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Abstract
To investigate the genetic effects on the population of Coreius guichenoti of dam constructions in the upper
reaches of the Yangtze River, we analyzed the genetic diversity and population structure of 12 populations collected in 2009 and 2019 using mitochondrial DNA (mtDNA) control regions. There was no
significant difference in genetic diversity between 2009 and 2019 (P > 0.05), but the population structure
tended to become stronger. Genetic differentiation (FST) among five populations (LX, BB, YB, SF and
JA) collected in 2009 was not significant (P > 0.05). However, some populations collected in 2019 were
significantly differentiated (P < 0.05), indicating that the population structure has undergone change.
A correlation analysis showed that the genetic diversity of the seven populations collected in 2019 was
significantly negatively correlated with geographical height (r = −0.808, P = 0.028), indicating that the
populations at high elevations were more vulnerable than those at low elevations. In order to prevent the
further decrease of genetic diversity and population resources, some conservation and restoration suggestions, such as fish passage and artificial breeding, are put forward.
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Introduction
Coreius guichenoti (Sauvage & Dabry de Thiersant, 1874) (Cyprinidae, Cypriniformes) is one of the endemic fishes and an important economic fish in the upper
reaches of Yangtze River in China (Ding 1994; Chen et al. 2002). Due to dam
construction and environmental degradation, including the destruction of spawning and feeding grounds, the population of C. guichenoti has declined significantly
(Cheng et al. 2015). In the evaluation of the conservation status of wild vertebrates
in China, C. guichenoti is at the extremely endangered level (Jiang et al. 2016). Liu
(2004) quantitatively analyzed the priority conservation order of endemic fish in the
upper reaches of the Yangtze River by using the genetic loss coefficient and species
value coefficient, and the results showed that C. guichenoti has reached the third-class
conservation level.
Coreius guichenoti were often found in fast currents of rivers and streams near
gravel and rock crack habitats, and they feed on small fish (Chen et al. 2002). When
rivers flood, the fish usually swim upstream and spawn eggs, and the larvae develop
from March to May (Ding 1994). Therefore, a relatively long, continuous river is
necessary for embryonic development and larval growth of C. guichenoti. However,
this requirement on the natural history of C. guichenoti is in contradiction with
the construction of cascade hydropower stations in the middle and upper reaches
of the Yangtze River (Liu et al. 2020). In the past 20 years, a series of hydropower
projects have been built in the upper reaches of the Yangtze River (Fig. 1). In 2007
and 2009, Xiluodu Dam and Xiangjiaba Dam were built in the lower reaches of
Jinsha River, and these hydropower development projects have no facilities for fish
to pass through. The survival of wild fish is under serious threat. In particular, dam
construction will not only affect the spawning and development environment of
the fish, but also hinder their up-and downstream migration (Liu et al. 2018).
The habitat of species will become fragmented, and the genetic links between the
population and communication will be interrupted, which may lead to genetic bottlenecks and inbreeding. Therefore, the genetic diversity of wild populations may
be reduced. Wild species must have an available pool of genetic diversity if they
are to survive the environmental changes that exceed the limits of developmental
plasticity. If this is not the case, species extinction seems inevitable (Liu et al. 2015).
For endangered species, it is essential to maintain as much genetic variation as possible to increase the chances of their populations recovering (Hedrick et al. 2000).
Therefore, effective conservation measures should be developed to protect natural
populations of C. guichenoti.
In view of the current and potential anthropogenic negative factors affecting the
population of C. guichenoti, it is necessary to carry out long-term monitoring of the
genetic status of wild population dynamics. Especially, after the construction of Xiluodu and Xiangjiaba dams, what is the genetic diversity of the wild population of
C. guichenoti? Have these dams affected the population structure of C. guichenoti, and
to what extent?
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Previous studies have tried to evaluate genetic diversity and population structure of
C. guichenoti from other sections of the Yangtze River (Cheng et al. 2015; Zhang and
Tan 2010), but the results of these studies are inconsonant. Cheng et al. (2015) indicated
low levels of diversity and strong unidirectional gene-flow between the genetic populations, but high-genetic diversity was reported by Zhang and Tan (2010). Additionally, a
comparative study of the C. guichenoti in a large number of samples from other periods
(especially after two dam constructions since 2009) has not been reported. In this study,
we used mitochondrial DNA (mtDNA) control region to analyze the genetic diversity
and structure of 377 individuals from 12 populations of C. guichenoti, which were collected from the upper reaches of the Yangtze River in 2009 and 2019. The population
diversity and structure were compared between 2009 and 2019. Different groups were
compared within the same sampling time, and among different populations in the same
group. Understanding the genetic diversity and structure of historical and current populations will help to make the right management decisions and identify feasible conservation measures that contribute to the conservation and restoration of wild resources (Liu
et al. 2020). Meanwhile, this study also provides important information for evaluating
gene flow and genetic diversity of other species with a similar life history.

Materials and methods
Sample collection and DNA amplification
During the period of 2009 and 2019, 377 individuals of C. guichenoti were collected
from the upper reaches of the Yangtze river basin. Tissue specimens of C. guichenoti
were collected in strict accordance with relevant national laws and animal ethics
requirements. During the collection process, a small amount of fish fin tissues was
cut off and disinfected, and the fish were released into the river. Sampling sites cover
most of the distribution range of the species. To ensure comparability, sample collection was considered using the same or similar as possible sampling points in the
same water system or section. A total of five populations were collected in the Yanbian section of the Yalong River (YB), the Xufu section of the Jinsha River (SF), the
Jiangan section of the Yangtze River (JA), the Luxian section of the Yangtze River
(LX) and the Beibei section of the Jialing River (BB) in 2009. A total of seven populations were collected in the Xiqu section of Jinsha River (XQ), Hongmenchang section of Jinsha River (HMC), Longchi section of Minjiang River (LC), Caiba section
of Yangtze River (CB), Xuzhou section of Yangtze River (XZ), Jiangyang section of
Yangtze River (JY) and Liemian section of Jialing River (LM) in 2019 (Fig. 1).
To reduce the influence of different ages on the experimental error, 308 samples
aged around 3 years were selected from 377 individuals, according to the relationship
between age and body length (Ding 1994; Table 1). Total genomic DNA was extracted
from the fin clips of C. guichenoti using PureLink Genomic DNA Mini Kit (Thermo
Fisher Sentific, China).
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Table 1. Population geographic location, sample number and time for each site sampled.
Code
LX
BB
YB
SF
JA
XZ
JY
LC
LM
CB
XQ
HMC
Total

Locality
Luxian
Beibei
Yanbian
Shuifu
Jiangan
Xuzhou
Jiangyang
Longchi
Liemian
Caiba
Xiqu
Hongmenchang

N1
24
21
22
35
33
45
21
36
30
45
26
39
377

N2
21
19
20
28
28
29
20
26
30
35
22
30
308

Elevation (m)
245
212
1003
431
293
284
247
323
294
285
1115
902

Sample time
Jun 2009
Sep 2009
Aug 2009
May 2009
Jun 2009
Jun 2019
Aug 2019
Sep 2019
Oct 2019
May 2019
Nov 2019
May 2019

N1: sample number before selected; N2: sample number after selected.

Figure 1. Sampling localities of China (solid triangles indicate sites in 2009; solid circle indicate sites in
2019) of C. guichenoti. For full names of populations, see Table 1.

Primers DL1 (ACCCCTGLCTCCCAAALC, Ta: 62 °C) and DH2 (ATCTTALCATCTTCAGTG, Ta: 62 °C) (Liu et al. 2014a) were set for the amplification of
mtDNA control regions in all populations. The PCR conditions, electrophoresis and
sequencing were as described in Liu et al. (2014b).
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Genetic diversity and population structure analysis
Haplotype number (H), Haplotype diversity (h), and nucleotide diversity (π) were used to
estimate genetic diversity in mtDNA control regions (Nei 1987). Genetic diversity indices
were calculated using DnaSP 3.2 (Rozas et al. 2003). Based on the mtDNA control region,
a phylogenetic analysis was performed by Bayesian inference (BI) using Coreius heterodon
(Genbank no. FJ376082.1) and Abbottina rivularis (GenBank no. AP011257.1) as outgroups. The median connection network (MJN) method (Bandelt et al. 1999) was used by
Network v. 3.1 to describe the relationships among all haplotypes. Pair genetic differentiation (FST) among populations were estimated using Genepop v. 2.4 (Zaigham et al. 2012).

Population demography and landscape analysis
Population demography history was tested with mtDNA control region. First, Tajima’s
D (Tajima 1989) and Fu’s FS (Fu 1997) were calculated for each population, under the
recent population expansion model, using Arlequin v. 2.0. In addition, population history was studied by using DnaSP software to compare the mismatch distribution of each
geographic sample with that of stable and expanded populations. Bayesian horizon map
(BSP) was implemented in BEAST v. 1.5.4 (Drummond et al. 2005) and visualized in
Tracer v. 1.5 (Drummond and Rambaut 2007). The final analysis was performed on 50
million generations, sampled every 2,000 generations, and aged for 5 million generations.
The time for possible bottleneck or population expansion (T, calculated in substitution)
is calculated from the relation S = 2UT (Rogers and Harpending 1992), where S is the
pattern of mismatch distribution and U is the estimated mutation rate of the sequence.
Using the isolation with migration (IM) model in IMA2 program (Hey 2010),
the migration rate is calculated based on the mtDNA control region. Running IMa2
required two steps (M mode and L mode). Firstly, in M mode, the model parameter
function is estimated based on 6 ×108 MCMC steps, according to the aging cycle of
200,000 steps. Secondly, the model parameter function estimated by M mode is used
to estimate the offset rate in L mode.
To test the correlation between genetic differentiation and geographical distance,
we performed Mantel test with mtDNA data. The significance of the correlation (r) between log-transformed genetic distance and log-transformed geographic distance was
determined by using 2, 000 permutations of Distance Isolation (IBD) Web Service v.
3.1.6 (Jensen et al. 2005).

Results
Genetic diversity
Genetic diversity analysis of 12 populations was performed based on mtDNA control
region. Sequencing of 899 bp revealed 301 variable loci. The average base composition is
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Table 2. Population genetic diversity and structure statistics for the mitochondrial control region.
Population
LX
BB
YB
SF
JA
XZ
JY
LC
LM
CB
XQ
HMC

H
9
11
16
27
23
28
13
25
30
27
19
23

h
0.897
0.894
0.901
0.899
0.884
0.874
0.891
0.878
0.876
0.892
0.869
0.873

π
0.0038
0.0042
0.0047
0.0038
0.0044
0.0041
0.0042
0.0037
0.0031
0.0038
0.0045
0.0044

Fis
0.146
0.254
0.114
0.112
0.227
0.328
0.208
0.228
0.663*
0.377
0.317
0.757*

H: the number of haplotypes base on mtDNA; h: haplotype diversity based on mtDNA; π: nucleotide diversity based on mtDNA; Fis:
mean inbreeding coefficients for 12 loci.

A = 28.5%, T = 31.4%, C = 22.4% and G = 17.7%. A total of 65 haplotypes were identified from the control region sequences extracted from 308 individuals. Each population
has some private haplotypes. However, with the exception of JY, Hap1 is shared in every
population. LC, JA, XZ, HMC, and CB shared Hap3. YB, JA, SF, XZ, CB, and XQ share
Hap4. All populations shared Hap5, except LC and YB. Each population shared Hap7,
except for LX and JY. BB, JY, YB, JA, LC, and XZ shared Hap8 (Fig. 2). The haplotype diversity (h) varied from 0.869 to 0.901, and the nucleotide diversity (π) varied from 0.0031
to 0.0048. In both cases, the YB population had the highest number of individuals (Table 2). XZ and LM had the largest private number of haplotypes, 11 and 10, respectively.
The numbers of private haplotypes were the least in BB (1) and JA (1). All differences of
genetic variation (h and π) of 12 populations was not significant by paired t-test (P > 0.05).

Population Genetic structures
According to the sampling sites, the 12 populations were divided into three groups: upper group (YB, XQ and HMC), middle group (LX, JA, SF, JY, LC, CB, and XZ), and
lower group (BB and LM). AMOVA analysis of five populations (JA, YB, BB, SF, and
LX) collected in 2009 showed no significant molecular differences in mtDNA among
populations, between populations and within populations (P > 0.05; Suppl. material 1:
Table S1). AMOVA analysis of seven populations (JY, XZ, LM, CB, HMC, XQ, and
LC) from 2019 showed that the intrapopulation variance (97.05%) was significant
(P < 0.05, Suppl. material 1: Table S2).
The FST values of five populations (LX, BB, YB, SF, and JA) collected in 2009
were not significant (P > 0.05). The genetic differentiation between XQ and JA, HMC,
and BB was not significant. Two neighborhood link trees were constructed based on
the FST values in five populations (2009) and seven populations (2019). BB and LX
populations clustered together, and SF, JA, and YB populations clustered in adjacency
trees (Suppl. material 1: Fig. S1a). LC and JY, and LM and CB, are clustered together
in adjacency trees, respectively (Suppl. material 1: Fig. S1b). HMC, XZ, and XQ populations are clustered in adjacent connection trees (Suppl. material 1: Fig. S1b).
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Figure 2. Phylogenetic trees of the mtDNA control region haplotypes in C. guichenoti reconstructed
with Bayesian inference. Numbers at nodes represent Bayesian posterior probabilities and neighborjoining tree. At the right side of the figure, the numbers represent the total of individuals from different
sampling locations in each haplotype.
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Figure 3. Median-joining network of the mtDNA control region haplotypes of C. guichenoti. The size of
each circle indicates the relative frequency of the corresponding haplotype in the whole data set.
Table 3. Matrix of pairwise FST values calculated from the mtDNA control region data.
LX
BB
YB
SF
JA
XZ
JY
LC
LM
CB
XQ
HMC

LX

BB

YB

SF

JA

XZ

JY

LC

LM

CB

XQ

0.026
0.036
0.030
0.023
0.037
0.056
0.012
0.015
0.032
0.061
0.023

0.013
0.042
0.064
0.052
0.036
0.057
0.047
0.045
0.026
0.067

0.011
0.032
0.034
0.024
0.057
0.042
0.038
0.018
0.054

0.043
0.032
0.051
0.041
0.053
0.064
0.074
0.024

0.016
0.044
0.015
0.064
0.052
0.064
0.017

0.045
0.043
0.028
0.053
0.065
0.014

0.034
0.068
0.028
0.046
0.028

0.022
0.063
0.059
0.113*

0.032
0.118*
0.044

0.022
0.032

0.026

* FST values significantly different from zero (P < 0.05).

The results of mtDNA haplotype sequence analysis showed that there were four clades in the tree (Fig. 2), but no clear geographical distribution pattern was shown. Clades
1, 2, and 3, were composed of 12 population haplotypes. Clade 4 consists solely of 12
populations except for LX (Fig. 2). At the same time, the middle join network shows all
single haplotypes from 12 populations that do not form a unique geographic structure of
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Figure 4. Isolation by distance (IBD) relationship among C. guichenoti wild populations in five populations collected in 2009 a and seven populations collected in 2019 b.

the haplotype network (Fig. 3). The four centers (Hap1, Hap3, Hap4, and Hap11), rich
haplotypes, and other low-frequency-derived haplotypes were included in the haplotype
network (Fig. 3). The frequency of Hap1 (n = 20), Hap3 (n = 32), Hap4 (n = 20), and
Hap11 (n = 11) was different at different sites. Hap3 and Hap4 were not observed in the
down group (BB and LM). The analysis of the aggregation method based on the IM model showed that the level of gene flow between populations was very limited (Suppl. material 1: Fig. S2). There was no significant gene flow in any of the five populations (Suppl.
material 1: Fig. S2a; 2009) and seven populations (Suppl. material 1: Fig. S2B; 2019).

Population demography and landscape genetic analysis
Mantel test showed that geographical distance was significantly associated with genetic differentiation in five populations (2009; Fig. 4a) and seven populations (2014–2019; Fig. 4b).
However, in seven populations (2019; Fig 4b), there was a weaker (than 2009) correlation
between observed genetic differentiation and geographical distance (r = 0.1579, P = 0.2900).
The multichannel mismatch distribution, insignificant Tajima’s D and Fu’s FS values, and BSP analysis showed that SF, LX, BB, JA, YB, and XQ populations were
relatively stable. However, LC and LM suffer genetic bottlenecks and XZ suffers dilatations. The bottleneck trend in the JY population and a weak population growth trend
in the HMC and CB population.

Discussion
Changing of genetic diversity
In this study, we assessed genetic variation in twelve populations of C. guichenoti to understand the dynamics of the species’ genetic variability and its population structure and
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Table 4. Probabilities from tests (Wilconxon’s) for mutation drift equilibrium (bottlenecks) under three
mutation models (IAM, TPM and SMM).
Population
LX
BB
YB
SF
JA
XZ
JY
LC
LM
CB
XQ
HMC

I.A.M
0.1253
0.0555
0.0315*
0.2237
0.1436
0.0538
0.1708
0.0258*
0.0257*
0.1114
0.0452*
0.0384*

Probability of Wilcoxon test
S.M.M
0.5441
0.6762
0.7348
0.2657
0.9686
0.3246
0.1028
0.0413*
0.0402*
0.2026
0.2324
0.0438*

T.P.M
0.3320
0.7860
0.7327
0.3388
0.3026
0.1752
0.1929
0.0738
0.0629
0.1088
0.0526
0.0635

*P < 0.05 (rejection of mutation drift equilibrium)

explore whether the rapid reduction of genetic variability will be observed in this species.
Adaptive potential is related to genetic diversity, and the loss of genetic diversity can
increase the possibility of population extinction. Previous work has highlighted the possible importance of genetic variability in determining the health of both individuals and,
perhaps by implication, populations (Pritchard et al. 2000). Adults of C. guichenoti usually swim upstream when rivers are in flood, and after spawning they drift downstream
(at lower elevations), suggesting that the upstream region may be the breeding and distribution center of the Yangtze River and its tributaries (Cheng et al. 2015). There was
no significant difference in genetic diversity among the 12 populations by paired t-test
(P > 0.05), indicating that there was no significant decrease in genetic diversity from
2009 to 2019, through the mean value of genetic diversity in 2009 was higher than that
in 2019. Based on this result, it appears that the breeding of C. guichenoti has not been
completely disrupted by dams. Some individuals may not need to go upstream to spawn
and may be able to breed in scattered habitats, even if they are severely affected by dams.

Population genetic structure and historical dynamics
The results of AMOVA analysis showed that the genetic differentiation between populations and between populations was limited (P > 0.05), and most of the total genetic
variation occurred among individuals within groups, which was insignificant neither
(P > 0.05). The FST values showed that the population structure of each sampling site
was not significant. Moreover, these five groups do not form independent groups in
terms of population structure, and each individual actually has an equal probability
of belonging to any of these groups in any analysis. There was no obvious systematic
geographic structure among the haplotypes of the samples from different geographical
locations. The sequence differences within and between groups were small, indicating
high genetic similarity among different groups and relatively shallow population history.
The genetic differentiation of the five populations was significantly correlated with geo-
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graphical distance. After spawning, this species usually flows downstream with floods,
and when rivers are in flood, juvenile and adult fish subsequently swim upstream (Chen
et al. 2002). These life history characteristics can facilitate gene communication between
populations. Insignificant genetic differentiation among groups was also observed in
Leptobotia elongata (Bleeker, 1870) in the Yangtze River, and this was also attributed to
spawning of drifting eggs and larvae (Liu et al. 2020). This is consistent with the lack of
genetic population structure due to the spawning and life history traits of C. guichenoti
and also might be related to the uncertainty of the distance that adults swim upstream.
However, different population structures were found in seven populations collected from 2019. There were significant differences in FST values between some populations collected from 2019. The seven populations did not form an independent cluster in population structure, but the composition of each population was different. Our
AMOVA analysis showed that although the genetic differentiation between populations
was very limited, there was significant genetic variation among individuals within populations (P < 0.05). Significant differences among all populations have not yet developed,
but differences among individuals within populations are emerging. To explain this, the
dam restricted the genetic links between the upstream and downstream populations of
C. guichenoti, splitting them into small, isolated populations. A strong, though occasionally permeable, barrier to transmission may exist to limit the flow of genes between sites.
In this case, the species’ habitat becomes fragmented, which not only affects the spawning
and development environment of C. guichenoti, but also impedes upstream and downstream migration and gene exchange. Thus, weak correlation between the observed genetic differentiations and geographical distances was found in seven populations (2019,
P > 0.05) while it is significant negative correlation in five populations (2009, P < 0.05).
As the hydrological environment changes, the individuals within the population become
different. Then there may be a strong demographic structure in the future. Furthermore,
compared with large populations, small populations are more prone to inbreeding and loss
of genetic diversity due to genetic drift and bottlenecks (Hoffman et al. 2009). In addition,
the formation of reservoirs in the upper reaches of the Yangtze River has greatly changed
the hydrological environment, which may damage the habitat and spawning grounds of
C. guichenoti. Due to the lack of running water, larvae may not develop successfully. As
a result, the abundance and genetic diversity of wild populations will inevitably decline.

Suggestions for conservation
Though the decrease of genetic diversity was not significant from 2009 to 2019, the
population structure of C. guichenoti showed a trend of change. If conservation and restoration measures will be not carried out, a loss of genetic diversity may occur in the future.
Loss of genetic diversity will impair the ability of the population to respond to environmental changes, so conservation of genetic variation should be a priority in the recovery
efforts of C. guichenoti, especially in light of recent habitat fragmentation due to dams.
Migration (increased gene exchange) can lead to gene rescue or recovery (Richards
2000). Increasing the population of a threatened population by culturing individuals
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may reduce the abundance of a wild population, but when properly applied, it can
increase the genetic exchange of the species, which is a viable strategy for the conservation of the species. Various fish passage facilities have been developed to help species to
cross these obstacles (Gow et al. 2011). Fishways are hydraulic structures that help fish
to climb over obstacles such as dams and locks to spawn and migrate. Fishway plays
an important role in fish conservation, but the corresponding design work is complex,
which needs to consider the practical design criteria of hydraulic engineering, the path
selection of fish swimming in fishway and the corresponding mortality evaluation of
fish (Liu et al. 2012). Hydropower stations and researchers in China should devote
great efforts in solving these problems, aiming for more precise quantitative predictions of efficient fish-passage and an optimum design of the hydraulic structure.
Furthermore, in order to maintain heterozygosity and genetic diversity, mature
adults should be collected for artificial propagation from different locations across the
distribution, especially considering the high genetic diversity among groups (An et al.
2016). Aquaculture conditions of hatcheries should be improved to increase the number of qualified parental fish and attention paid to the individual genetic relationship
during artificial propagating. Restocking efforts also should strive to maintain genetic
connectivity and exchange among local parental fish in the hatcheries to avoid inbreeding and increase genetic variation. Similarly, cultured juveniles and young fishes should
be released into various habitats across the distribution as well (Clay 1995). Then, the
population dynamics and genetic diversity of these wild populations should be monitored frequently, and protection measures be adjusted subsequently when needed.
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