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A B S T R A C T

The Hefang crucian carp (HFJ) derived from Carassius cuvieri (♀) × C. auratus red var. (♂) and the crucian carp-
like homodiploid fish (NCRC) derived from Cyprinus carpio (♀) × Megalobrama amblycephala (♂) are important
germplasm resources of crucian carp. To investigate the population characteristics and reveal the current genetic
situations of these hybrid varieties, we sequenced one nuclear molecular marker transferrin (Tf) among six
Carassius populations, which included two hybrid varieties (HFJ and NCRC), one laboratory variety (red crucian
carp, RCC) and three wild populations. A total of 166 distinct Tf alleles (A1~A166) were identified, with
sequence lengths ranging from 1145 bp to 1244 bp. Unexpectedly, the nucleotide diversity of Tf alleles in
cultured populations (HFJ, NCRC, and RCC) exceeded that of wild populations. The phylogenetic reconstruction
analysis results showed that HFJ and C. cuvieri were closely related, but they could not be separated from
C. auratus. Besides, while most Tf alleles of NCRC and other Carassius populations were intermixed in five clades,
two Tf alleles, together with Cy. carpio, formed a distinct monophyletic clade. Moreover, network and genetic
structure analyses failed to distinguish between wild and cultured populations. Although AMOVA analysis based
on Tf alleles indicated genetic differentiation among all six populations, the majority of the genetic variation
(92.00 %) was observed within populations. Furthermore, the population dynamics analysis suggested that these
populations have maintained relative stability in recent history. Therefore, the elevated nucleotide diversity of Tf
alleles in cultured populations, the ambiguous population structure, and the limited genetic divergence among
the six Carassius populations highlighted the hybrid genetic characteristics of HFJ and NCRC. These findings,
based on Tf alleles, differ from the results obtained using mitochondrial gene markers, providing an alternative
perspective for germplasm evaluation of hybrid varieties and crucian carp breeding.

1. Introduction

Crucian carp (Carassius auratus), commonly known as the goldfish, is
a prevalent freshwater fish species in China, playing a pivotal role in
aquaculture attributing to the appealing taste and high nutritional value
of its meat. Cultivation of crucian carp relies heavily on superior vari-
eties developed through artificial breeding, such as the Pengze crucian
carp and Fangzheng crucian carp resulting from selective breeding of
local breeds, and the Xiangyun crucian carp and Hybrids of Gold crucian
carp produced through distant hybridization [1,2]. The aquaculture

industry continually introduces new varieties, including the Hefang
crucian carp (HFJ) obtained through the distant crossing of female
Japanese white crucian carp (C. cuvieri) × male red crucian carp
(C. auratus var. red), known for its rapid growth, strong resistance,
tender meat, and high nutrition content [3–5]. Another recent addition,
the crucian carp-like homodiploid fish (NCRC), generated from inter-
species hybridization between female common carp (Cyprinus carpio)
and male blunt snout bream (Megalobrama amblycephala), closely re-
sembles crucian carp in appearance without the beard, featuring desir-
able traits like a small head and a high back [6,7]. While HFJ and NCRC
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serve as promising candidates for crucian carp breeding, existing
research primarily focuses on improving their economic traits and ge-
netic analysis [3–7], neglecting the crucial aspect of population genetics
which is essential for the further development and enhancement of these
new varieties.

Current studies have identified three Carassius species, C. carassius
(distributed in Europe and the Irtysh River in China westwards),
C. cuvieri (native to Japan), and the C. auratus complex (widespread
across Eurasia and neighboring islands) [8,9]. Within the C. auratus
complex, various subspecies exist due to its extensive geographical
distribution and significant phenotypic diversity, including the gyno-
genetic triploid silver crucian carp (C. auratus gibelio), Japanese ginbuna
(C. auratus langsdorfii), the domesticated goldfish (C. auratus), and
numerous local varieties such as Pengze crucian carp (C. auratus var.
Pengze), Puan crucian carp (C. auratus var. Puan), and Dianchi
high-back crucian carp (C. auratus) [2]. Given the challenges in dis-
tinguishing species or subspecies within Carassius based on morpho-
logical characters, molecular markers are often used to resolve issues
including species identification [10,11], phylogenetics [12–14], and
population genetic differentiation [15,16]. While mitochondrial genes
like COI, COIII, Cytb genes, and the D-loop sequence are frequently
employed due to their maternal inheritance, rapid evolution and low
recombination rate [17–19], recent studies focusing on genetic diversity
and evolution have shown nuclear gene molecular markers to outper-
form mitochondrial ones [20].

Transferrin (Tf) is a protein that binds two Fe3+ ions in animals,
crucial for iron transportation and elimination, directly influencing ox-
ygen metabolism [21]. The Tf gene sequences are susceptible to muta-
tion from various factors, exhibiting high genetic polymorphism,
making it valuable for germplasm identification and population genetics
in farmed and wild fish. Phylogenetic analyses of Tf sequences from
thousands of Carassius species samples have shown higher genetic di-
versity in triploid populations compared with diploids, suggesting their
origin from sympatric diploids through recurrent autoploidization
events [22,23]. These researches underscore the Tf allele marker’s sig-
nificant role in elucidating the origin and evolutionary history of Car-
assius species.

In previous studies, we analyzed the population characteristics of
HFJ and NCRC based on mitochondrial COI gene and D-loop data,
revealing significant genetic differentiation among HFJ, NCRC, and
other populations [24]. However, depending solely on mitochondrial
molecular markers is inadequate for genetic diversity researches. In the
present study, we utilized Tf alleles for genetic diversity analysis of HFJ,
NCRC, and wild populations near breeding sites, reconstructing their
phylogenetic relationships and investigating their evolutionary his-
tories. The results obtained from our study will offer valuable insights
for the utilization and conservation of germplasm resources in fish ge-
netic breeding.

2. Materials and methods

2.1. Ethics statement

The guidelines established by the Administration of Affairs Con-
cerning Animal Experimentation state that approval from the Science
and Technology Bureau of China and Department of Wildlife Adminis-
tration is not necessary when the fish in question are neither rare nor
near extinction (first- or second-class state protection level). Therefore,
approval was not required for the experiments conducted in this study.

2.2. Samples information

A total of 161 individuals in Carassius, sourced from two hybrid
varieties, one laboratory variety, and three wild populations, were used
in this study. The hybrid varieties, specifically HFJ (n = 30) and NCRC
(n = 27), were obtained from the State Key Laboratory for

Developmental Biology of Freshwater Fishes in Hunan Normal Univer-
sity, Changsha, China. The laboratory variety, red crucian carp C1HD
(RCC, n = 16), was bred by the Department of Laboratory Animal Sci-
ence in University of South China, Hengyang, China. Meanwhile, the
wild populations were collected from Wangcheng District (Changsha,
Hunan, China) (WC, n = 14), Changsha County (Changsha, Hunan,
China) (CSX, n = 30), and Changde City (Hunan, China) (CD, n = 25).
The caudal fin tissues from all samples were preserved in 100 % ethanol
and stored at − 20 ◦C.

2.3. DNA extraction, transferrin allele amplification, and sequencing

Total genomic DNA was extracted from the caudal fins of each
sample using Tissue DNA Kits (OMEGA). A set of primers (Tf-F, 5′-
CTCCTCAAAGAGCCTCGCCAT -3′; Tf –R, 5′- TACACCTGGCCACCAT-
CAACTG -3′) was synthesized to amplify an approximate 1050 bp frag-
ment spanning the 7th to 10th exons of the Tf gene, following previous
studies [22,23]. The thermal cycling program consisted of an initial
denaturation at 94 ◦C for 5 min, followed by 30 cycles of 94 ◦C for 30 s,
56 ◦C for 30 s, and 72 ◦C for 45 s, with a final extension at 72 ◦C for 7
min. PCR products were separated on a 1.8 % agarose gel using TAE
buffer. The DNA fragments were purified using a gel extraction kit
(Sangon, Shanghai, China), ligated into the pMD18-T vector (TaKaRa,
Dalian, China), and transformed into Escherichia coli DH5a for further
purification. At least 10 positive clones from each sample were selected
and sequenced in both directions using an automated DNA sequencer
(ABIPRISM 3730).

2.4. Data analyses

The sequences were checked manually and aligned by Clustal W
[25]. We used DnaSP 6.12 [26] to identity the alleles of Tf gene and
assess population genetic diversity, including allele diversity (h) and
nucleotide diversity (π). The program MEGA11 [27] was used to
calculate the genetic distance between and within populations. To better
visualize the reticular relationships of six populations of Carassius, a
median-joining allele network was constructed using PopART software
[28]. The population genetic structure was determined by Structure
2.3.4 program [29,30], with the number of the most likelihood pop-
ulations (K) ranging from 1 to 6 and 10 replicates for each K. The
Arlequin 3.5.2.2 software [31] was applied to calculate the average
values of population differentiation (FST) and conduct the analysis of
molecular variance (AMOVA). Tajima’s D [32], Fu’s FS [33] neutrality
test statistics, and mismatch distribution analysis [34] were also per-
formed using Arlequin to infer demographic history and identify
expansion signals across the six Carassius populations.

We further reconstructed the phylogenetic relationships Tf alleles
using Bayesian inference (BI), maximum likelihood (ML), and neighbor
joining (NJ) methods. Additionally, four Tf alleles from C. cuvieri
(amplified and identified in this study), four from Cy. carpio (GeneBank
No. LN590718.1, JQ822196.1, JQ822197.1, and JQ822198.1), and two
from M. amblycephala (identified from genome of GeneBank No.
GCA_009869865.1) were included for a comprehensive analysis. The
best-fit nucleotide substitution model for Tf alleles, the GTR + I + G
model, was determined using the Akaike information criterion (AIC) in
jModelTest 2.1.10 software [35]. Bayesian analysis was performed using
MrBayes 3.2.7 [36], running four independent Markov chain Monte
Carlo (MCMC) chains for 10,000,000 generations with a sample fre-
quency of 1000 generations. The first 25 % of trees were discarded as
burn-in, and the remaining samples were used to generate a consensus
tree. The ML analysis was conducted using IQtree 1.6.12 [37], while the
NJ analysis was performed in MEGA 11 applying the kimura 2-param-
eter (K2P) options. Nodal support values were assessed from 1000
nonparametric bootstrap replicates for both the ML and NJ trees. The
final results were visualized and edited in FigTree 1.4.4 (http://tree.bio.
ed.ac.uk/software/Figtree/).
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3. Results

3.1. Genetic variation of Tf alleles in six carassius populations

About one thousand Tf sequences were obtained from 161 specimens
of six Carassius populations, with sequence lengths ranging from 1145
bp to 1244 bp. A total of 166 distinct Tf alleles (A1~A166) were defined
based on 363 polymorphic sites, with an average nucleotide difference
of 55.93 (Table 1). Specifically, 19 Tf alleles were detected in WC (n =

14), 35 in CSX (n= 30), 26 in CD (n= 26), 13 in RCC (n= 16), 64 in HFJ
(n = 49), and 35 in NCRC (n = 26). The majority of Tf alleles (92 %)
were unique to individual populations, with only 13 alleles being
shared. Among the shared alleles, A5 was the most prevalent, present in
five out of the six populations, followed by A1, A3, A4, and A9, each
shared by four populations. Additionally, A79 was distributed in three
populations. The overall allele diversity was h = 0.983, with no signif-
icant variation observed across populations (ranging from 0.922 to
0.972). The overall nucleotide diversity was π = 0.05306, ranging from
0.03379 to 0.05988. RCC had the highest π value, followed by HFJ and
NCRC. Notably, the nucleotide diversity of Tf alleles in cultured pop-
ulations (with an average of 0.05428) exceeded that in wild populations
(with an average of 0.04383).

3.2. Phylogenetic relationship and network reconstruction

The allele network analysis was performed using the median-joining
method (Fig. 1). The 166 Tf alleles were clustered into six discrete clades
(Clade 1–6), with no single population exclusively belonging to a
particular clade. Notably, Clade 1 consisted solely of two alleles (A121
and A122) from NCRC, exhibiting a relatively distant relationship with
other clades, potentially attributed to the hybrid origin of NCRC. Clade 2
included 13 Tf alleles displaying a star-like structure centered around
A1. Clade 3, with 30 Tf alleles, were roughly divided into two parts, one
forming an obvious star-like structure network with A5 at its core, while
the other predominantly consisted of CSX alleles. Clade 4 contained 26
Tf alleles, all from HFJ except for four from NCRC. In Clade 5, 16 Tf
alleles were grouped, with A79 positioned centrally. The largest clade,
Clade 6, encompassed representatives from all six populations and
consisted of 63 Tf alleles. Remarkably, this clade harbored two con-
spicuous star-like structures centered around A3 and A4, respectively.
Therefore, the network lacked distinct topological structure, as the Tf
alleles from different populations exhibited an admixture distribution
pattern with many shared alleles, indicating an absence of obvious
lineage differentiation among these populations.

The phylogenetic trees for the six populations of Carassius were
reconstructed by the BI, ML, and NJ methods. These methods yielded
consistent topology structures, hence only the ML phylogenetic tree is
shown (Fig. 2). The six clades identified in the network analysis were
strongly supported in the phylogenetic tree. Significantly, A121 and
A122 from NCRC clustered with four Tf alleles of Cy. carpio, forming a
well-supported monophyly (Clade 1) located at the base of the phylo-
genetic tree, aligning with the known female parent of NCRC as Cy.
carpio. However, the hybrid origin of HFJ was not clearly reflected in the
phylogenetic tree, because the Tf alleles of C. cuvieri and C. auratus were

intermixed and distributed across different clades, making it impossible
to distinguish between them accurately. Similar to the median-joining
network, the phylogenetic tree analysis revealed a complex intermix-
ing pattern of Tf alleles among HFJ, NCRC, RCC, and the wild pop-
ulations of Carassius. Not surprisingly, none of the populations possessed
a distinct cluster, further emphasizing the relatively close relationship
among all six populations based on Tf alleles.

3.3. Population structure and lineages divergence

Genetic distance and population differentiation among the six Car-
assius populations were calculated based on Tf alleles (Table 2). The
average within-population genetic distance was 0.0514, with the
smallest genetic distance observed in WC (0.0354) and the largest in
RCC (0.0629). Notably, the within-population genetic distance of Tf
alleles was higher in hybrid and cultured varieties compared to the wild
populations. The average between-population genetic distance was
0.0555, with the smallest distance being between WC and CD (0.0432).
Besides, genetic distances between RCC and other populations
(0.0566–0.0627) were higher than the average, except for WC (0.0548).
Pairwise FST values ranged from 0.05997 to 0.15814 among six pop-
ulations of Carassius. It is worth noting that the genetic differentiation
levels observed in the two hybrid varieties were quite different. The FST
values for comparisons between NCRC and other populations were
relatively low (0.02750–0.05997), with most being insignificant (P >

0.05). Conversely, the FST values were generally high
(0.06789–0.15814) in comparisons between HFJ and other populations
except for NCRC, with some achieving extremely remarkable level (P <

0.001).
The population structure of both cultured and wild Carassius pop-

ulations was determined using Tf alleles data. Groupings (K) ranging
from 1 to 6 were evaluated, with each grouping repeated 10 times.
According to the ΔK criterion, the optimal number of clusters was
determined to be 3 (K= 3), with results also presented for K= 2 and K=

4 for comparison (Fig. 3). Notably, no distinct visual pattern of popu-
lation structure was evident across all cases. The Tf alleles from the six
Carassius populations exhibited an apparent admixture of varying pro-
portions, which is in line with results of the network and phylogenetic
analyses. The samples from different populations, including both
cultured and wild populations, cannot be clearly distinguished, sug-
gesting a relatively limited genetic divergence among these populations.

AMOVA was performed based on Tf alleles from six populations of
Carassius in order to further delineate genetic diversity (Table 3). The
results showed that a mere 8 % of the genetic variance originated from
variability among the populations, with a substantial 92.00 % of the
variance attributed to within-population differences. This suggested that
the overwhelming majority of genetic variation was accounted for by
within-population factors. In addition, the statistical analysis revealed
that the genetic differentiation coefficient (FST) among populations was
0.07999 and extremely significant (P < 0.01), indicating a moderate
level of genetic differentiation in the six Carassius populations. Despite
the existence of significant genetic variation among the six Carassius
populations, the lack of distinct population groupings in the genetic
structure analysis may be attributed to the presence of two hybrid

Table 1
Genetic diversity analysis based on Tf sequences.

Population
code

Number of
individuals

Number of
alleles

Number of variable
sites

Average number of nucleotide
differences (k)

Allele diversity
(h)

Nucleotide diversity
(π)

WC 14 19 127 39.76923 0.932 0.03379
CSX 30 35 204 53.95286 0.972 0.05057
CD 26 26 206 50.18634 0.969 0.04712
RCC 16 13 184 63.83117 0.922 0.05988
HFJ 49 64 270 54.63114 0.969 0.05154
NCRC 26 35 241 54.56033 0.964 0.05142
Total 161 166 363 55.92915 0.983 0.05306
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varieties, HFJ and NCRC.

3.4. Demographic history of six carassius populations

The evolutionary history of the six Carassius populations was inferred
using Tajima’s D and Fu’s FS models (Table 4). Fu’s FS value for HFJ was
non-significantly negative (− 3.41294; P= 0.243), indicating a potential
recent population expansion or selective pressure and bottleneck effect.
Conversely, the results for all other populations exhibited small values
(Tajima’s D: 0.08293–1.11226; Fu’s FS: 1.1993–8.65078) with non-
significant P values (P > 0.05), which was unlikely to be explained by
population expansion. This finding was further supported by the anal-
ysis of mismatch distribution (Fig. 4), which revealed multiple peaks in
the curves of all six Carassius populations, suggesting that these pop-
ulations have likely remained relatively stable in recent history.

4. Discussion

The polymorphic gene, transferrin, plays an important role in
physiological functions, including hypoxia tolerance, making it an
extremely valuable candidate for studying local adaptation and popu-
lation divergence. The polymorphism in fish serum transferrin was first
reported in Cy. carpio [38], and has been subsequently confirmed in
diverse fish species [39,40]. Cyprinid fish exhibited the most diverse
transferrin polymorphisms [41]. As such, serum transferrin poly-
morphism emerges as a reliable biochemical genetic marker for germ-
plasm evaluation in fish genetic breeding [42]. In this study, we
amplified and sequenced an approximate 1150 bp fragment of the
transferrin gene from six Carassius populations. We identified 166 Tf
alleles and analyzed their genetic polymorphisms and population
structure, and obtained several new insights that differed from those
discovered using mitochondrial molecular markers.

Inbreeding is a common challenge often found in economically

Fig. 1. Median-joining network based on Tf alleles. The six dashed boxes represent the six Clades. Circles represent different alleles and their corresponding
occurrence frequency in all sampled populations.
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Fig. 2. Phylogenetic relationships obtained by Tf alleles. The six color shadows represent the six Clades. The numbers on nodes were posterior probability for BI,
bootstrap support for ML, bootstrap support for NJ, respectively. The values less than 50 % were represented by “-“.

Table 2
Genetic differentiation and genetic distances analysis of six Carassius populations based on Tf alleles.

WC CSX CD RCC HFJ NCRC

WC 0.0354 0.0484 0.0432 0.0548 0.0548 0.0482
CSX 0.09154* 0.0522 0.0557 0.0627 0.0617 0.0562
CD 0.01802 0.09175*** 0.0493 0.0566 0.0573 0.0534
RCC 0.10981*** 0.08785*** 0.01553 0.0629 0.0626 0.0610
HFJ 0.15814*** 0.13103*** 0.09251*** 0.06789* 0.0541 0.0561
NCRC 0.05997 0.05016* 0.02750* 0.04143 0.03088 0.0545

The data below diagonal were population genetic differentiation coefficient (FST), the data above diagonal were genetic distances among populations, and the data on
diagonal were genetic distances within populations. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, the same applies below.
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Fig. 3. Population structuring analysis based on Tf alleles.

Table 3
Analysis of molecular variance (AMOVA) based on Tf alleles of six Carassius populations.

Source of variation df Sum of squares Variance components Percentage of variation (%) Fixation Indices

Among populations 5 652.336 2.27444 Va 8.00
Within populations 284 7429.426 26.15995 Vb 92.00 FST = 0.07999**
Total 289 8081.762 28.43439

Table 4
Neutrality test based on Tf alleles of six Carassius populations.

Index WC CSX CD RCC HFJ NCRC

Tajima’s D 1.00261 0.78131 0.10698 1.11226 0.08668 0.08293
Tajima’s D p-value 0.892 0.826 0.604 0.92 0.618 0.62
Fu’s FS 2.37474 1.88711 1.93277 8.65078 − 3.41294 1.1993
Fu’s FS p-value 0.842 0.772 0.788 0.997 0.243 0.698

Fig. 4. Mismatch distribution analysis based on Tf alleles of six Carassius populations.
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valuable fish during artificial propagation, leading to a decrease in ge-
netic polymorphism and germplasm depression in cultured species.
Therefore, genetic diversity evaluation is an important link in germ-
plasm resources conservation and research. Our previous study accessed
the genetic diversity of six Carassius populations using mitochondrial
COI gene and D-loop data [24], and found that, when compared to wild
populations, the cultured populations exhibited relatively low levels of
haplotype diversity and nucleotide diversity, paralleling the trend seen
in other farm-raised fish [43,44]. However, the present study, according
to the criteria for assessing population diversity proposed by Grant and
Bowen [45], indicated high levels of haplotype diversity (h > 0.5) and
nucleotide diversity (π > 0.005) in both wild populations (WC, CSX, and
CD) and cultured populations (RCC, HFJ, and NCRC). In addition, it is
noteworthy that the nucleotide diversity of wild populations was lower
than that of cultured populations despite the absence of a significant
difference in haplotype diversity, which contradicts the previous
conclusion based on mitochondrial genes.

The current study suggests a potential correlation between the high
genetic diversity of Tf alleles observed in cultured populations of Car-
assius and their hybridization origins. Specifically, HFJ was derived from
interspecies hybridization between C. cuvieri and C. auratus var. red,
NCRC was derived from inter-subfamily hybridization between Cy.
carpio and M. amblycephala, and RCC was the gynogenetic offspring of
wild C. auratus var. red, whose eggs were activated by ultraviolet-
irradiated Cy. carpio sperm [46]. A previous study focusing on serum
transferrin polymorphisms in three Clarias catfish found that hybrids
resulting from Cl. gariepinus and Cl. fuscus crossings had higher haplo-
type diversity than either of the parental species [47]. Likewise, a study
on natural homoploid fish hybrids (Cyprinidae, Leuciscinae) revealed
that all hybrids exhibited extensive rDNA polymorphism not observed in
the parental species, which can be interpreted as transgressive pheno-
types produced by hybridization [48]. In agreement with these studies,
we hypothesized that the high genetic diversity of Tf alleles in the three
cultured populations could be indicative of their heterosis. These pop-
ulations effectively served as excellent germplasm of Carassius and
demonstrated outstanding resistance to stress and infection [49–51]. It
has been suggested that local adaptation and stress resistances in fish
species might be partially related to transferrin polymorphism, given
that serum transferrin plays a crucial role not only in iron metabolism
but also in immune response. The sea bass (Dicentrarchus labrax), for
instance, responded to bacterial infection and iron modulation by
increasing transferrin expression in both the liver and brain [52]. In Cy.
carpio, different transferrin genotypes were found to be associated with
varying susceptibility to the blood parasite [53]. Accordingly, in this
study, the elevated genetic diversity observed in cultured Carassius
populations may also be attributed to the utilization of Tf, a molecular
marker highly susceptible to selection pressure. We postulate that the
high polymorphism of the nuclear gene in hybrid populations may be a
manifestation of the genomic shock effect caused by hybridization.

The relationships among the six Carassius populations were inferred
through phylogenetic analysis and network reconstruction. The results
indicated that individuals from wild populations were not clustered
according to the sampling sites, corroborating with our previous find-
ings using mitochondrial data [24], thus suggesting insignificant di-
vergences between wild Carassius populations from different regions.
Similarity, a recent study that collected Carassius samples from 41 lo-
cations in Hunan Province, China, including the major water basins and
Dongting Lake, found inadequate morphological differences and genetic
differentiation among the populations to form stable local varieties [54].
Furthermore, although RCC (the red crucian carp C1HD) has been suc-
cessfully distinguished based on molecular markers such as mitochon-
drial genes andmicrosatellite DNA [55], the Tf alleles failed to identify it
in this study, because RCC samples were dispersed across all clades
except Clade1, with nearly half of their Tf alleles found to share with
other populations rather than forming an independent clade. In addi-
tion, most Tf alleles of NCRC and other Carassius populations were

intermixed across five clades, but with two Tf alleles belonging to Cy.
carpio detected. This not only confirmed the hybrid origin of NCRC but
also highlighted its close relationship with Cy. carpio [14,56]. Regret-
tably, no Tf alleles belonging to M. amblycephala, the male parent of
NCRC, were identified in the NCRC dataset, aligning with the discovery
of the partial elimination of paternal 5S rDNA units and variations in the
maternal 5S rDNA unit within the NCRC genome [6], potentially indi-
cating genomic shock in distant hybridization offspring and leading to
the NCRC genome exhibiting greater similarity to that of C. auratus than
its parental species. In previous studies, analysis based on mitochondrial
markers showed that HFJ could be grouped together with C. cuvieri to
form monophyletic branches, indicating the species independence of
C. cuvieri [10,12,13,18]. However, our present study showed that HFJ,
together with C. cuvieri, presented an admixture distribution with other
populations, which conflicts with the species classification within the
genus Carassius. Generally, distinguishing different Carassius pop-
ulations based on Tf alleles seems more challenging compared to mito-
chondrial molecular markers, as in this study, the populations that could
not be distinguished by mitochondrial genes remained undifferentiated,
while those that could be differentiated by mitochondrial genes became
nondifferentiable. This could be attributed to the high polymorphism of
Tf alleles in hybrid populations.

It has been reported that markers under selection may provide a
significantly different perspective on population structure compared to
neutral markers [20]. In a previous study, obvious genetic differentia-
tion was detected between cultured and wild populations, with the three
cultured populations of HFJ, NCRC, and RCC being distinctly separated
from the other populations [24]. However, the results presented here
suggest that there is no apparent population structure among the six
Carassius populations. On the one hand, the genetic distance analysis
indicated a relatively large within-population distance of greater than 3
%, with the cultured populations presenting higher values compared to
the wild populations. Although the pairwise between-population dis-
tance was also large (4.32%–6.27 %), there was no distinct gap observed
between within- and between-populations, indicating a challenge in
distinguishing subpopulations based on genetic distance. On the other
hand, according to Wright’s criteria for measuring the extent of genetic
differentiation among populations (FST) [57], it was found that, in
addition to a significant genetic differentiation between HFJ and WC
(FST > 0.15, P < 0.001), small (FST < 0.15) or undetectable (P > 0.05)
genetic differentiation were observed among most of the other pop-
ulations. Furthermore, the Tf alleles from the six populations of Carassius
exhibited apparent admixture and failed to form a distinct pattern in
STRUCTURE analysis, and the AMOVA analysis revealed that a signifi-
cant proportion of the genetic variance was explained by differences
within populations. Consequently, combined with the results of phylo-
genetic and network analysis, we determined that no distinct genetic
divergence was observed among the six Carassius populations. This may
result from the complex genetic background and genomic instability of
HFJ and NCRC hybrid varieties.

In the population dynamic analysis, a negative value was only found
in Fu’s FS test of HFJ, but it lacked any statistical significance.
Combining these results with Tajima’s D test and mismatch distribution,
similar to the findings from mitochondrial data [24], it was suggested
that the six Carassius populations have not experience population
expansion or directional selection, remaining relatively stable in their
recent history.

In summary, our research investigated the genetic diversity and
population structure of six Carassius populations, relying on the nuclear
marker Tf. The cultured populations, including RCC, HFJ, and NCRC,
demonstrated greater genetic diversity compared to wild populations,
contrasting with findings using mitochondrial gene markers. An unclear
population structure between wild and cultured populations was
observed, manifested by the apparent admixture distribution across the
six Carassius populations. These results provide direct evidence, based
on nuclear marker data, confirming the hybrid genetic characteristics of
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two hybrid varieties, HFJ and NCRC, holding great significance for the
conservation, improvement, and genetic breeding of crucian carp.
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