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Abstract

:

The genetic diversity of cultured species (e.g., plants and fish) has decreased as intensive agriculture and aquaculture have increased in recent decades. Maintaining genetic diversity in agriculture is a significant concern. To test whether aquaculture affects the genetic diversity of aquatic animals and whether traditional agriculture could help maintain genetic diversity, we conducted a meta-analysis to quantify the genetic diversity of cultured and wild populations. We also examined the genetic diversity and population genetic structure of common carp (Cyprinus carpio) in the traditional rice–fish coculture in the south of Zhejiang Province, China, using 20 microsatellite loci. The results of the meta-analysis showed a negative overall effect size of all cultured aquatic animals that were tested both when weighted by population replicate and when weighted by the inverse of variance. Aquaculture has caused a general decline in the genetic diversity of many cultured aquatic animals. The results from the survey of a traditional rice–fish coculture system in the south of Zhejiang Province of China showed high levels of genetic diversity in all 10 sampled populations (mean Na = 7.40, mean Ne = 4.57, mean I = 1.61, mean He = 0.71, and mean Ho = 0.73). Both the conventional analysis and a model-based analysis revealed a high and significant genetic divergence among the 10 sampled populations all over the three counties (FST value ranged from 0.00 to 0.13, and Nei’s genetic distance ranged from 0.07 to 0.62). Populations within Yongjia and Jingning counties were also genetically differentiated, respectively. Furthermore, molecular variance (AMOVA), membership coefficients estimated by STRUCTURE, PCoA, and migration network analysis supported the findings from pairwise FST values. Our results suggest that the traditional rice–fish coculture plays an important role in maintaining the genetic diversity of carp cocultured in rice paddies and future policies should favor the conservation of the rice–fish system and raise the awareness of farmers on methods to maintain carp genetic diversity.
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1. Introduction


The rapid development of modern intensive agriculture has contributed to improving global food output and ensuring food security [1]. However, with the intensive development of agriculture, the use of high chemical inputs and high-yield varieties causes the reduction in genetic diversity in agriculture [2,3]. There has been much concern over how to conserve and manage genetic diversity [4,5,6]. In contrast to modern intensive agriculture, traditional agriculture developed by local farmers using indigenous natural and social resources often nourishes rich genetic diversity [7], which is critical in providing germplasm and maintaining ecosystem services and would help improve local food security for an uncertain future [8,9,10].



Aquaculture is a kind of agriculture that has experienced rapid growth in the past decades as a reliable source of protein for the human diet [11,12,13]. Although the aquaculture industry is increasingly important, it has brought great environmental and ecological risks, including water pollution and degradation of germplasm resources of aquatic species [14]. For example, there are concerns about the release of non-native species that may escape from aquaculture and cause negative genetic impacts on wild species; further work in understanding and mitigating those risks is justified. [15]. However, compared with staple crops and livestock, the development and conservation of aquatic animals have not received as much attention [16]. Due to the high fertility of many aquatic animals, farmers usually use a small number of brood stock, which leads to inbreeding, genetic drift, and, thus, the reduction in genetic diversity [17,18,19]. As genetic diversity is the primary resource in the successful artificial propagation of any aquatic animals, understanding the effect of aquaculture on the genetic diversity of aquatic animals is essential.



Studies have shown that traditional rice–fish systems have maintained several types of common carp [20,21,22]. The coculture of rice and fish is an integrated agri-aquaculture system (IAAS) that combines rice cultivation with aquaculture, which is a typical traditional farming system in southern China [20]. In the rice–fish coculture system, common carp (C. carpio) is the major aquatic animal raised in the paddy field, where the environment is characterized by shallow water [21].



In the present study, the effect sizes of genetic diversity (i.e., Na and He) in cultured and wild populations of a variety of aquatic animals, including mollusk, arthropod, echinoderm, carp, perch, flounder, salmon, catfish, puffer, and herring, were assessed by a meta-analysis based on 117 studies. We also catalogued the genetic diversity and genetic variation of common carp cocultured in paddies (C. carpio) in three counties (i.e., Jingning, Qingtian, and Yongjia) of Zhejiang Province, China, using 20 polymorphic microsatellite loci. Our objectives were to evaluate the impact of aquaculture activities on the genetic diversity of aquatic animals and characterize the genetic diversity of carp cocultured in paddies in the southern Zhejiang Province of China.




2. Materials and Methods


2.1. Meta-Analysis


A systematic search of the literature was conducted across two databases: the Web of Science (1900–2021) and CNKI (1970–2021) in March 2022. No restrictions were considered either on the language or on the publication date. A combination of search terms used to search for the topic was as follows: “genetic diversity” OR “genetic variability” AND nature* OR wild AND farmed OR cultured OR hatchery OR artificial OR cultivated AND fish. The pre-specified eligibility criteria for research to be selected in the meta-analysis database were that (1) the studies used microsatellite markers, (2) the studies included cultured and wild populations of the same aquatic animals, and (3) cultured and wild populations were isolated from each other and had no gene exchange.



The species of aquatic animals, number of cultured and wild populations, mean of the number of alleles per locus (Na), and mean of the expected heterozygosity (He) were extracted from data reported in each piece of literature. The natural log (ln)-transformation of the response ratio R was used to calculate effect sizes [23]:


  l n R = ln      Y 1   ¯      Y ¯  2    = ln    Y 1   ¯  − ln    Y 2   ¯   











The variance of lnR was calculated as:
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where        Y 1   ¯    and        Y 2   ¯    represent the means of genetic diversity of cultured and wild populations, respectively,    S 1 2      and    S 2 2    represent the variance of genetic diversity of the cultured and wild populations, respectively, and n1 and n2 represent the numbers of cultured and wild populations, respectively.



The weight of the effect sizes is calculated in two ways: (1) weighting by the inverse of variance (   1   V  l n R      ) and (2) weighting by the population replicate:


  W = N p =    n 1   n 2     n 1  +  n 2     











Because the calculation of    S 1 2      or    S 2 2    is not allowed when the number of cultured or wild populations was 1 (i.e., n1 = 1 or n2 = 1), we excluded those items of research that had only one population of cultured or wild aquatic animals when we weighted the effect sizes by the inverse of variance. The meta-analysis was performed in Metawin v2.1 with 95% confidence intervals (CIs) [23].




2.2. Sample Collection and DNA Extraction


The traditional rice–fish coculture system located in southern Zhejiang Province of China has a long history, of more than 1200 years, and is listed as a Globally Important Agriculture Heritage System (GIAHS) [20,24]. The fish populations with breeding introduction on purpose or by chance were excluded from the sample collection. Those isolated local populations were sampled in this study to avoid the influences of genetic exchange with modern varieties. A total of 166 carp cocultured in rice paddies were collected from 10 locations across three counties (i.e., Jingning, Qingtian, and Yongjia in the south of Zhejiang Province, China) (Figure 1 and Table 1). All of these locations have a long history of rice–fish coculture. The total genomic DNA extraction was obtained from the tail fin of each individual using a commercial DNA extraction kit ( Sangon Biotech Co., Ltd. Shanghai, China). After the quality of DNA was examined through the 1% agarose gel electrophoresis, the extracted DNA was stored at −20 °C before further polymerase chain reactions (PCRs).




2.3. Microsatellite Analysis


We selected 20 microsatellite loci for C. carpio from the literature (Table S1) [25,26,27,28,29]. The forward primers were labeled with a fluorescent dye (-FAM, TAMRA, or HEX) at the 5′ end. Microsatellite polymorphism of each DNA sample was analyzed by PCR, which was performed in a final volume of 15 µL reaction containing 50 ng of DNA, 1.5 pmol of each forward and reverse primer, and 7.5 µL Taq MasterMix (Cwbiotech. Co. Ltd., Beijing, China). Cycling conditions for all assays included initial denaturation at 94 °C for 3 min followed by 30 cycles at 94 °C for 30 s, 50–60 °C for 30 s, and 72 °C for 1 min and final elongation at 72 °C for 7 min. Sequencing was performed on the ABI3730xl platform by Sangon Biotech Co. Ltd. (Shanghai, China).




2.4. Genetic Data Analysis


2.4.1. Genetic Diversity


Micro-Checker v2.2.3 software was used to double-check the effect of null alleles and allele scoring errors before data analysis [30]. For each microsatellite locus, we assessed the number of alleles per locus (Na), the effective number of alleles per locus (Ne), Shannon’s diversity index (I), expected heterozygosity (He), observed heterozygosity (Ho), and the fixation index (Fis) using GenAlEx v6.5 [31].



The linkage disequilibrium method (LD) was used to estimate the effective population size for each carp population by NeEstimator v2 [32]; the lowest allele frequency used was 0.01 and the confidence interval was 95%. The two-phased model (TPM) with 90% single-step mutations and 10% multiple-step mutations with 1000 replications and the mode-shift test [33] based on an L-shaped distribution of allele frequency under mutation–drift equilibrium were used to assess whether populations of the sampled carp had experienced recent bottlenecks by using Bottleneck v1.2.02 software [34]. Statistical significance at each locus was evaluated by a one-tailed Wilcoxon sign-rank test [35].




2.4.2. Genetic Variation


To estimate the level of genetic variation among population pairs, pairwise FST values and the exact test p values were calculated using Arlequin v3.5 [36]. The Nei’s genetic distance was assessed by GenAlEx v6.5 [31]. The molecular variance (AMOVA) was also assessed by Arlequin v3.5 [36]. The software Structure v2.3.4 was used for the clustering analysis based on the Bayesian method (admixture model, K set 1 to 7, 20 runs, MCMC = 1,000,000, burn-in = 25,000) [37]. The results were submitted to an online tool, Structure Harvester v0.6094 [38], to obtain the best K value. Principal coordinates analysis (PCoA) of the correlation matrix was used to further investigate the relationships between individuals using GenAlEx v6.5 [31].



The directional relative migration patterns among populations were estimated by the web-based software divMigrateOnline using the FST statistic as a measure of genetic differentiation [39]. The significance of asymmetrical migration patterns among populations was tested using 1000 bootstrap iterations. Additionally, the mantel test (10,000 repetitions) for isolation by distance (IBD) was performed between genetic distance and geographical distance (i.e., Euclidean distance based on latitude and longitude ) via R software with ggplot2, diveRsity, and reshape packages [40].






3. Results


3.1. Meta-Analysis


The meta-analysis data set was derived from 117 articles for which we weighted the data by population replicate and a further 77 articles for which we weighted the data by the inverse of the variance (Figure 2, Tables S2 and S3). According to the taxonomic status of species in publications, species were divided into 10 groups, including mollusk, arthropod, echinoderm, and seven groups of bony fish in chordate (i.e., carp, perch, flounder, salmon, catfish, puffer, and herring). Echinoderm and puffer were only used when weighted by population replicate.



Results from the meta-analysis showed the negative effect size of all cultured aquatic animals that were tested both when weighted by population replicate and weighted by the inverse of variance. The levels of genetic diversity decrease were different in different aquatic animals (Table 2). In the results when weighted by the inverse of variance, the highest effect sizes of Na and He were in flounder and salmon, respectively, and the genetic diversities of cultured populations decreased by 38.44% and 10.73% from wild populations, respectively. In the results when weighted by population replicate, the highest effect sizes of Na and He were in echinoderm and carp, respectively, and the genetic diversities of cultured populations decreased by 31% and 10% from wild populations, respectively. The overall effect size was −0.23 (CI: −0.32 to −0.16) for Na and −0.08 (CI: −0.13 to −0.04) for He, respectively, when weighted by the inverse of variance. Similarly, the overall effect sizes were −0.24 (CI: −0.33 to −0.15) for Na and −0.05 (CI: −0.07 to −0.03) for He, respectively, when weighted by population replicate. For carp, the reduction in genetic diversity of cultured populations was 12% or 24% by Na and 5% or 10% by He when weighted by the inverse of variance or when weighted by population replicate, respectively.




3.2. Genetic Diversity within Carp Populations in Rice–Fish Coculture


All 20 microsatellite loci were polymorphic in the sampled carp (Table S3). The average numbers of alleles (Na) ranged from 5.80 (HX) to 10.40 (MA), the effective numbers of alleles (Ne) ranged from 3.86 (LC) to 5.70 (BL), Shannon’s diversity indices (I) ranged from 1.42 (WX) to 1.85(BL), the expected heterozygosity (He) values ranged from 0.68 (LC) to 0.76 (CZ and BL), the observed heterozygosity (Ho) values ranged from 0.68 (WX) to 0.76 (MA), and the fixation indices (Fis) ranged from −0.02 (CZ) to 0.08 (JZ) (Table 3). Mean Na = 7.40, mean Ne = 4.57, mean I = 1.61, mean He = 0.71, and mean Ho = 0.73 (Table 3).



The effective population size estimates of the 10 populations ranged from 8.6 (CZ, CI = 5.7–13.6) to infinity (JZ, CI = 148.9–infinity and DRY, CI = 58.3–infinity) (Table 4). The results from the bottleneck tests showed that no heterozygote excess was significant in any of the populations, indicating that there was no recent genetic bottleneck in the sampled carp populations in the south of Zhejiang Province, China (Table 4). In addition, a normal L-shaped distribution pattern of the allele frequency from the mode-shift test also suggested the lack of bottleneck events in the recent history of carp coculture in rice paddies in the south of Zhejiang Province, China.




3.3. Genetic Differentiation among Populations


The pairwise FST values ranged from 0.00 (WX-WK) to 0.13 (WX-CZ), and Nei’s genetic distances ranged from 0.070 (WX-WK) to 0.620 (WX-CZ) (Figure 3). Among all 45 FST values, 37 values were statistically significant (p < 0.001; p-value after adjusting for multiple comparisons = 0.05/45), revealing remarkable differentiation of carp cocultured in paddies in the south of Zhejiang Province, China. Pairwise FST analyses also indicated that populations within Yongjia and Jingning counties were genetically different. Weak genetic differentiation was found within Qingtian County except that JZ was significantly different from WX and XZS. AMOVA revealed that the genetic variations among populations and within populations contributed 5% (p < 0.01) and 95% (p < 0.01) to the total genetic variation, respectively (Table 5).



The Structure Harvester analysis identified K = 2 as the most probable cluster number of the 10 populations, and the second identified K value was K = 3 (Figure 4A). The Structure clustering analysis revealed two major genetic clusters (the red cluster and the green cluster, Figure 4B). The carp from Qingtian County were mainly assigned into the red cluster, while the carp from Jingning County were mainly assigned into the blue cluster. The two clusters equally made up Yongjia County. In the case of K = 3, another cluster (indicated in blue) was mainly separated from Jingning County. The result of the principal coordinates analysis (PCoA) based on Nei’s genetic distance is presented in Figure 5. The first and second axes explained 45% and 25% of the total variance, respectively. No obvious clustering was found among the three counties. The samples from Yongjia County were located in the center, while the samples from Jingning County were relatively discrete.



The directional relative migration network for the studied carp populations indicated that WX, WK, XZS, JZ, and MA were core populations that had a high level of genetic exchange with other populations (i.e., migration in directional relative migration networks), the first four of which belong to Qingtian County, whereas HX, LC, CZ, DRY, and BL were peripheral populations with a low level of genetic exchange (Figure 6), the first three of which belong to Jingning County. No significant asymmetric migration pattern was detected. The test of isolation by distance (IBD) proved that there was a significantly positive correlation between the genetic distances and the geographical distances of the 10 carp populations (R2 = 0.579 and p = 0.005, Figure 7). This indicated that the genetic differentiation between the sampled carp populations in southern Zhejiang Province of China was mainly affected by geographical distance.





4. Discussion


Our meta-analysis showed that the genetic diversity of cultured populations of most tested aquatic animals was obviously lower than that of wild populations and that the change in genetic diversity differed among different types of aquatic animals. Those results indicate that aquaculture could generally reduce the genetic diversity of many cultured aquatic animals. An additional concern is the reduction in some wild populations and, hence, the reduction in those pools of genetic diversity. Actually, some tested species in this study may not have a statistically significant reduction in genetic diversity (e.g., catfish, arthropods). New techniques are being used to maximize genetic diversity in cultured species [41,42,43]. The genetic resources of aquatic animals were not significantly paid attention to until the 1990s [44,45]. A small effective population size and poor breeding management were considered to be the main causes of decline in genetic diversity in cultured populations [46]. For example, Machado-Schiaffino et al. [47] found the imbalance in the sex ratio in breeding causes a decline in genetic diversity of the fish Salmo salar. Fazzi-Gomes et al. [48] found a loss of genetic diversity and high inbreeding rates in farmed populations of the fish Arapaima gigas throughout the Amazon basin due to genetic bottlenecks caused by the domestication process and the founding effect. The decrease in the genetic diversity of aquatic animals will impair the adaptation and fitness of aquatic animals (e.g., productivity and disease resistance) [49,50,51]. As the proportion of aquaculture is increasing in the supply of aquatic products, it is urgent to protect the genetic diversity of aquatic animals. To ensure the long-term sustainability of aquatic stocks, the breeding program should be taken seriously. The selective breeding program can provide farmers a high rate of economic return by creating wide variations and improving hereditary traits [52,53]. As the breeding program progresses, it is important to collect as much allelic variability as possible, which can maintain the level of genetic variability of aquatic animals [54]. Genetic diversity should be paid more attention to in the future as a guide for choosing brood stock to form the base population for selective breeding programs and for ongoing monitoring of the levels of inbreeding and genetic drift [55,56].



The genetic diversity of C. carpio cocultured in paddies in southern Zhejiang Province was at a high level throughout our study. Ren [57] conducted a literature review to evaluate the genetic diversity indices of wild carp populations (mean Na = 7.71, He = 0.71) and cultured carp populations (mean Na = 5.37, He = 0.62) from 55 relevant published papers. The results of our study (mean Na = 7.40, He = 0.71) were similar to the genetic diversity of wild carp populations and higher than cultured carp populations. This suggests that traditional agricultural systems play a role in in situ conservation of the genetic diversity of carp cocultured in paddies in southern Zhejiang Province. The C. carpio preserved in the traditional rice–fish coculture system is a landrace that has well adapted to the paddy environment, with strong resistance to pests and diseases and adaptation to the fierce habitat changes during rice cultivation [58,59]. In the traditional agricultural system, the conservation of carp depends on the recognition, collection, and introduction of new strains by local smallholders, resulting in the diversity accumulation of genotypes and alleles in landraces [60,61]. Farmers often exchanged germplasm (e.g., selection and exchange of brood stock or seed) of carp cocultured in paddies in the traditional agricultural system. Germplasm exchange has been found to be an important factor in maintaining genetic diversity of crops and livestock in many traditional agricultural systems [9,62,63,64]. In our study, the carp cocultured in paddies in Qingtian County were rich in body color. The practice of having a mixed culture of carp with diverse color types is in favor of the diversified use of natural food resources by fish in paddy fields, which promotes fish productivity [21]. Therefore, the demand for diverse carp colors may be the reason for maintaining germplasm exchange. In addition, in Yongjia County, the exchange of carp with different colors is also related to marriage customs; this custom is still preserved in some areas [57]. Accordingly, the traditional techniques and culture noted in Zhejiang are an excellent source of maintaining genetic diversity. It is somewhat encouraging that, with proper management, such as those learned from traditional agriculture, genetic losses in agriculture could be minimized or avoided [9,63].



Pairwise FST value in our study revealed significant genetic differentiation of carp populations among the three counties. This genetic division may be due to geographic isolation and the differences between farmers from different counties in the selection preference of carp. The results also suggested a significant genetic differentiation within Yongjia County and within Jingning County, while a weak genetic differentiation was found within Qingtian County, except for JZ. This could be due to the fact that the sampling sites of Yongjia and Jingning were located in remote and isolated mountainous areas, while Qingtian County, as a GIAHS site, still maintains a large area of the traditional rice–fish farming system: more than 90% of rice paddies are stocked with fish [57]. Traditional farmers have created a unique sharing system in which farmers interdependently select parental carp and produce and exchange fry in Qingtian County [21]. Larger relative migration values from the migration network estimated by divMigrateOnline of the XZS population to other populations indicated that XZS was most likely the source population, whereas the populations from Jingning County (i.e., LC, HX, and CZ) might be the sink populations. The results strongly suggested that JZ was genetically distinct from the other Qingtian populations. This population exhibited the lowest FST values with populations from Yongjia County compared to the other three populations from Qingtian County. Membership coefficients estimated by Structure and the migration network strongly suggested that the JZ population was genetically distinct from other Qingtian populations. The JZ population and populations from Yongjia County had close relationships. This could be due to the transfer of seed stock/brood stock from JZ to the Yongjia area. A genetic structure analysis in the present study showed that the genetic structure of carp populations cocultured in paddies in southern Zhejiang Province was mainly determined by germplasm exchange caused by breeding introduction.



The rice–fish coculture system can be a sustainable agricultural model that improves farm productivity, provides an opportunity to improve the economic benefits of farmers, and improves the utilization of paddy and water resources [65]. However, the development of modern agriculture reduces the exchange of germplasm resources and activities of the rice–carp coculture in paddies among farmers. To ensure the long-term sustainability of germplasm resources of carp cocultured in paddies, a scientific and feasible monitoring program of genetic diversity in the existing populations should be formulated and proper measures of development and conservation should be strengthened. Firstly, we suggest the government should formulate policies on promoting the practice of rice–fish coculture, on training farmers to maintain carp diversity by continuing to exchange brood stock, and on monitoring every 5 to 10 years. Secondly, in the breeding process, to avoid the reduction in genetic diversity caused by inbreeding, the number of parents and effective population size should be increased to at least the minimum level of heterozygosity required. Thirdly, seed stock or brood stock selection should be performed locally to avoid genetic pollution of the local population. In addition, it is necessary to reduce environmental pollution and protect the paddy habitats and resources for traditional agriculture and local carp populations, thus ensuring the sustainable development of the rice–fish coculture system in southern Zhejiang Province of China.




5. Conclusions


The meta-analysis results, both when weighted by population replicate and when weighted by the inverse of variance, showed an overall negative effect size in genetic diversity of all tested aquatic animals. This indicates that aquaculture activities have caused a general decline in the genetic diversity of aquatic animals, although at different levels for different types of aquatic animals. We detected high levels of genetic variation in all 10 populations of carp cocultured in paddies (C. carpio) in the traditional rice–fish coculture system in southern Zhejiang Province of China. Low levels of an effective population size were detected in most of the C. carpio populations. No bottleneck events have recently occurred in these populations. Both conventional and model-based population genetic analyses suggested significant genetic divergence among the three counties. Pairwise FST values suggested genetic differentiation within Yongjia County and Jingning County, while no obvious genetic difference between sampled populations was found in Qingtian County with the exception of the JZ population. We suggest formulating policies, training farmers, and monitoring regularly for maintaining the rice–fish coculture system and using a sufficient number of parents in the breeding process to avoid inbreeding and genetic erosion of local carp cocultured in paddies.
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Figure 1. The sampling locations of common carp (C. carpio) in the traditional rice–fish coculture system in the south of Zhejiang Province, China. 
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Figure 2. Selection of literature to be included in the meta-analysis data set. 
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Figure 3. Pairwise differentiation estimates (FST) (below the diagonal) and Nei’s genetic distances (above the diagonal) of the 10 C. carpio populations based on 20 microsatellite loci. Values with * indicate statistical significance (p < 0.001; p-value after adjusting for multiple comparisons = 0.05/45). 
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Figure 4. (A) Selection of K value in the structure analysis. (B) Genetic structure of the 10 carp populations based on 20 microsatellite loci in the case of K = 2 or 3. Colors represent the membership of each individual to the different clusters. 
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Figure 5. Principal coordinates analysis of the sampled carp based on Fst values. 
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Figure 6. Directional relative migration networks of the studied carp populations constructed with divMigrate. Numbers on the arrows represent the relative migration coefficients derived from FST statistics. Line shading and thickness increase with the relative strength of gene flows. When larger than 0.05 (A), 0.2 (B), or 0.5 (C), the coefficients are displayed. 






Figure 6. Directional relative migration networks of the studied carp populations constructed with divMigrate. Numbers on the arrows represent the relative migration coefficients derived from FST statistics. Line shading and thickness increase with the relative strength of gene flows. When larger than 0.05 (A), 0.2 (B), or 0.5 (C), the coefficients are displayed.



[image: Agriculture 12 00997 g006]







[image: Agriculture 12 00997 g007 550] 





Figure 7. Relationship between the genetic distance and geographic distance among the studied carp populations. 
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Table 1. Collection details for C. carpio cocultured in paddies in the south of Zhejiang Province, China.
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	County
	Village
	Abbreviation
	Sample Size
	Geographic Locations





	Jingning
	Hexi
	HX
	12
	119.69° E 27.93° N



	
	Chengzhao
	CZ
	8
	119.61° E 27.96° N



	
	Luci
	LC
	11
	119.40° E 27.87° N



	Qingtian
	Jizhai
	JZ
	10
	120.18° E 28.46° N



	
	Wenxi
	WX
	14
	120.39° E 28.18° N



	
	Wukeng
	WK
	18
	120.41° E 28.24° N



	
	Xiaozhoushan
	XZS
	31
	120.39° E 28.20° N



	Yongjia
	Bilian
	BL
	18
	120.56° E 28.32° N



	
	Daruoyan
	DRY
	9
	120.61° E 28.27° N



	
	Minao
	MA
	35
	120.51° E 28.30° N
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Table 2. Meta-analysis of the effect of aquaculture on different aquatic animals.
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	Class
	Studies
	Weight
	Genetic Diversity Indices
	Effect Size
	CI-l
	CI-u
	Decrease (%)





	Salmon
	21
	1/Var
	Na
	−0.30
	−0.18
	−0.43
	26



	Flounder
	3
	1/Var
	Na
	−0.49
	−0.24
	−0.65
	38



	Perch
	10
	1/Var
	Na
	−0.14
	0.01
	−0.32
	13



	Arthropod
	3
	1/Var
	Na
	−0.05
	0.01
	−0.62
	5



	Mollusk
	16
	1/Var
	Na
	−0.22
	−0.07
	−0.69
	20



	Carp
	14
	1/Var
	Na
	−0.13
	−0.03
	−0.23
	12



	Herring
	2
	1/Var
	Na
	−0.43
	−0.13
	−0.45
	35



	Catfish
	3
	1/Var
	Na
	−0.07
	0.03
	−0.28
	7



	Arapaima
	2
	1/Var
	Na
	−0.07
	−0.04
	−0.24
	6



	Overall
	74
	1/Var
	Na
	−0.23
	−0.16
	−0.32
	20



	Salmon
	21
	1/Var
	He
	−0.11
	−0.05
	−0.23
	11



	Flounder
	3
	1/Var
	He
	−0.03
	−0.01
	−0.12
	3



	Perch
	9
	1/Var
	He
	−0.04
	−0.03
	−0.07
	4



	Arthropod
	3
	1/Var
	He
	−0.01
	0.00
	−0.10
	1



	Mollusk
	16
	1/Var
	He
	−0.05
	−0.02
	−0.13
	5



	Carp
	14
	1/Var
	He
	−0.05
	−0.02
	−0.09
	5



	Herring
	2
	1/Var
	He
	−0.07
	−0.02
	−0.12
	7



	Catfish
	3
	1/Var
	He
	0.00
	0.05
	−0.06
	0



	Arapaima
	2
	1/Var
	He
	−0.09
	−0.09
	−0.19
	9



	Overall
	73
	1/Var
	He
	−0.08
	−0.04
	−0.13
	8



	Salmon
	25
	Np
	Na
	−0.13
	0.06
	−0.27
	12



	Flounder
	7
	Np
	Na
	−0.24
	0.12
	−0.50
	21



	Perch
	20
	Np
	Na
	−0.27
	−0.09
	−0.46
	24



	Arthropod
	3
	Np
	Na
	−0.23
	0.01
	−0.62
	21



	Mollusk
	28
	Np
	Na
	−0.31
	−0.11
	−0.62
	27



	Carp
	16
	Np
	Na
	−0.28
	−0.14
	−0.55
	24



	Echinoderm
	2
	Np
	Na
	−0.36
	0.09
	−0.52
	31



	Herring
	3
	Np
	Na
	−0.16
	−0.13
	−0.25
	15



	Catfish
	4
	Np
	Na
	−0.36
	0.24
	−0.81
	30



	Puffer
	3
	Np
	Na
	−0.25
	−0.07
	−0.54
	22



	Overall
	111
	Np
	Na
	−0.24
	−0.15
	−0.33
	21



	Salmon
	25
	Np
	He
	−0.02
	0.07
	−0.09
	2



	Flounder
	7
	Np
	He
	−0.08
	−0.05
	−0.10
	7



	Perch
	19
	Np
	He
	−0.06
	−0.01
	−0.11
	6



	Arthropod
	3
	Np
	He
	−0.03
	0.00
	−0.07
	3



	Mollusk
	28
	Np
	He
	−0.06
	−0.01
	−0.12
	6



	Carp
	16
	Np
	He
	−0.11
	−0.05
	−0.14
	10



	Echinoderm
	2
	Np
	He
	0.00
	0.01
	−0.03
	0



	Herring
	2
	Np
	He
	−0.01
	0.00
	−0.02
	1



	Catfish
	4
	Np
	He
	−0.04
	0.04
	−0.09
	4



	Puffer
	3
	Np
	He
	−0.05
	−0.01
	−0.12
	4



	Overall
	109
	Np
	He
	−0.05
	−0.03
	−0.07
	5







1/Var is the inverse of effect size variance; Np is the number of populations; Na is allele number; He is expected heterozygosity; CI-l and CI-u are the lower and upper limits of bootstrap confidence intervals, respectively. Decrease (%) is the reduction in genetic diversity of cultured populations compared with their corresponding wild populations.
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Table 3. The genetic characteristics of the 10 carp populations based on 20 microsatellite loci.
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	Pop.
	Na
	Ne
	I
	Ho
	He
	Fis





	HX
	5.80
	4.35
	1.53
	0.75
	0.74
	0.00



	CZ
	7.00
	4.70
	1.63
	0.76
	0.73
	−0.02



	LC
	5.85
	3.86
	1.44
	0.68
	0.69
	0.01



	JZ
	7.25
	4.52
	1.64
	0.68
	0.74
	0.08



	WX
	5.85
	3.92
	1.42
	0.68
	0.68
	0.00



	WK
	7.50
	4.42
	1.59
	0.71
	0.72
	0.03



	XZS
	7.75
	4.07
	1.54
	0.70
	0.71
	0.01



	BL
	9.65
	5.70
	1.85
	0.76
	0.77
	0.03



	DRY
	6.90
	4.81
	1.62
	0.70
	0.73
	0.07



	MA
	10.40
	5.29
	1.83
	0.72
	0.76
	0.06



	Mean
	7.40
	4.57
	1.61
	0.71
	0.73
	0.03
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Table 4. Effective population size estimates with 95% confidence intervals and results from the bottleneck analysis for the 10 C. carpio populations using 20 microsatellite loci.
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Pop.

	
Effective Population Size Estimate

	
95% Confidence Intervals

	
Bottleneck Test




	
Lower Bound

	
Upper Bound

	
TPM (p-Value)






	
HX

	
9.9

	
8.0

	
12.5

	
0.63575




	
CZ

	
8.6

	
5.7

	
13.6

	
0.06155




	
LC

	
61.5

	
27.6

	
Inf

	
0.83501




	
JZ

	
Inf

	
148.9

	
Inf

	
0.99585




	
WX

	
124.8

	
46.4

	
Inf

	
0.47816




	
WK

	
61.8

	
41.4

	
114.2

	
0.98802




	
XZS

	
54.2

	
44.0

	
69.3

	
0.99928




	
BL

	
209.6

	
98.4

	
Inf

	
0.99884




	
DRY

	
Inf

	
58.3

	
Inf

	
0.87726




	
MN

	
38.0

	
34.1

	
42.6

	
0.99940




	
Total

	
63.4

	
60.2

	
66.9

	
0.99985
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Table 5. The AMOVA of carp cocultured in paddies in three counties based on 20 microsatellite loci.
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	Source of Variation
	d.f.
	Sum of Square
	Variance

Component
	% of Variation
	p Value





	Among populations
	9
	173.541
	0.37651 Va
	5
	0.001



	Within populations
	165
	2311.173
	7.17756 Vb
	95
	0.001



	Total
	174
	2484.714
	7.55407
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