primer Sequence (5′-3′)
	Reverse Primer Sequence (5′-3′)
	Allele Ranges (bp)





	Lli033
	(CA)11
	GCTTGCACACGTCTGTGTTT
	GCATCTGGTCAGGTGTTTCA
	192–198



	Lli060
	(GT)22
	GAACGAGGTGCAGCAGTACA
	CAACATCAGCAAGTTCCAGC
	195–212



	Lli075
	(AT)8
	GAGAGCCTTCTGTCACTCGG
	TGAGCTTTGTTCTTGCGATG
	254–264



	Lli079
	(GT)19
	CAGGGTTCTTTGGCACCTTA
	ATGTGTTCAGGGATTCCAGC
	209–215



	Lli081
	(TG)15
	TGTTCTGTGGTGGCTTTACG
	GCTCGTTAAAGGAGGGAAGG
	143–147



	Lli083
	(AC)12
	CAGACAAAGGCACTGATGGA
	CTGCTGCTGTGATGTGTTGA
	237–251



	Lli093
	(ATC)9
	TGACGCCTCGTCATATCAGT
	TACCGAGGTGAAACTTTGGC
	286–303



	Lli102
	(TTA)16
	TTTCACACTTCCTCGTGCAT
	ACTCCACTGAGGGTGAAACG
	239–245



	Lli104
	(AC)6
	AGGTTGCGTAAAGGTTGTGG
	CGTTGCTGTTGTAACGGAGA
	336–346



	Lli128
	(CT)11
	ACAAGATCATGCTAGGCGCT
	TGAGACCAGGCTGTGATGTC
	260–278



	Lli134
	(AG)14
	TGGGTGGAGCTAATTTCTGG
	TGAGACTGTGCTGCTGTTCC
	282–295



	Lli159
	(CT)11
	CTGCCACAGAAAGCACAGTC
	CCTAAAGACACGAGGAAGCG
	237–252



	Lli167
	(AAT)22
	AGCCGTGAACAGAAGGAGTT
	GGGACGGAAAGATGTTCTGA
	217–238



	Lli181
	(GT)16
	ACAATGACGCAGGAAGAGGA
	TACCCTGGCCTTTGTGAGAC
	230–245



	Lli190
	(CTCA)11
	TGGATCCCTAGCCCTATCCT
	TTGCATGTCGTTCACAGTCA
	252–271










 





Table 3. Genetic variability at 15 SSR loci in 170 samples of Leiocassis longirostris.
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	Locus
	Na
	ne
	I
	Ho
	He
	Fis
	PIC
	Prob
	Signif





	Lli033
	10
	3.3
	1.50
	0.66
	0.70
	−0.03
	0.66
	0.00
	***



	Lli060
	13
	6.7
	2.11
	0.80
	0.85
	−0.02
	0.84
	0.00
	***



	Lli075
	10
	2.4
	1.24
	0.49
	0.59
	0.11
	0.55
	0.00
	***



	Lli079
	16
	4.7
	1.81
	0.76
	0.79
	−0.03
	0.76
	0.00
	***



	Lli081
	12
	3.9
	1.59
	0.71
	0.74
	0.01
	0.70
	0.00
	***



	Lli083
	13
	4.6
	1.83
	0.74
	0.78
	−0.03
	0.76
	0.00
	***



	Lli093
	9
	5.1
	1.76
	0.74
	0.80
	0.06
	0.78
	0.00
	***



	Lli102
	12
	3.8
	1.58
	0.69
	0.73
	−0.01
	0.69
	0.00
	***



	Lli104
	11
	5.1
	1.84
	0.80
	0.80
	0.00
	0.78
	0.07
	ns



	Lli128
	15
	6.8
	2.14
	0.85
	0.85
	−0.05
	0.84
	0.00
	***



	Lli134
	14
	6.2
	2.05
	0.78
	0.84
	0.01
	0.82
	0.00
	***



	Lli159
	14
	2.6
	1.33
	0.60
	0.62
	−0.08
	0.58
	0.00
	***



	Lli167
	12
	8.9
	2.27
	0.93
	0.89
	−0.13
	0.88
	0.02
	*



	Lli181
	13
	5.0
	1.95
	0.77
	0.80
	−0.04
	0.78
	0.00
	***



	Lli190
	11
	3.9
	1.69
	0.73
	0.75
	−0.03
	0.72
	0.00
	***



	Mean
	12.3
	4.9
	1.78
	0.74
	0.77
	−0.02
	0.74
	
	



	St Dev
	1.95
	1.73
	0.30
	0.10
	0.08
	
	
	
	







Na, observed alleles; ne, effective allele; I, Shannon index; Ho, observed heterozygosity; He, expected heterozygosity; Fis, inbreeding coefficient within population; PIC, polymorphic information index; Prob, probability of genotype frequency randomly deviating from Hardy–Weinberg expectation; Signif, significance (ns represents not significant, the population conforms to HWE; * represents significant difference p < 0.05 and *** represents significant difference p < 0.001).













 





Table 4. Statistical values of genetic diversity of 15 microsatellite loci in 9 populations of Leiocassis longirostris.






Table 4. Statistical values of genetic diversity of 15 microsatellite loci in 9 populations of Leiocassis longirostris.















	Population
	
	Na
	ne
	I
	Ho
	He
	F





	AQ
	Mean
	8.9
	5.30
	1.80
	0.77
	0.78
	0.02



	
	SE
	0.6
	0.55
	0.10
	0.04
	0.02
	0.04



	JA
	Mean
	5.5
	3.65
	1.41
	0.72
	0.70
	−0.04



	
	SE
	0.4
	0.28
	0.09
	0.05
	0.03
	0.05



	JY
	Mean
	7.3
	4.48
	1.62
	0.75
	0.75
	0.00



	
	SE
	0.5
	0.38
	0.08
	0.02
	0.02
	0.02



	SCYZ
	Mean
	5.2
	2.94
	1.19
	0.72
	0.61
	−0.18



	
	SE
	0.3
	0.28
	0.08
	0.05
	0.04
	0.02



	SS
	Mean
	6.6
	4.28
	1.56
	0.78
	0.74
	−0.06



	
	SE
	0.6
	0.39
	0.09
	0.04
	0.03
	0.03



	WH
	Mean
	5.3
	4.04
	1.42
	0.71
	0.70
	−0.02



	
	SE
	0.5
	0.44
	0.11
	0.06
	0.04
	0.06



	YB
	Mean
	5.6
	3.44
	1.37
	0.71
	0.68
	−0.07



	
	SE
	0.4
	0.26
	0.08
	0.04
	0.03
	0.04



	ZJ
	Mean
	7.1
	5.12
	1.77
	0.70
	0.79
	0.12



	
	SE
	0.2
	0.29
	0.04
	0.04
	0.01
	0.05



	PRZX
	Mean
	5.7
	3.73
	1.42
	0.71
	0.70
	−0.01



	
	SE
	0.4
	0.33
	0.09
	0.04
	0.03
	0.04



	Total
	Mean
	6.3
	4.11
	1.51
	0.73
	0.72
	−0.03



	
	SE
	0.2
	0.13
	0.03
	0.01
	0.01
	0.01







Na, observed alleles; ne, effective alleles; I, Shannon index; Ho, observed heterozygosity; He, expected heterozygosity; F, fixation index.













 





Table 5. Matrix showing pairwise differentiation estimates (Fst) among 9 populations of Leiocassis longirostris (below the diagonal), and estimated number of migrants per generation (Nm) among samples (above the diagonal).
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	AQ
	JA
	JY
	SCYZ
	SS
	WH
	YB
	ZJ
	PRZX





	AQ
	-
	2.89
	3.66
	2.02
	3.39
	3.20
	2.48
	4.57
	2.89



	JA
	0.080
	-
	11.08
	4.05
	13.51
	4.07
	10.30
	5.34
	16.14



	JY
	0.064
	0.022
	-
	5.53
	18.90
	8.75
	8.85
	9.86
	11.33



	SCYZ
	0.110
	0.058
	0.043
	-
	5.16
	3.96
	5.05
	3.65
	4.76



	SS
	0.069
	0.018
	0.013
	0.046
	-
	6.38
	10.79
	7.32
	17.02



	WH
	0.072
	0.058
	0.028
	0.059
	0.038
	-
	3.56
	5.76
	4.27



	YB
	0.092
	0.024
	0.027
	0.047
	0.023
	0.066
	-
	4.77
	14.14



	ZJ
	0.052
	0.045
	0.025
	0.064
	0.033
	0.042
	0.050
	-
	5.77



	PRZX
	0.080
	0.015
	0.022
	0.050
	0.014
	0.055
	0.017
	0.042
	-







Light blue indicates little to no genetic differentiation between the two populations, and blue indicates a relatively low degree of genetic differentiation between the two populations.













 





Table 6. Genetic distance among 9 populations of Leiocassis longirostris.
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	AQ
	JA
	JY
	SCYZ
	SS
	WH
	YB
	ZJ
	PRZX





	AQ
	
	
	
	
	
	
	
	
	



	JA
	0.362
	
	
	
	
	
	
	
	



	JY
	0.308
	0.103
	
	
	
	
	
	
	



	SCYZ
	0.401
	0.181
	0.135
	
	
	
	
	
	



	SS
	0.321
	0.088
	0.065
	0.139
	
	
	
	
	



	WH
	0.310
	0.238
	0.140
	0.225
	0.172
	
	
	
	



	YB
	0.382
	0.100
	0.099
	0.135
	0.085
	0.255
	
	
	



	ZJ
	0.320
	0.255
	0.194
	0.291
	0.220
	0.259
	0.275
	
	



	PRZX
	0.346
	0.068
	0.086
	0.135
	0.073
	0.213
	0.072
	0.234
	







Light blue indicates that the genetic relationship between the two populations is close, and blue indicates that the genetic relationship between the two populations is moderate.













 





Table 7. Molecular variance analysis (AMOVA) of 9 populations of Leiocassis longirostris.
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	Source
	df
	SS
	MS
	Est. Var.
	%





	Among Pops
	8
	149.012
	18.627
	0.355
	6%



	Among Indiv
	161
	899.005
	5.584
	0.071
	1%



	Within Indiv
	170
	925.000
	5.441
	5.441
	93%



	Total
	339
	1973.018
	
	5.868
	100%







Source, source of variation; df, degree of freedom; SS, total variance; MS, mean square error; Est. Var., estimated difference value; %, percentage of variation; Among Pops, among populations; Among Indiv, among individuals within population; Within Indiv, within individuals.













 





Table 8. Molecular variance analysis (AMOVA) of upstream populations (YB and JA) and mid-downstream populations (SS, JY, WH, AQ, and ZJ) of Leiocassis longirostris in the Yangtze River.
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	Source
	df
	SS
	MS
	Est. Var.
	%





	Among Pops
	1
	19.545
	19.545
	0.159
	3%



	Among Indiv
	112
	720.775
	6.435
	0.479
	8%



	Within Indiv
	114
	624.500
	5.478
	5.478
	90%



	Total
	227
	1364.820
	
	6.116
	100%







Source, the source of variation; df, degree of freedom; SS, total variance; MS, mean square error; Est. Var., estimated difference value; %, percentage of variation; Among Pops, among populations; Among Indiv, among individuals within population; Within Indiv, within individuals.
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