Yao Y, Li F, Zhu C, et al. Maternal genetic diversity and population structure of four
mandarin fish (Siniperca chuatsi) populations inferred from mitochondrial D-loop
sequences. Israeli Journal of Aquaculture - Bamidgeh. 2026;78(4):279-287.
doi:10.46989/001¢.173408

IJA

Original Research Articles

Maternal genetic diversity and population structure of four
mandarin fish (Siniperca chuatsi) populations inferred from

mitochondrial D-loop sequences

Yuefei Yao'?, Fei Li%, Chao Zhu?, Wenping Jiang?, Meili Chi?, Shili Liu?, Shun Cheng?, Junzhi Luo?, Jianbo Zheng®, Haigi
Zhang'?®

1 School of Marine Science, Ningbo University, Ningbo, China, 2 Key Laboratory of Genetics and Breeding, Zhejiang Institute of Freshwater Fisheries,
Huzhou, China

Keywords: mitochondrial D-loop, maternal genetic diversity, haplotype, population structure, Siniperca chuatsi

https://doi.org/10.46989/001c.173408

Israeli Journal of Aquaculture - Bamidgeh
Vol. 78, Issue 4, 2026

Mandarin fish (Siniperca chuatsi) is an economically important freshwater aquaculture
species in China, yet the maternal genetic composition of cultured stocks from different
regions remains insufficiently characterized. To assess maternal genetic diversity and
population structure, 120 individuals were sampled from one wild-origin population from
Huzhou, Zhejiang Province (ZJHZ), and three cultured populations from Chizhou, Anhui
Province (AHCZ), Wuhan, Hubei Province (HBWH), and Jiangmen, Guangdong Province
(GDJM). Mitochondrial D-loop sequencing generated 118 high-quality sequences and
identified 22 haplotypes. Haplotype diversity ranged from 0.543 to 0.805, and nucleotide
diversity from 0.00604 to 0.01095. Three common haplotypes were shared by all four
populations and represented 94 of the 118 individuals, whereas most remaining
haplotypes were population-specific and occurred at low frequencies. AMOVA attributed
94.17% of the mitochondrial variation to within-population differences and 5.83% to
among-population differences, with the among-population component being statistically
significant (FST = 0.05831, P = 0.00196). Pairwise FST tests detected significant maternal
differentiation between GDJM and each of the other three populations, whereas
differentiation among AHCZ, ZJHZ, and HBWH was generally low. Overall, the four
populations shared a broad maternal genetic background while retaining low-frequency
variation within individual stocks. These findings provide population-specific baseline
information for maternal-lineage identification and female broodstock management in S.
chuatsi. However, mitochondrial D-loop data do not capture paternal contributions or
genome-wide diversity. Broader geographic sampling combined with genome-wide
nuclear markers and pedigree information will therefore be required for a comprehensive
assessment of broodstock genetic structure.

1. INTRODUCTION

Mandarin fish (Siniperca chuatsi) is a commercially impor-
tant freshwater species widely cultured in China.! Its an-
nual aquaculture production has exceeded 400,000 tonnes,
highlighting its substantial economic importance to the
Chinese freshwater aquaculture industry.2 Advances in for-
mulated-feed domestication and intensive aquaculture
have increased the demand for high-quality broodstock and
juveniles.3* However, the use of a limited number of brood-
stock or unequal parental contributions during hatchery
propagation may reduce effective population size and al-

lelic diversity, thereby altering the genetic composition of
cultured stocks.5 Interregional transfers of broodstock and
juveniles may further introduce non-local or admixed ge-
netic backgrounds, weakening the correspondence between
hatchery location and genetic provenance.® Genetic char-
acterization of wild and cultured germplasm is therefore
important for informed broodstock management and the
long-term maintenance of genetic diversity.’

Previous studies have investigated the genetic diversity
and population structure of S. chuatsi using RAPD, mi-
crosatellite, and mitochondrial markers. Fang et al.3 re-
ported pronounced genetic differences between wild and

a Correspondence author: e-mail: 21207054@zju.edu.cn (Jianbo Zheng)

b Correspondence author: e-mail: zmk407@126.com (Haigi Zhang)


https://doi.org/10.46989/001c.173408
https://doi.org/10.46989/001c.173408

Maternal genetic diversity and population structure of four mandarin fish (Siniperca chuatsi) populations in...

cultured populations based on RAPD markers. Subsequent
microsatellite-based studies revealed varying levels of ge-
netic diversity and differentiation among natural, cultured,
and stocked populations.?10 Using both mitochondrial cy-
tochrome b sequences and microsatellite loci, Tian et al.l!
examined five populations from the middle reach of the
Yangtze River and found high genetic diversity but gen-
erally limited population differentiation. Nevertheless, the
maternal haplotype composition and genetic relationships
of the four populations examined in the present study re-
main unknown. This information is particularly relevant
because the geographic location of a cultured stock may not
accurately reflect its broodstock origin or translocation his-
tory.

The mitochondrial control region, commonly referred to
as the D-loop, is one of the most variable regions of the
mitochondrial genome. Together with the predominantly
maternal inheritance of mitochondrial DNA, this high vari-
ability makes D-loop sequences useful for characterizing
haplotype diversity and maternal genetic relationships in
fish populations.!213 In the present study, D-loop se-
quences were analyzed in four S. chuatsi populations, one
wild-origin population from Huzhou, Zhejiang Province,
and three cultured populations from Chizhou, Anhui
Province, Wuhan, Hubei Province, and Jiangmen, Guang-
dong Province. Given the widespread interregional move-
ment of broodstock and juveniles in mandarin fish aqua-
culture, we expected common maternal haplotypes to be
shared among geographically separated cultured popula-
tions. However, founder effects, unequal parental contri-
butions, and the use of locally sourced broodstock were
also expected to generate or retain low-frequency popula-
tion-specific haplotypes. We therefore quantified haplotype
and nucleotide diversity, evaluated genetic differentiation
and the distribution of variation within and among popu-
lations, and visualized relationships among haplotypes to
test whether the observed maternal haplotype patterns
were predominantly shared or population-specific. The re-
sults provide baseline information for maternal lineage
identification, broodstock management, and the conserva-
tion and utilization of S. chuatsi germplasm.

2. MATERIALS AND METHODS

2.1. SAMPLES COLLECTION AND DNA ISOLATION

A total of 120 individuals were sampled from four S. chuatsi
populations, comprising one wild-origin population from
Huzhou, Zhejiang Province (ZJHZ), and three cultured pop-
ulations from Chizhou, Anhui Province (AHCZ), Wuhan,
Hubei Province (HBWH), and Jiangmen, Guangdong
Province (GDJM) (Figure 1). Thirty individuals were initially
collected from each population. Because the sampling de-
sign included only one wild-origin population and three
cultured populations, it was not intended to provide a repli-
cated comparison between wild and cultured S. chuatsi. In-
stead, the study focused on characterizing and comparing
the maternal genetic composition of the four sampled pop-
ulations. ZJHZ was therefore treated solely as a wild-origin
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population from Huzhou and not as a reference or baseline
representative of wild S. chuatsi across the species’ geo-
graphic range. Fish were anesthetized in accordance with
the approved animal-use protocol, after which muscle tis-
sues were excised, immediately frozen in liquid nitrogen,
and stored at -20 °C until DNA extraction. Genomic DNA
was extracted using a TIANamp Genomic DNA Kit (Tian-
gen, China) following the manufacturer’s protocol. DNA in-
tegrity was evaluated using 1.5% agarose gel electrophore-
sis, and DNA concentration and purity were measured using
a NanoDrop ND2000 spectrophotometer.

2.2. AMPLIFICATION AND SEQUENCING OF THE
MITOCHONDRIAL D-LOOP REGION

An approximately 1-kb fragment encompassing the mito-
chondrial D-loop region was amplified using primers newly
designed for this study based on the complete mitochon-
drial genome sequence of S. chuatsi deposited in GenBank
under accession number NC_015822.1. The primer-binding
sites were selected in relatively conserved regions flanking
the mitochondrial control region to enable amplification
and sequencing of the variable D-loop region used for hap-
lotype analysis. The primers were designated Sc-Dloop-F
and Sc-Dloop-R according to their amplification directions
relative to the reference sequence (Table 1). Each 50-uL
PCR reaction contained 25 pL of 2x Es-Taq MasterMix
(Dye), 2 uL of genomic DNA, 1 uL of each primer (2.5
uM), and 21 uL of ddH»O. Cycling conditions were 94 °C
for 5 min; 30 cycles of 94 °C for 30 s, 54 °C for 30 s,
and 72 °C for 1 min; followed by a final extension at 72
°C for 10 min. Amplicons were examined by agarose gel
electrophoresis, purified, and sequenced by Sangon Biotech
(Shanghai, China). Two samples, one from AHCZ and one
from HBWH, failed to yield usable PCR amplicons and were
therefore excluded from sequencing and subsequent analy-
ses. The final dataset comprised 118 individuals, including
30 from GDJM, 29 from AHCZ, 30 from ZJHZ, and 29 from
HBWH. Thus, the exclusions were distributed across two
populations and did not disproportionately affect any sin-
gle population. Sequence chromatograms from the remain-
ing samples were manually inspected before downstream
analysis.

2.3. MITOCHONDRIAL DNA STATISTICAL ANALYSIS

Raw chromatograms were manually checked and edited us-
ing SeqMan 5.01. Sequences were aligned to the S. chuatsi
mitochondrial reference sequence NC015822.1, trimmed to
a common high-quality region, and aligned using ClustalW
in MEGA 5.05. DnaSP 5.10.01 was used to calculate the
number of polymorphic sites, number of haplotypes (H),
haplotype diversity (Hd), nucleotide diversity (71), mean
number of nucleotide differences (K), and neutrality test
(Tajima’s D).

Genetic differentiation among the four populations was
evaluated using pairwise Fgr estimates in Arlequin v3.5.1.2.
Statistical significance was assessed using permutation
tests, for which the Arlequin output reported 110 permu-
tations for the pairwise Fgp comparisons. Analysis of mol-
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Figure 1. Geographic locations of the four sampled S. chuatsi populations in China.

Sampling locations are indicated by red circles: Huzhou, Zhejiang Province (ZJHZ); Chizhou, Anhui Province (AHCZ); Wuhan, Hubei Province (HBWH); and Jiangmen, Guangdong
Province (GDJM). Major rivers, tributaries, and lakes are shown in blue. The inset in shows the location of the study area within China.

Table 1. Primers newly designed in this study for
amplification of the mitochondrial D-loop region of S.
chuatsi.

Primer name Primer sequence

Sc-Dloop-F: 5-AAGCTAGGATTGTAAAC-3’

D-loop
Sc-Dloop-R: 5-ATACTTGCATGTGTAAG-3’

ecular variance (AMOVA) was performed using the same
software to partition mitochondrial variation into among-
population and within-population components, and the
significance of the among-population component was eval-
uated using 1,023 permutations. Statistical significance was
defined as P < 0.05. Pairwise genetic distances among the
four populations were also estimated for population clus-
tering. An unweighted pair-group method with arithmetic
mean (UPGMA) dendrogram based on the pairwise genetic-
distance matrix was constructed using MEGA 5.05. A me-
dian-joining haplotype network was generated using
PopART 1.7 to visualize the distribution and relationships
among D-loop haplotypes across populations.

3. RESULTS

3.1. MATERNAL GENETIC DIVERSITY PARAMETERS OF
FOUR S. CHUATSI POPULATIONS

The four sampled populations were geographically distrib-
uted across Zhejiang, Anhui, Hubei, and Guangdong
provinces, as shown in Figure 1. Of the 120 initially sam-
pled individuals, 118 yielded usable PCR amplicons and
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high-quality D-loop sequences. One individual from AHCZ
and one from HBWH were excluded because of PCR amplifi-
cation failure. The final dataset therefore comprised 30 se-
quences from GDJM, 29 from AHCZ, 30 from ZJHZ, and 29
from HBWH. The aligned sequences showed an A+T bias. A
total of 22 haplotypes (Hap1-Hap22) were identified (Table
2). Hapl, Hap2, and Hap5 were shared among all four pop-
ulations and together accounted for 94 of the 118 indi-
viduals (79.7%). The remaining 19 haplotypes were pop-
ulation-specific and mostly occurred at low frequencies.
Thus, most individuals carried widely shared maternal hap-
lotypes, while the populations also retained multiple low-
frequency, population-specific haplotypes.

Haplotype diversity ranged from 0.543 in GDJM to 0.805
in HBWH, nucleotide diversity ranged from 0.00604 in
GDJM to 0.01095 in AHCZ, and the mean number of nu-
cleotide differences ranged from 4.80920 to 8.07389 (Table
3). Overall, the four populations showed moderate-to-high
mitochondrial haplotype diversity and comparatively low
mitochondrial nucleotide diversity. Tajima’s D was negative
in AHCZ, ZJHZ, and HBWH but positive in GDJM (Table
3). These statistics are reported descriptively and were not
used to infer demographic expansion, selection, founder ef-
fects, or genetic drift because significance tests and inde-
pendent genomic evidence would be required for such in-
terpretations.

3.2. POPULATION GENETIC DISTANCE AND GENETIC
DIFFERENTIATION INDEX

Pairwise Fgr estimates ranged from -0.00633 to 0.11882
(Table 4). Significant differentiation was detected between
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Table 2. Distribution of mitochondrial D-loop haplotypes among four S. chuatsi populations

Haplotype GDJM AHCZ ZJHZ HBWH (Total)
Hap1 19 1 3 3 26
Hap2 8 9 12 1 30
Hap3 1 0 0 1
Hap4 1 0 0 0 1
Hap5 1 13 12 12 38
Hapé 0 2 0 0 2
Hap7 0 1 0 0 1
Hap8 0 1 0 0 1
Hap9 0 1 0 0 1

Hap10 0 0 1 0 1
Hap11 0 0 1 0 1
Hap12 0 0 1 0 1
Hap13 0 0 0 5 5
Hap14 0 0 0 1 1
Hap15 0 0 0 1 1
Hap16 0 0 0 1 1
Hap17 0 0 0 1 1
Hap18 0 0 0 1 1
Hap19 0 0 0 1 1
Hap20 0 0 0 1 1
Hap21 0 0 0 1 1
Hap22 0 1 0 0 1
Total 30 29 30 29 118
Table 3. Mitochondrial maternal-diversity indices and Tajima’s D for four S. chuatsi populations
Population S H Hd K m D
GDJM 18 5 0.543 4.80920 0.00604 0.20137
AHCZ 63 10 0.766 8.07389 0.01095 -1.82517
ZJHZ 49 6 0.690 6.74483 0.00853 -1.73549
HBWH 28 12 0.805 5.49507 0.00757 -0.68593

S: Number of polymorphic sites; H: Number of haplotypes; Hd: Haplotype diversity; K: Average number of nucleotide differences; m: Nucleotide diversity; D: Tajima’s D statistic.

GDJM and AHCZ (Fgr = 0.11372, P < 0.01), between GDJM
and ZJHZ (F~ST ~= 0.09589, P < 0.01), and between GDJM
and HBWH (F~ST ~= 0.11882, P < 0.01). The comparison
between ZJHZ and HBWH was marginally significant (Fgy
= 0.03405, P = 0.04505), although the magnitude of dif-
ferentiation was low. In contrast, differentiation was not
significant between AHCZ and ZJHZ (Fgp = -0.00633, P =
0.55856) or between AHCZ and HBWH (F~ST ~= 0.01302, P
= 0.21622). The negative *F~ST ~*estimate between AHCZ
and ZJHZ was interpreted as no detectable biological differ-
entiation. Pairwise sequence distances were small, indicat-
ing limited overall mitochondrial sequence divergence.
AMOVA attributed 5.83% of the total mitochondrial vari-
ation to differences among populations and 94.17% to vari-
ation within populations (Table 5). The among-population
variance component was statistically significant (Fgp =
0.05831, P = 0.00196), indicating weak but detectable ma-
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ternal genetic structuring among the four sampled popula-
tions. Nevertheless, most mitochondrial sequence variation
occurred within populations.

3.3. HAPLOTYPE PHYLOGENETIC TREE AND
HAPLOTYPE NETWORK

The UPGMA dendrogram based on pairwise mitochondrial
sequence distances grouped AHCZ, ZJHZ, and HBWH into
one cluster, whereas GDJM formed a separate branch (Fig-
ure 2). The median-joining network was dominated by
Hap1, Hap2, and Hap5, which were shared among all four
populations (Figure 3). In the network, blue, yellow, red,
and green sectors represent HBWH, AHCZ, GDJM, and
ZJHZ, respectively, and circle size is proportional to haplo-
type frequency. Multiple low-frequency population-specific
haplotypes occurred around these common lineages. The
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Table 4. Pairwise mitochondrial genetic differentiation (Fgr, with permutation-derived P-values in parentheses;
above the diagonal) and sequence distance (below the diagonal) among four S. chuatsi populations

Population GDJM AHCZ ZJHZ HBWH

GDJM - 0.11372 0.09589 0.11882

(P<0.01) (P<0.01) (P<0.01)

AHCZ 0.00098 - -0.00633 0.01302
(P=0.55856) (P=0.21622)

ZJHZ 0.00072 -0.00006 - 0.03405
(P=0.04505)

HBWH 0.00081 0.00011 0.00028 -

Pairwise Fgr significance was evaluated using permutation tests, with 110 permutations reported in the Arlequin output. Significant comparisons are shown in bold. P-values re-

ported as 0.00000 by Arlequin are presented as P < 0.01 because of the limited number of permutations. Negative Fgy estimates were retained as calculated but interpreted as no de-

tectable differentiation.

Table 5. Analysis of molecular variance for four Siniperca chuatsi populations

Source of d.f. Sum of Variance Percent Fixation P-value
variation squares components variation index
Among 3 25718 0.18780Va 5.83 0.05831 0.00196
populations
Within 114 345.766 3.03303 Vb 94.17 — -
populations
Total 117 371.483 3.22083 100 — -

The significance of the among-population variance component and the overall fixation index was evaluated using 1,023 permutations.

—
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Figure 2. UPGMA dendrogram of the four sampled S.
chuatsi populations based on pairwise mitochondrial
sequence distances.

AHCZ, ZJHZ, and HBWH formed one cluster, whereas GDJM formed a separate branch.

network did not show clear geographic clustering, suggest-
ing that the distribution of maternal haplotypes was not
strictly associated with sampling location.

4. DISCUSSION

Hatchery propagation may reduce genetic diversity when
only a limited number of breeders contribute dispropor-
tionately to subsequent generations, although its effects
vary among cultured fishes.!4:15 In the present dataset, the
wild-origin ZJHZ population from Huzhou had a haplotype
diversity of 0.690 and a nucleotide diversity of 0.00853.
Among the three cultured populations, haplotype diversity
ranged from 0.543 to 0.805 and nucleotide diversity ranged
from 0.00604 to 0.01095. These values describe variation
among the four sampled populations but do not constitute
a replicated test of differences between wild and cultured
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S. chuatsi. Differences in maternal diversity among the four
sampled populations may reflect variation in the origins
and reproductive contributions of female founders, because
high variance in female reproductive success can reduce
mitochondrial haplotype diversity in hatchery offspring.16
The diversity estimates observed here were broadly compa-
rable to those reported by Lin et al.,!7 although direct com-
parison is constrained by their use of concatenated D-loop
and cox1 sequences.

The broad sharing of mitochondrial haplotypes across
geographically separated populations may reflect shared
ancestry, human-mediated translocation of broodstock or
juveniles, or a combination of both.18:19 Similar genetic
affinities among geographically distant cultured popula-
tions have been attributed to artificial propagation and
stock translocation in other fishes.20:21 Conversely, the
low-frequency population-specific haplotypes may repre-
sent rare maternal lineages, founder effects, or incom-
pletely sampled variation rather than deeply divergent lin-
eages. Without detailed broodstock records and broader
geographic sampling, the relative contributions of histor-
ical ancestry and recent translocation cannot be distin-
guished conclusively.

The weak but statistically supported maternal structur-
ing observed among the sampled populations was driven
primarily by the differentiation of GDJM from the other
three populations. Together with its separate position in
the UPGMA dendrogram, this result identifies GDJM as ma-
ternally differentiated within the present dataset but does
not establish the underlying mechanism. Differences in
maternal founder composition, subsequent genetic drift,
undocumented broodstock translocation, or a combination
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Figure 3. Median-joining network of mitochondrial D-loop haplotypes identified in four S. chuatsi populations.

Each circle represents one haplotype, and circle size is proportional to haplotype frequency. Colored sectors within circles indicate the population composition of each haplotype:
blue, HBWH; yellow, AHCZ; red, GDJM; and green, ZJHZ. Small black nodes represent inferred intermediate haplotypes that were not observed in the sampled individuals. Lines con-

necting haplotypes indicate mutational relationships.

of these processes represent non-exclusive hypotheses that
cannot be distinguished using the present single-locus
data. Previous studies have reported generally weak differ-
entiation among some S. chuatsi populations, potentially
reflecting shared origins and exchanges of cultured
germplasm.11.17 A microsatellite study also found that a
cultured Jiangmen stock was comparatively distinct from
other sampled stocks.? However, this cross-marker similar-
ity should not be interpreted as evidence of temporal con-
tinuity or a shared demographic mechanism because the
studies differed in sampling time, stock source, and marker
type. Genome-wide nuclear markers, documented brood-
stock pedigrees, and temporal sampling will be required to
determine whether the maternal differentiation of GDJM
reflects founder composition, genetic drift, stock transloca-
tion, or other population-specific processes.

From a maternal-lineage management perspective,
hatchery location should not be treated as a reliable indi-
cator of maternal provenance when selecting female brood-
stock.2Z Management practices should document the ori-
gins of female broodstock, maintain sufficient numbers of
unrelated females, balance female contributions to subse-
quent generations, and avoid unrecorded transfers among
hatcheries. The low-frequency population-specific haplo-
types identified here may be useful for monitoring maternal
lineages, although their population specificity requires val-
idation using larger samples and additional locations.
These recommendations apply specifically to the manage-
ment of maternal lineages and should complement, rather
than replace, assessments of biparental genetic diversity
based on nuclear markers and pedigree information.
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Several limitations should be considered when interpret-
ing these findings. First, the inclusion of only one wild-ori-
gin population from Huzhou precluded a replicated assess-
ment of genetic differences associated with culture status.
Population identity, geographic origin, broodstock history,
and culture status were therefore partially confounded in
the present sampling design. Second, mitochondrial D-loop
sequences are maternally inherited and represent a single
non-recombining locus; consequently, they provide infor-
mation only on maternal genetic diversity and cannot re-
solve biparental admixture, paternal contributions, male-
mediated gene flow, or genome-wide differentiation. Third,
the absence of detailed broodstock and translocation
records prevents the determination of the relative contribu-
tions of shared ancestry and recent human-mediated stock
movement. Future studies should include multiple geo-
graphically representative wild-origin and cultured popula-
tions from comparable regions and integrate genome-wide
nuclear markers, broodstock pedigrees, and temporal sam-

pling.
CONCLUSION

Mitochondrial D-loop analysis revealed a broadly shared
maternal genetic background, with weak but statistically
significant structuring among the four sampled S. chuatsi
populations, primarily involving differentiation in GDJM.
Because the study included only one wild-origin population
from Huzhou and examined a single maternally inherited
locus, the findings are limited to maternal genetic variation
in the sampled populations and cannot be used to evaluate
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paternal contributions or genome-wide diversity. The re-
sults support improved documentation of female brood-
stock origins, balanced female contributions, and mito-
chondrial monitoring of maternal lineages. Broader
geographic sampling combined with genome-wide nuclear
markers and pedigree information will be necessary for a
comprehensive assessment of broodstock genetic structure
and stock provenance.
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