& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

Mikolaj Adamek,
University of Veterinary Medicine
Hannover, Germany

Chengchi Fang,

Institute of Hydrobiology (CAS), China
Jingliang Kang,

The University of Hong Kong,

Hong Kong SAR, China

Wenjing Tao,

Southwest University, China

Dongmei Ma
mdma@prfri.ac.cn
Huaping Zhu
zhhping2000@163.com

This article was submitted to
Population, Community,

and Ecosystem Dynamics,

a section of the journal

Frontiers in Ecology and Evolution

15 March 2022
30 June 2022
28 July 2022

Zhong Z, Fan J, Su H, Li Y, Ma D and
Zhu H (2022) Genetic sources

and diversity of the paddy field carp
in the Pearl River basin inferred from
two mitochondrial loci.

Front. Ecol. Evol. 10:896609.

doi: 10.3389/fevo.2022.896609

© 2022 Zhong, Fan, Su, Li, Ma and Zhu.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Ecology and Evolution

Original Research
28 July 2022
10.3389/fevo.2022.896609

Genetic sources and diversity of
the paddy field carp in the Pearl
River basin inferred from two
mitochondrial loci

Zaixuan Zhong!?, Jiajia Fan'2, Huanhuan Su??, Yaya Li?,
Dongmei Ma'?* and Huaping Zhut?*

*Key Laboratory of Tropical and Subtropical Fishery Resource Application and Cultivation, Ministry
of Agriculture and Rural Affairs of the People’s Republic of China, Pearl River Fisheries Research
Institute, Chinese Academy of Fishery Sciences, Guangzhou, China, 2Key Laboratory of Aquatic
Animal Immune Technology of Guangdong Province, Guangzhou, China

Paddy field carp (PF-carp) is an economically important fish cocultured with
rice in traditional agricultural systems. Several distinctive strains of PF-carp
have been formed through years of artificial and cross breeding. There is
a concern about the status of germplasm resources among PF-carp, since
little is known about the genetic sources, diversity, or differentiation. In this
study we collected 17 PF-carp populations covering Daotian carp (DTL), Ru
Yuan No. 1 (RY), Jinbian carp (JBL), Shaijiang carp (SJL), and Wu carp (WL)
along the Pearl River basin to explore their genetic sources and diversity
using concatenated sequences of the mitochondrial cytochrome b gene
and the D-Loop region. According to the haplotype network analyses, 1, 9,
and 57 haplotypes originated from Cyprinus carpio carpio, Cyprinus carpio
haematopterus and Cyprinus carpio rubrofuscus, respectively, confirming that
genetic introgression has occurred in Pearl River PF-carp populations and
Cyprinus carpio carpio was the most common species for genetic origin.
The results showed that RY exhibited the lowest level of nucleotide diversity
(r = 0.0011) due to high-intensity breeding and was significantly differentiated
from the other four strains. PF-carp strains in these remote traditional systems
tended to experience artificial selection and a lack of farmer connection
that gradually increased genetic differentiation among strains. Notably, three
populations of JBL exhibited significant high-level differentiation, since they
originated from mountainous areas hindering farmers from fry exchange. In
contrast, no significant differentiation was uncovered in the WL populations,
since this strain is the most popular cultured strain and has undergone artificial
exchange of parents and fry in many cultured regions. This study helps us to
understand the status of germplasm resources among PF-carp and to trace
their genetic origin before being introduced for local cultivation.

paddy field carp, genetic diversity, germplasm resource, farmer connectivity,
introgression
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Introduction

The common carp, Cyprinus carpio, is an economically
important fish widely distributed in Eurasia (Kohlmann, 2015).
It has adapted to various environments and has experienced
long-term breeding to form numerous distinctive strains (Wu
and Gui, 1999; Shen and Liu, 2000; Kohlmann, 2015). According
to Monographs of Cyprinidae in China, four subspecies of
common carp have been recorded in China, Cyprinus carpio
carpio (CC), Cyprinus carpio haematopterus (CH), Cyprinus
carpio rubrofuscus (CR), and Cyprinus caprpio chilia (CCH)
(Wu, 1977a,b). However, Kottelat (2001) regarded CC and CR
as two separate species and rejected CR as a valid species.
Considering Zhou et al. (2004) demonstrated that CC, CH and
CR formed three distinct clades using mitochondrial loci, we
adopted the taxonomic classification in Wu (1977a,b). CC is
distributed over vast areas of Central Asia and Europe, while
being only found in Xinjiang in China. CH is distributed as far
north as the Heilong River and as far south as the Min River. CR
is distributed among the Pearl River, Ruan River, and Hainan
Island, while CCH is found only in several lakes of Yunnan
Province (Wu, 1977a; Yue, 2000).

In southern China, common carp is frequently co-cultured
with rice and thus has been named the paddy field carp (PF-
carp), which displays rapid growth, strong reproductive ability,
and delicious meat with no muddy taste. This rice-fish system
benefits both the agricultural environment and the economy.
On the one hand, combining rice and fish farming can reduce
the use of pesticides and fertilizers and ensure the health of
the grain and fish (Berg, 2001; Ahmed and Garnett, 2011). On
the other hand, the price of PF-carp is much higher compared
to other freshwater fishes. The co-culture of rice and fish can
maximize the use of paddy field resources, alleviate human
conflict over land use, and ensure a bumper crop and increase
farmers’ income (Frei and Becker, 2005; Gan et al., 2019).

Notably, the 1,200-year-old rice-fish system of Qintian
county, Zhejiang Province, was listed as one of the “Globally
Important Agricultural Heritage Systems (GIAHS)” by the Food
and Agriculture Organization of the United Nations in 2005!
(Xieetal.,2011). PF-carp farming in the GIAHS rice-fish system
named Oujiang carp has been practiced and passed down for
generations (Wang, 1997). Within the Qintian GIAHS site,
rice-fish farmer households exchange fry and parental carp
for their own rice-fish production, thereby contributing to a
high rate of gene flow and high genetic diversity of PF-carp
(Ren et al., 2018).

In addition to the Oujiang carp in Zhejiang, various strains
of PF-carp are bred and cultured in China, including Daotian
carp (DTL), Jiangbian carp (JBL), Ruyuan NO. 1 (RY), Shaijiang
carp (SJL), and Wu carp (WI) (Zhu et al, 2018; Gan et al,

1 www.fao.org/giahs/giahs-home/en/
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2019; Yan et al, 2020). Researchers have carried out genetic
diversity and germplasm resources analyses of DTL and JBL in
the Pearl River basin using mitochondrial genes (mtDNA) and
microsatellites (Gan et al.,, 2019; Pan et al,, 2019; Cheng et al,,
2021). Cheng et al. (2021) examined the genetic structure of
three DTL populations from Guangxi Province based on the
mtDNA D-loop region and the mitochondrial Cytochrome b
gene (Cyt b) sequences, indicating that all populations were
significantly differentiated (Cheng et al., 2021). Meanwhile,
researchers pointed out that certain frequencies of CC and
CH were found in these populations, suggesting that PF-
carp may suffer introgressive hybridization from CC or CH.
Similarly, Pan et al. (2019) used mitochondrial D-loop region
and cytochrome ¢ oxidase I sequences to analyze the genetic
diversity and phylogenetic relationships between PF-carp (JBL,
WL) and wild carp. PF-carp showed lower haplotype diversity
than wild carp, and exhibited clear differentiation from wild carp
(Pan et al., 2019).

These studies preliminarily explained the genetic diversity
of PF-carp in the Pearl River basin, although the sampled
populations were rather small and covered few strains. In order
to investigate the genetic diversity and structure of PF-carp more
comprehensively, we analyzed Cyt b gene sequences and the
D-loop region of 17 populations covering five strains of PF-
carp. Our main goals were (i) to trace the germplasm resources
of PF-carp populations in the Pearl River basin, (ii) to explore
the impact of artificial selection or farmer connectivity on the
difference of genetic diversity and differentiation for different
populations or strains, and (iii) to provide an effective scientific
basis for the protection of genetic resources, artificial breeding,
and rational development of the resources of PF-carp.

Materials and methods

Sample collection

A total of 524 paddy field carp (PF-carp) specimens were
sampled from 17 localities across Guang Xi Province and
Guang Dong Province between 2020 and 2021 (Figure 1 and
Supplementary Table 1). Five morphologically different strains
of PF-carp, “Daotian carp” (DTL, n = 161), “Ru Yuan No. 17
(RY, n = 65), “Jinbian carp” (JBL, n = 64), “Shaijiang carp” (SJL,
n=42),and “Wu carp” (WL, n = 192) were obtained (Figure 2).
In addition, we collected both JBL and DTL at the same location
of RS (Supplementary Table 1). DTL, JBL, and WL comprised
five, three, and eight populations, respectively. RY specifically
refers to the PF-carp that has been bred for multiple generations
in Yao Autonomous County of Ruyuan. SJL is an indigenous PF-
carp cultured in Shaijiang Village of Guangxi Province. A fin
clip was taken from each specimen and kept in 99% ethanol.
All specimens were stored at the Pearl River Fisheries Research
Institute, Chinese Academic of Fishery Sciences.
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FIGURE 1

Map of sample sites of PF-carp specimens. Geographical distribution details and the number of samples collected per site are provided in
Supplementary Table 1. CJ, Congjiang; DA, Du'an; FS, Foshan; GG, Guigang; GL, Guilin; HJ, Huanjiang; LC, Linchuan; LN, Liannan; NN,
Nanning; QY, Qingyuan; QZ, Quanzhou; RS, Rongshui; RY, Ruyuan; SJ, Sanjiang; SJL, Shaijiang; XR, Xiaorong; YZ, Yizhou.

FIGURE 2
Morphology of five PF-carp strains of (a) Daotian carp, (b) Jinbian carp, (c) Ruyuan No. 1, (d) Shaijiang carp, and (e) Wu carp.
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DNA extraction, sequencing, and data
processing

Genomic DNA was extracted using a Genomic
DNA Extraction Kit according the
instructions (Axygen, United States). DNA samples were
kept at —20°C for further PCR amplification. The primers
were designed for the Cyt b gene (Forward primer: 5'-
GACTTGAAAAACCACCGTTG-3/, Reverse primer: 5'-
CTCCGATCTCCGGATTACAAGAC-3") and D-loop region
(Forward primer: 5'-CATCTTAGCATCTTCAGTG-3/, Reverse
primer: 5'- TCACCCCTGGCTCCCAAAGC-3') based on the
Cyprinus carpio mitochondrial genome sequence (GenBank:

to manufacturer’s

X61010.1). The amplification program was as follows: an
initial denaturation at 94°C for 3 min and then 30 cycles of
denaturation at 94°C for 1 min, annealing at 60°C for 1 min,
and extension at 72°C for 1 min followed by final extension
at 72°C for 5 min. The amplified products were checked and
purified using 1.0% low-melting agarose gel electrophoresis and
sequenced on 3,730 xI DNA Analyzer (Applied Biosystems,
United States). The Cyt b gene and D-loop region were
sequenced bi-directionally and unidirectionally, respectively.
Cyt b contigs were assembled using SEQMAN (Swindell and
Plasterer, 1997). All sequences were aligned, checked, and
trimmed using MEGA X (Kumar et al., 2018). The Cyt b
sequences and D-loop sequences were concatenated to form
combined sequences.

Haplotype network analyses

PopART 1.7.2 was used to reconstruct phylogenetic
relationships among haplotypes via a median-joining network
method (Leigh and Bryant, 2015). To characterize the genetic
resources of different strains and populations, Cyt b and D-loop
sequences of CR (n = 10), CH (n = 6), and CC (n = 4) were
downloaded from Zhou et al. (2004) to construct a haplotype
network diagram. Due to no corresponding Cyt b and D-loop
sequences published for CCH and the fact that most previous
studies considered that the three abovementioned subspecies
were sources for PF-carp selection breeding, our study did
not include CCH.

Evaluation of genetic diversity and
differentiation

The genetic diversity indices of the number of haplotypes
(H), haplotype diversity (Hg) (Shohdy and West, 2020),
private haplotype (ph) and nucleotide diversity () were
assessed with Dansp 6.0 (Rozas et al., 2017) for 17 populations
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and five strains. Genetic differentiation among and within
the five strains was estimated from the fixation index (Fsr)
using Arlequin 3.5 (Excoffier and Lischer, 2010). Analysis
of molecular variance (AMOVA) in Arlequin 3.5 was
implemented to partition total genetic variation among
and within strains and populations. Both Fst calculation and
AMOVA were based on the pairwise difference between
to a

haplotypes  estimated

permutation procedure (1,000 permutations/analysis).

according non-parametric
In
order to assess the possible occurrence of an isolation-by-
distance pattern, a Mantel test was carried out in Arlequin 3.5.
Geographic distances among localities were estimated using

Google Earth pro.

Results

Data information

For all the individuals analyzed (n = 524), we obtained
sequences of 948 bp of the Cyt b gene and 708 bp of the
D-loop after alignment and trimming. Sixty variable positions
(48 parsimony-informative) and 41 variable positions (31
parsimony-informative) were found in the Cyt b and D-loop,
respectively. A total of 66 haplotypes were obtained from the
concatenated sequences (1,656 bp).

Haplotype network analysis

A haplotype network can reveal evolutionary relationships
and frequency distributions of haplotypes among populations.
the
parsimony procedure for all strains (Figure 3) and for

Haplotype networks were obtained by statistical
three strains (WL, JBL, and SJL) containing more than
two populations (Figure 4). Frequencies and distributions
of each haplotype among the studied populations are
presented in Supplementary Table 2. Overall, 1/66, 8/66,
and 57/66 haplotypes originated from CC, CH, and CR,
respectively (Figure 3). The genetic sources of DTL and
SJL were derived from CC, CH, and CR, while the genetic
resources of JBL, RY, and WL derived from CH and CR
(Figure 3). According to the haplotype network of DTL
(Figure 4A), CJ shared haplotypes with the other four
populations, while Guigang (GG) and Liannan (LN) only
shared haplotypes with Congjiang (CJ). In addition, Huanjiang
(HJ) and Rongshui (RS) shared haplotypes. It was worth
noting that only one shared haplotype was detected within
three populations of JBL (Figure 4B). The pattern of shared
haplotypes among eight populations within WL strain was

frequently observed (Figure 4C).
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Haplotype network of five strains and three subspecies, including Cyprinus carpio carpio (CC), Cyprinus carpio haematopterus (CH) and
Cyprinus carpio rubrofuscus (CR). Cycle size is roughly proportional to the haplotype frequency. DTL, Daotian carp; RY, Ru Yuan No. 1; JBL,

Jinbian carp; SJL, Shaijiang carp; WL, Wu carp.

Genetic diversity of PF-carp

The indices of genetic diversity H, Hd, and = are
summarized in Table 1. A total of 66 haplotypes were obtained
from the 524 individual sequences, with 39, 16, 5, 8, and
32 haplotypes from the DTL, JBL, RY, SJL, and WL strains,
respectively. There was a high overall haplotype genetic diversity
(Hd =
(7 = 0.0061) was observed in all strains. Hd of each population
ranged from 0.559 (RY) to 0.953 (Du’an; DA), while 7t ranged
from 0.0011 (RY) to 0.0079 (CJ]). Meanwhile, the WL strain
showed the highest number of unique haplotypes (ph = 16).

0.959) while a relatively low nucleotide diversity

Inter-strain differentiation

In the pairwise comparisons of different strains, significant
values of Fst occurred in all pairs (Table 2), ranging from
0.051 to 0.365. It was noteworthy that RY exhibited high levels
of differentiation from DTL, JBL, SJL, and WL (Fst = 0.171,
0.248, 0.365, and 0.212, respectively). SJL showed moderate
levels of differentiation from JBL and WL (Fsy = 0.148, 0.149,
respectively). According to the results of the AMOVA, the
majority (89.13%) of the genetic variation was attributed to
variation within strains. Moderate levels of differentiation were
detected among all the strains (Fst = 0.109, P < 0.001, Table 3).
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Intra-strain differentiation

To further explore the differentiation among populations
within strains, average pairwise Fsy was calculated for
DTL, JBL, and WL, strains that contained more than
two populations. The Fgy values of DTL ranged from
0.072 to 0.359. Interestingly, a significantly high degree
of differentiation was observed between RS and all other
populations (Supplementary Table 3). Similarly, HJ also
displayed a high level of differentiation from other populations
except for a moderate level with CJ. Analysis of molecular
variance showed that 76.63% of the genetic variation existed
within populations (Table 4).

A vparticularly high level of differentiation was detected
between populations of the JBL strain, including Sanjiang (SJ),
Rongshuijinbian (RSJ), and Xiaorong (XR) (ranging from 0.217
to 0.282) (Supplementary Table 4). According to the results of
AMOVA, the 73.81% of the genetic variation was attributed to
variation within populations (Table 4).

With respect to the WL strain, the differentiation level was
relatively low among eight populations, varying from —0.042 to
0.176 (Supplementary Table 5). Fst values were significant for
7 of 28 combinations of pairs, within which a moderate level of
differentiation was only observed in three pairs. The AMOVA
results also showed a relatively high percentage of variation
within populations (97.28%) (Table 4).
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Haplotype network of PF-carp. Panels (A—C) represents Daotian carp (DTL), Jinbian carp (JBL), and Wu carp (WL), respectively. Cycle size is
roughly proportional to the haplotype frequency. Location abbreviations refer to Figure 1 and Supplementary Table 1.

The Mantel test revealed no significant correlation between
geographic distance and Fgr for the three strains, (DTL:
P =0.345, JBL strain: P = 0.188, and WL: P = 0.738).

Discussion

Germplasm resources of PF-carp

It has been suggested that common carp primarily consists
of three subspecies in European and Asian populations: CC,
CH, and CR, an exception being CCH in lakes of the Yunnan-
Guizhou plateau of China (Wu, 1977a; Zhou et al., 2003;
Wang et al, 2010). In accordance with Cheng et al. (2021),
the haplotype network in our study indicated that the majority
haplotype (57/66) originated from CR, and thus this strain
was deemed as the main matrilineal resource of the PF-carp.
Moreover, certain frequencies of the mitochondrial haplotypes
of CC (1/66) or CH (8/66) were also detected in these PF-
carp. Considering that CC is distributed over vast areas of
central Asia, Europe, and Xinjiang in China, one explanation
for this observation is introgression. During its domestication,
common carp has been intentionally introduced into different
geographical locations, generating hybridization and genetic
introgression during breeding (Wang et al., 2010; Dong et al.,
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2015). Moreover, it has been demonstrated that not only
hybridization but also introgression was detected between
European and Asian carp by mtDNA and allozyme markers
(Kohlmann et al., 2003).

Effects of artificial selection on low
genetic diversity of RY

In this study, we used one mitochondrial gene and the
mitochondrial control region to estimate the genetic diversity
and differentiation among and within strains. Notably, RY
showed the lowest level of haplotype diversity (Hd = 0.559)
and nucleotide diversity (m = 0.0011) while displaying a high
degree of differentiation from the other four strains (Table 2).
This result was consistent with our previous study that had
revealed that the genetic diversity of selectively bred populations
of RY was lower than in two landrace populations (Zhu et al,,
2018). “RY NO. 17 is the first new variety of PF-carp approved
in China, a strain that has been artificially selected for five
generations based on desirable traits of rapid growth, a round
body, and weak jumping ability. Researchers have revealed
that consecutive breeding for many generations has led to
decreased genetic diversity in golden mandarin fish (Siniperca
scherzeri Steindachner) as revealed by microsatellite markers
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TABLE 1 Estimates of genetic diversity for the 18
populations of PF-carp.

Population N H Ph Hd n

DTL 161 39 15 092240011  0.0074 + 0.0003
a 28 15 0.942+0.240  0.0079 + 0.0006
GG 31 11 0.837+0.050  0.0042 + 0.0006
HJ 46 4 0.631+0.054  0.0063 + 0.0007
LN 27 9 0.761+0.068  0.0070 + 0.0008
RS 29 7 0.645+0.094  0.0042 + 0.0012
JBL 64 16 3 0.902+0.020  0.0058 + 0.0004
RS] 14 4 0.780 +0.061  0.0035 + 0.0008
SJ 30 7 0.708+0.072  0.0042 + 0.0005
XR 20 6 0.747 +0.074  0.0064 + 0.0008
RY 65 5 4 0.559+0.050  0.0011 + 0.0003
SIL 42 8 2 0.725+0.057  0.0063 + 0.0008
WL 192 32 16 0.936+0.006  0.0054 + 0.0002
DA 20 13 0.953+0.028  0.0043 + 0.0007
ES 39 14 0.896 +0.025  0.0053 + 0.0005
GL 18 11 0.91540.050  0.0059 + 0.0009
LC 24 16 0.935+0.039  0.0055 + 0.0006
NN 31 10 0.903 +0.027  0.0055 + 0.0004
QY 24 12 0.942+0.023  0.0057 + 0.0005
Qz 27 9 0.883+0.033  0.0045 + 0.0005
YZ 9 7 0917 +0.092  0.0061 + 0.0007
Overall 524 66 40 0.959+0.002  0.0061+ 0.0002

N, Number of each strain or population; H, Number of haplotypeph; ph, Private
haplotype; Hd, Haplotype diversity; 7, Nucleotide diversity. Location abbreviations refer
to Figure 1 and Supplementary Table 1.

(Luo et al,, 2015). Likewise, artificial selection is likely to have
imposed distinctive signatures on Atlantic salmon (Salmo salar)
characterized by reduction in genetic diversity and high genetic
differentiation from other populations (Lopez et al, 2019).
The effects of artificial selection practices on loss of genetic
diversity have been reflected in other aquaculture species such
as the Pacific abalone (Haliotis discus hannai) (Chen et al,
2017), the eastern oyster (Crassostrea virginica Gmelin) (Yu and
Guo, 2004) and clam (Meretrix petechialis). Long-term mass
selection increases the levels of inbreeding and co-ancestry,
thereby decreasing the pool of genetic diversity (Rodriguez-
Ramilo et al., 2015). Therefore, it is reasonable to believe that
genetic diversity of RY has been eroded by continuous intense
selection practices.

Genetic differentiation and diversity of
PF-carp cultured under traditional
rich-fish systems

Researchers have pointed out that vicariance and geographic

isolation contribute to genetic differentiation. In our case, it was
noteworthy that the three populations of the JBL strain (SJ, RSJ,
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and XR) exhibited significantly high differentiation. Similarly,
both HJ and RS were significantly differentiated from other
populations of the DTL strain (Supplementary Table 3). The
common point shared by these five populations was that they
all originated from remote mountainous areas that hindered
genetic exchange with other populations and thus intensified
differentiation.

In this study, indigenous PF-carp in these regions are
managed in traditional rice-fish co-culture systems, where
farmers maintain small numbers of parental carp and produce
fry for themselves. Unlike crop seeds that can be stored
and transmitted from a long distance (Pautasso et al,, 2013),
parental PF-carp used in rice-fish co-culture systems have
to be continuously cultivated by farmers. Notably, farmer
connectivity (parental carp exchange and fry transmission)
is indispensable to promote gene flow and maintain a high
level of genetic diversity (Ren et al, 2018). Considering
inbreeding, artificial selection or lack of farmer connection
would gradually degrade the genetic diversity (Kincaid, 1983;
Ren et al, 2018), and thus it was no wonder that the
nucleotide diversity values of RS (7t = 0.0042), RSJ (7 = 0.0035)
and SJ (m = 0.0042) were relatively low compared to
other populations.

By contrast, the populations of the WL strain exhibited a
low degree of differentiation (Supplementary Table 5). The
WL strain is the most widely farmed strain in southwestern
China, and parental carp and fry are frequently exchanged. In
traditional farming systems, seed exchange can help maintain
genetic diversity (Deletre et al, 2011; Labeyrie et al, 2016;
Ren et al, 2018). Farmers dynamically manage agricultural
biodiversity by continually collecting, testing, and selecting
seeds with unusual and interesting traits through exchanging
germplasm with other farmers (Deletre et al., 2011).

Implications for management and

conservation

Research has revealed how the genetic diversity of crops and
livestock can be maintained in traditional agricultural systems

TABLE 2 Pairwise Fst (below diagonal) and significance probability
estimates (above diagonal) among strains.

Strain DTL JBL RY SJL WL
DTL O Lt k% *% 4%
]BL 0053 O kot kot %
RY 0.171 0.248 0 o o
SJIL 0.053 0.148 0.365 0 o
WL 0.051 0.067 0.212 0.149 0
P < 0.001.

DTL, Daotian carp; RY, Ru Yuan No. 1; JBL, Jinbian carp; SJL, Shaijiang
carp; WL, Wu carp.
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TABLE 3 Analysis of molecular variance (AMOVA) of strains.

10.3389/fevo.2022.896609

Source of variation d.f. Sum of squares Variance components Percentage of variation F-statistic
Among strains 4 236.741 0.567 10.87 0.109**
Within strains 519 2411.269 4.646 89.13

Total 523 2648.01 5212

©*P < 0.001.

TABLE 4 Analysis of molecular variance (AMOVA) of Daotian carp (DTL), Jinbian carp (IJBL), and Wu carp (WL).

Source of variation d.f. Sum of squares Variance components Percentage of variation F-statistic
DTL

Among populations 4 210.444 1.499 23.37 0.234%**
Within populations 156 766.935 4916 76.63

Total 160 977.379 6.415

JBL

Among populations 2 64.371 1.391 26.19 0.262***
Within populations 61 239.176 3.920 73.81

Total 63 303.547 5.312

WL

Among populations 7 50.914 0.122 2.72 0.027
Within populations 184 806.356 4.382 97.28

Total 191 857.271 4.504

©P < 0.001.

(Jarvis et al., 2008; Deletre et al., 2011; Labeyrie et al., 2016).
For example, farmers are typically exchanging seed material with
neighbors, relatives, and distant farmers, moving crop genetic
diversity across farming units.

Moreover, farming practices including different cultivation
methods and the use of multiple varieties shaped by culture,
economics, and religion have been demonstrated to help
conserve genetic diversity (Berthouly et al., 2009; Boettcher
and Hoffmann, 2011). According to Ren’s model, the genetic
diversity (He) of PF-carp is positively related to the number
of connected rice-fish farming farmer households and the
frequency of exchange among these households (Ren et al,
2018). In this study, nucleotide diversity of RS, RS, and S] was
relatively low due to the lack of farmer connectivity. Therefore,
it is necessary to encourage local farmers to share parental
carp and fry to avoid genetic degradation and to maintain
a dependable supply of genetically diverse fish. As for the
geographically specific strains such as JBL and SJL, attention
should be paid to preserve the native nucleotide diversity. On
one hand, farmers should mind the intensity of selection and
enhance communication with other RF-farmer households. On
the other, farmers should watch out for introgression of exotic
species. For example, we observed that CC genetic resources
have invaded PF-carp in China, and this serves as a warning
to trace the genetic origin of introduced common carp and to
preserve native germplasm resources.
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