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Rock carp, Procypris rabaudi, is a vulnerable carp endemic to the upper reaches of the 
Yangtze River and included in the National Key Protected Wildlife in 2021 as a second-
class aquatic animal. Evaluating the genetic makeup of released individuals before a 
restocking activity is carried out is essential, and a molecular marker with simple, rapid, 
and universal characteristics will be helpful to the evaluation. In this study, the genetic 
diversity and structure of rock carp from two representative hatcheries [Yibin (YB) and 
Wanzhou (WZ)] and a section of the upper Yangtze [Zhuyang (ZY)] were investigated 
using three mtDNA markers to select one marker instead of genetic evaluation of release. 
The results of three mtDNA markers revealed basically the same, indicating that the level 
of genetic diversity in rock carp was low, and there was significant genetic differentiation 
between the ZY and YB. Except for Cyt b–labeled YZ (0.81) and D-loop–labeled WZ 
(0.59), most of the haplotypic diversity values (h) were below 0.5, the nucleotide diversity 
values (π) of each group were lower than 0.5 × 10-2, and the haplotype number of rock 
carp is 1 to 4. Among the three mtDNA markers selected, D-loop marker detected higher 
diversity, more haplotypes, and private haplotypes, and significant differences between 
the YB and WZ. The results in this study pointed out the importance of pre-release 
genetic evaluation and the urgency of protecting the genetic diversity of rock carp, and 
the D-loop marker was preferentially selected in the pre-release genetic evaluation of fish. 
Hatchery release is the main strategy for the recovery of rock carp populations, similar 
to more than 20 endemic fish species in the upper Yangtze River. This study has guiding 
significance for the protection and restoration of other endemic fishes in the Yangtze River 
by hatchery release.
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INTRODUCTION

Rock carp, Procypris rabaudi, is an endemic and vulnerable 
Cyprinid fish in the upper Yangtze River (Yang et  al., 2009). 
The fish is demersal, inhabits mainly slow-flowing areas with 
rocky substrate, and spawns under rocky shelters in rushing 
streams (Wang et al., 2015). Rock carp had relatively extensive 
distribution records in the mainstem of the upper Yangtze and its 
tributaries, such as the Jinsha River, Jialing River, and Minjiang 
River (Yang et al., 2009; Wang et al., 2015). The upper mainstem 
and its tributaries are typical canyon rivers with steep gradients, 
staggered shoals, and rapids (Cheng et  al., 2015). Hence, the 
fish have extensive distribution in the upper Yangtze, and its 
suitable habitats may be limited. A lot of dams have been or 
are being constructed in the upper Yangtze, such as 10 cascade 
dams in the middle and lower reaches of the Jinsha River, which 
have dramatically degraded the habitats of the fish (Cheng 
et  al., 2015). Combining other anthropogenic effects including 
the construction of shipping channels, water pollution, and 
overfishing, wild populations of rock carp have dramatically 
declined and become extremely rare in its native habitats (Yang 
et al., 2009; Cheng et al., 2011; Wang et al., 2015). As a result, 
the fish has been listed as a second-class aquatic animal in the 
National List of Key Protected Wild Animals in 2021 (Zhang 
et  al., 2022). Furthermore, many endemic fishes in the upper 
Yangtze River, such as Acipenser dabryanus, Percocypris pingi, 
and Myxocyprinus asiaticus, have similar threats to rock carp. 
Population conservation and restoration of these endemic fishes 
have greatly been concerning.

Hatchery release is one of the major techniques for fish 
stock enhancement and has been practiced as a major strategy 
for population conservation and restoration of endemic fishes 
in the upper Yangtze River (Cheng et  al., 2011; Yang and Wei, 
2021; Zhang et  al., 2022). A total of 2.77 × 107 and 1.65 × 107 
endemic fishes were resealed into the upper Yangtze River in 
replenishment activities in Sichuan province and Chongqing city 
only in 2019 and 2020, respectively (Fishery Supervision and 
Administration Office of the Yangtze River Basin, 2019; 2020). 
Rock carp are the main component of these released endemic 
fish. For example, at least 2.29 × 107 rock carp were released by 
replenishment activities in Wanzhou district, Chongqing city, 
between 2013 and 2017 (Zhang et  al., 2022). However, when 
the release of individuals with substantially different genetic 
backgrounds contributes to gene flow in wild populations, 
hatchery release may have potentially adverse effects such as 
loss of genetic diversity, alteration in genetic structure, and a 
decrease in effective population size (Cross, 1999; Bert et  al., 
2001; Grant et al., 2017). To rock carp, Cheng et al. (2011) found 
lower genetic diversity in hatchery individuals and hybrids with 
released individuals in the wild population. Zhang et al. (2022) 
demonstrated the genetic effects of hatchery release, which 
resulted in a substantial change in the genetic structure of the wild 
population and the threat of inbreeding decline of this vulnerable 
fish. Both studies used different microsatellite loci to compare 
population genetics between wild and hatchery groups of rock 
carp (Cheng et al., 2011; Zhang et al., 2022). Microsatellite marker 
can reveal abundant genetic information for analysis, is laborious 

and time-consuming, and needs a specific primer for loci 
amplification (Liu and Cordes, 2004; Portnoy and Heist, 2012). 
Evaluating the genetic makeup of released individuals and their 
genetic effects on wild counterparts prior to restocking activity 
is critical to ensuring population conservation and restoration 
of endemic fishes in the upper Yangtze River, and a molecular 
marker with simple, rapid, and universal characteristics will be 
helpful to the evaluation of pre-released.

Mitochondrial (mtDNA) markers are frequently used to reveal 
genetic diversity and structure, population origins and mixing, and 
hybrid introgression of fishes (Jackson et al., 2012). This has been 
attributed to its practical advantages such as simpler operation, 
universal primer, and quick and comparable results, in part due 
to faster accumulating of sequence divergence in vertebrate than 
in nuclear DNA (Brown, 1985; Liu and Cordes, 2004). Common 
mtDNA markers applied in fish include the cytochrome oxidase 
I (CO I), cytochrome b (Cyt b), and the control region (D-loop). 
Among these markers, the D-loop is a non-coding region and 
exhibits generally higher genetic variations relative to coding 
regions such as the CO I and Cyt b (Keeney and Heist, 2006; 
Jackson et  al., 2012; Portnoy and Heist, 2012). Furthermore, 
the genetic diversity and structure of rock carp are relatively 
clear (Cheng et al., 2011; Song et al., 2014; Zhang et al., 2022). 
In general, wild populations of the fish showed a moderate level 
of genetic diversity and no obvious geographical distribution 
patterns in the Yangtze River (He et al., 2008; Zhu et al., 2008; 
Zhang et  al., 2020); hatchery-raised individuals showed lower 
genetic diversity and significant genetic differentiation with 
wild populations and among different hatcheries (Cheng et al., 
2011; Yue et al., 2021). In addition, impacts of hatchery release 
on the genetic makeup of wild rock carp in the upper Yangtze 
have already been demonstrated (Cheng et al., 2011; Zhang et al., 
2022).

Hatchery releases have not always achieved the anticipated 
population conservation and restoration of endemic fishes in 
the Yangtze River (Wei, 2020; Xie, 2020; Yang and Wei, 2021). 
One reason may be that many individuals in released fishes 
are genetically inferior to wild individuals (Cheng et  al., 2011; 
Grant et al., 2017). A molecular marker with practical advantages 
will be helpful to evaluate rapidly genetic makeup of released 
individuals before restocking activity which is important to 
improve the restocking plan and to predict genetic effects on wild 
counterparts. In this study, samples of rock carp were collected 
from representative hatcheries and the upper reaches of the 
Yangtze River, and the genetic diversity and structure of sampling 
groups were investigated using three mtDNA markers. The aim 
of this study was to prioritize mtDNA markers for pre-released 
genetic evaluation of rock carp, which would also be helpful 
to hatchery release protect the population conservation and 
restoration of other endemic fishes in the upper Yangtze River.

MATERIALS AND METHODS
A total of 21 adult individuals as a wild population (ZY) were 
collected from fishers located in the Zhuyang section of the upper 
Yangtze River in 2020 (Figure 1). ZY section is a main habitat 
and spawning ground of the fish and is an important part of the 
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National Natural Reserve Areas of Rare and Special Fishes in 
the upper reaches of the Yangtze River (Cheng et al., 2011). Two 
released groups of the fish were sampled from the Yibin hatchery 
of Sichuan province (YB) and Wanzhou hatchery of Chongqing 
city (WZ) in 2020. Fin specimens were collected from 30 adult 
individuals for each hatchery. The Yibin hatchery collected the 
original broodstock of rock carp from the Zhuyang section in 
the 1990s and produced the majority of released rock carp for 
Sichuan province, China (Cheng et  al., 2011). The Wanzhou 
hatchery is a major supplied hatchery for released activities 
of Chongqing city; however, the information on the original 
broodstock of the Wanzhou hatchery is unknown (Zhang et al., 
2022). All specimens were collected and fixed immediately with 
95% ethanol and stored at −20°C in the laboratory.

Total DNA was extracted using an animal genomic DNA 
extraction kit (Sangon, Shanghai, China). DNA quality and 
concentration were determined by agarose gel electrophoresis 
and spectrophotometer (Eppendorf, Germany). For partial 
sequences of the mtDNA CO I marker, universal primers were 
FishF1 and FishR1, and amplification was performed following 
Ward et  al. (2005). For partial sequences of the mtDNA Cyt 
b marker, universal primers were L14724 and H15915, and 
amplification was performed following Xiao et  al. (2001). For 
partial sequences of the mtDNA D-loop marker, universal 
primers were MitD1-F and MitD1-R, and amplification was 
performed following Dong et al. (2014). Products of polymerase 
chain reaction (PCR) products were detected by agarose gel 
electrophoresis and purified and sequenced by a commercial 
sequencing company (BGI, Shenzhen, China).

The Clustal X software (version 1.83) was used to edit and 
align sequences of the three markers (Thompson et  al., 1997). 
The MEGA 5.0 software translated sequences into amino acids 
to check for sequencing errors and pseudogene presences for 
the mtDNA CO I and Cyt b markers (Tamura et  al., 2011). 
The DnaSP v5.1 software calculated standard genetic diversity 
indices for sequences of the three mtDNA markers such as 

the haplotype number (k), haplotypic diversity (h), average 
pairwise sequence differences (П), and nucleotide diversity 
(π) (Librado and Rozas, 2009). The ARLEQUIN v3.1 software 
estimated genetic differentiation among the three sampling 
groups through mean pairwise differences (NST) for each marker 
(Excoffier et al., 2005), and p < 0.05 was used to screen out the 
significant differences between different populations. The TCS 
v1.21 software constructed a minimum-spanning haplotype 
network to evaluate relationships between sampling groups and 
the distribution of haplotypes for each marker using a statistical 
parsimony procedure with 95% connection limits (Clement et al., 
2000). The DnaSP v5.1 software also evaluated the historical 
dynamics of the population through the mismatch distribution 
analysis and implemented Tajima’s D test and Fu’s Fs statistic for 
the neutrality test in the wild population. The ARLEQUIN v3.1 
software assessed the goodness of fit by the raggedness index (r) 
and the sum of square deviations (SSD) between the observed and 
expected mismatch with 1,000 parametric bootstrap replicates 
for the wild population.

RESULTS
Partial sequences of the mtDNA CO I, Cyt b, and D-loop 
markers were extracted from about 900, 997, and 637 base pairs 
for furthermore analysis, respectively. No indels, sequencing 
errors, and pseudogenes were detected from the CO I and Cyt 
b sequences. The D-loop sequence showed relatively higher 
variations and diversities than the CO I and Cyt b sequences. 
Haplotypes were detected in four (GenBank: 2562447) from 
the CO I sequences, five (GenBank: 2563182) from the Cyt 
b sequences, and six (GenBank: 2562496) from the D-loop 
sequences. Variable sites, parsimony informative sites, and G+C 
content were 7, 5, and 45.0% in the CO I sequence; 6, 4, and 
41.7% in the Cyt b sequences; and 22, 8, and 27.8% in the D-loop 
sequences, respectively. Haplotypic and nucleotide diversity 
indices were 0.31 and 0.16 × 10−2 in the CO I sequence, 0.37 and 

FIGURE 1 |   Sampling sites of Procypris rabaudi for the wild population (ZY), Yibin hatchery (YB), and Wanzhou hatchery (WZ) in the upper Yangtze River. Main 
section of the National Natural Reserve Areas of Rare and Special Fishes of the Upper Yangtze River is shown using gray, and main tributaries, the Three Gorges 
Dam, and 10 cascade dams in the middle and lower reaches of the Jinsha River are located
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0.79 × 10−3 in the Cyt b sequences, and 0.39 and 0.35 × 10−2 in the 
D-loop sequences, respectively.

Among the sampling groups, the k, h, П, and π values of the 
CO I sequences were lowest in the YB and similar between the 
ZY and the WZ and ranged from 1 to 4, 0.00 to 0.47, 0.00 to 
2.00, and 0.00 to 0.22 × 10−2, respectively (Table 1). The diversity 
indices also were lowest in the YB and highest in the ZY, and 
the k, h, П, and π values ranged from 1 to 4, 0.00 to 0.81, 0.00 
to 1.90, and 0.00 to 0.19 × 10−2, respectively (Table 1). However, 
the genetic diversity indices of the D-loop regions were relatively 
higher than the other two markers’ sequences in all groups and 
ranged from 2 to 4, 0.11 to 0.59, 1.26 to 2.67, and 0.20 × 10−2 to 
0.42 × 10−2, respectively (Table 1).

Significant genetic differences were detected between the 
YB and other groups and not found between the ZY and WZ 
by the three mtDNA markers (p < 0.05) (Table 2). The D-loop 
marker also detected significant genetic differences between 
the YB and WZ (p < 0.05) (Table  2). The minimum-spanning 
haplotype network of the three mtDNA markers indicated a 
segregating trend between the wild population and hatchery 
groups (Figure 2). Among four haplotypes of rock carp detected 
by the CO I marker, the ZY processed two private (Hap 2 and 
Hap 4) and shared Hap 3 with the WZ and Hap 1 with the YB 
and WZ, and similar haplotype networks among the three 
sampling groups are also detected by the Cyt b and D-loop 
markers (Figure  2). Furthermore, the D-loop marker detected 
more private haplotypes among the groups than the other two 
markers, which showed the three groups had, respectively, one 
private haplotype (Figure 2).

Similar results in historical dynamics of the wild population 
were revealed by the three mtDNA markers, which failed to 
reject the raw hypothesis of population inflation and neutrality 
theory. The mismatch distribution analysis showed multimodal 
distribution (Figure 3). The goodness of fit and neutrality tests 
did not detect a significant departure from the raw hypothesis, 
except for the mtDNA CO I and D-loop–labeled markers SSDs 
(p < 0.05) (Table 3).

DISCUSSION

The three mtDNA markers revealed consistent results and 
indicated a low level of genetic diversity in rock carp and 
significant genetic differentiation between the wild population 

and the YB hatchery group. These results pointed out the 
importance of genetic evaluation of pre-released and the urgency 
in protecting the genetic diversity of rock carp. Among the three 
mtDNA markers, the D-loop marker showed higher genetic 
variations and more effective detection in genetic makeups 
among different groups of rock carp, which may be preferred in 
pre-released genetic evaluation for the fish. Hatchery release is 
a major strategy for population conservation and restoration of 
rock carp, similar to over 20 endemic fishes in the upper Yangtze 
River (Yin and Zhang, 2008). Application of pre-released genetic 
evaluation is suggested for protecting the genetic diversity of 
rock carp and avoiding genetic risks of hatchery-raised fish 
released based on our results. This study also is instructive for 
hatchery release for population conservation and restoration of 
other endemic fishes in the upper Yangtze River.

A low level of genetic diversity in rock carp was revealed by 
the mtDNA markers, which may be related to the genetic impacts 
of released hatchery-raised individuals. Most of the h values were 
below 0.5, except for the YZ (0.81) by the Cyt b marker and the 
WZ (0.59) by the D-loop marker; the π values of all groups were 
below 0.5 × 10−2, and the k values ranged from 1 to 4 in rock 
carp. All these results showed low genetic diversity, which was 
consistent with the recent results of rock carp (Zhang et al., 2020; 
Yue et al., 2021). The h and π values of the D-loop marker were 
0.41 and 0.13 × 10−2 and 0.40 and 0.13 × 10−2 for two released 
hatcheries of Chongqing city (Yue et al., 2021), and the h and π 
values of the Cyt b marker were 0.63 and 0.14 × 10−2 and 0.46 
and 0.10 × 10−2 for wild populations from the Wanzhou section 
and the Chishui River of the upper Yangtze, respectively (Zhang 
et al., 2020). Compared with earlier results of wild populations, 
our results showed a sharp decrease in genetic diversity in the 
last decade with the implementation of the mass-scale release of 
hatchery fish. The h and π values of the D-loop marker ranged 
from 0.60 to 0.97 with a mean of 0.86 and from 0.25 × 10−2 to 
1.60 × 10−2 with a mean of 0.79 × 10−2 for eight wild populations 
collected from 2002 to 2006 (Song et al., 2014). Research studies 
before 2010 also showed high genetic diversity of rock carp, such 
as three wild populations with average h = 0.86 using the D-loop 
marker and two wild populations with average h = 0.88 using 
the Cyt b marker (He et al., 2008; Zhu et al., 2008). The research 
using microsatellite markers had identified the negative effects 
of hatchery release on the genetic diversity and structure of rock 
carp (Cheng et  al., 2011; Zhang et  al., 2022). Combined with 

TABLE 1 | Genetic diversity indices for partial sequences of the mtDNA CO I, Cyt b, and D-loop markers in the wild population (ZY), Yibin hatchery (YB), and Wanzhou 
hatchery (WZ) of Procypris rabaudi.

mtDNA Marker Sampling Group Haplotype Number (k) Haplotype Diversity (h) Ave. Nucleotide Dif. (П) Nucleotidic Diversity (π)

CO I ZY 4 0.47 1.98 0.22 × 10−2

YB 1 0.00 0.00 0.00
WZ 2 0.40 2.00 0.22 × 10−2

Cyt b ZY 4 0.81 1.90 0.19 × 10−2

YB 1 0.00 0.00 0.00
WZ 3 0.38 0.91 0.91 × 10−3

D-loop ZY 4 0.45 2.67 0.42 × 10−2

YB 2 0.11 1.26 0.20 × 10−2

WZ 4 0.59 2.63 0.41 × 10−2
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other research, our results may be indicated that hatchery release 
is likely to important reason for the sharp decrease in genetic 
diversity of rock carp, which is consistent with the reference of 
Zhang et al. (2020). Genetic diversity is closely associated with 
population adaptation and fitness and is important to the long-
term persistence of a species (Schindler et al., 2010; Grant et al., 
2017). Thus, our results pointed out the importance of pre-
released genetic evaluation and the urgency of protecting the 
genetic diversity of rock carp.

Significant genetic differences were detected between the ZY 
and YB, which were consistent with the results using microsatellite 
markers and cautioned the genetic impacts of released hatchery-
raised rock carp (Cheng et al., 2011). The observed segregating 
trend of the haplotype network between the wild population 
and hatchery groups also supported the results of population 
differentiation. Previous research showed that no genetic 
differentiation and obvious geographical distribution patterns 
were found in wild populations of the fish using the mtDNA 
markers (He et al., 2008; Song et al., 2014; Zhang et al., 2020). 
However, recent research demonstrated genetic differentiation 
between the Wanzhou population and other natural populations 
due to long-term released activities of hatchery-raised rock carp 

in Wanzhou, Chongqing city (Zhang et al., 2022). Furthermore, 
the YB, the same broodstock in Cheng et  al. (2011), showed 
extremely low genetic diversity and dramatically homogenizing 
of genetic variability in the last decade. Broodstock is generally 
small for economic efficiency to reduce the costs in hatchery 
practices, which inevitably produces a cohort of individuals that 
differs genetically from the wild population (Araki et al., 2007; 
Araki et al., 2008; Grant et al., 2017). Hybridizations with released 
hatchery-raised individuals like the YB have the potential to 
lower the fitness of wild counterparts. In addition, our results in 
historical dynamics indicated that the wild population complied 
with the neutrality theory and held relatively stable. Protecting 
the genetic resources of wild populations is an important mission 
in implementing stock restoration (Teletchea and Fontaine, 2014; 
Grant et  al., 2017). Combined with this research, our results 
underscored the importance of broodstock management in the 

TABLE 2 | Pairwise differences (NST) among the wild population (ZY), Yibin hatchery (YB), and Wanzhou hatchery (WZ) of Procypris rabaudi using partial sequences of 
the mtDNA CO I, Cyt b, and D-loop markers.

  CO I Cyt b D-loop

Sampling group YB WZ YB WZ YB WZ

ZY 0.16* −0.12 0.05* −0.05 0.25* −0.14
YB   0.25   0.04   0.18*

*p < 0.05.

FIGURE 2 | Statistical parsimony network based on haplotype frequencies of 
the mtDNA CO I, Cyt b, and D-loop markers among the wild population (ZY), 
Yibin hatchery (YB), and Wanzhou hatchery (WZ) of Procypris rabaudi.

FIGURE 3 | Mismatch distribution of partial sequences of the mtDNA CO I, 
Cyt b, and D-loop markers for the wild population of Procypris rabaudi.
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released hatchery. Broodstock management, especially effective 
broodstock size for rock carp, is central to successful hatchery 
release and then stock restoration (Grant et  al., 2017). The 
Ryman–Laikre model with its extensions can be used to estimate 
appropriate broodstock size (Ryman and Laikre, 1991; Waples 
et al., 2016), which should be applied in broodstock management 
of released hatcheries, especially in the YB for rock carp. A 
careful evaluation of the genetic makeup of released individuals 
before restocking activity is needed to avoid the genetic impacts 
of released hatchery-raised rock carp.

The D-loop marker results revealed higher genetic variations 
and more effective detection of the genetic makeups of different 
groups of rock carp, which may be preferred in pre-release genetic 
assessment for the fish. Compared with other mtDNA markers, 
the D-loop marker detected higher diversity, more haplotypes 
and private haplotypes, and significant differences between the 
YB and WZ. As the non-coding region in mtDNA, the D-loop 
marker generally exhibits higher genetic variations and the 
fastest evolution rate relative to coding regions such as the CO I 
and Cyt b markers (Keeney and Heist, 2006; Jackson et al., 2012; 
Portnoy and Heist, 2012). In addition, the D-loop marker was 
also the most widely used molecular marker in rock carp and 
had comprehensively depicted the genetic background of two 
hatchery groups and all wild populations across the natural range 
of the fish (Song et al., 2014; Zhang et al., 2020; Yue et al., 2021). 
It is impossible to implement a risk-free program for population 
conservation and restoration (Waples and Drake, 2004). On the 
basis of our results, pre-released genetic evaluation is proposed 
for protecting the genetic diversity of rock carp and for avoiding 
the genetic risks of released hatchery-raised individuals. The 
D-loop marker with its practical advantages may be preferred in 
the evaluation for rock carp.

CONCLUSION

Rock carp (Procypris rabaudi) is included in the National Key 
Protected Wildlife in 2021 as a second-class aquatic animal. 
Hatchery release is the main strategy for the recovery of rock carp 
populations. In this study, we presented that the D-loop marker 
was preferentially selected in the pre-release genetic evaluation 
from three mtDNA markers; the D-loop marker detected higher 
diversity, more haplotypes, and private haplotypes, and significant 
differences between the two hatcheries: YB and WZ. This study 

pointed out the importance of pre-release genetic evaluation 
and the urgency of protecting the genetic diversity of rock carp. 
Hatchery release has been practiced for more than 20 endemic 
fishes including rock carp, and the results of this study are also 
instructive to hatchery release for population conservation and 
restoration of other endemic fishes in the upper Yangtze River.
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*p < 0.05.
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