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Abstract

Partial fragments of the cyclin B gene from triploid, tetraploid, and pentaploid hybrids of red crucian carp � blunt snout bream, blunt
snout bream, grass carp, silver carp, and bighead carp were amplified. One DNA fragment was amplified from the blunt snout bream,
grass carp, silver carp, and bighead carp (750, 950, 720, and 720 bp, respectively). Two fragments (1200 and 900 bp) were amplified from
the red crucian carp, common carp, and allotetraploids. The triploid and pentaploid hybrids yielded three DNA fragments (1200, 900,
and 750 bp). The 1200 bp fragment of the allotetraploid crucian carp, triploid, tetraploid, pentaploid hybrids of red crucian carp � blunt
snout bream shared 99.5%, 98.9%, 99.5%, and 88.7% homology, respectively, with the maternal DNA. The 900 bp fragment shared
97.5%, 94.6%, 94.2%, and 89.9% homology, respectively. Our results suggest that inheritance is maternally dominated. Furthermore,
we observed preferential elimination of the paternal sequences in the allotetraploid hybrids. Based on these sequence analyses we con-
structed a phylogenetic tree to explain the relationships among the different ploidy levels.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Since the ‘‘molecular clock” theory was proposed in the
1970s [1], DNA and amino acid sequences have been
widely used to study the phylogeny and classification of
species. More recently, intron sequences, the non-coding
insertion sequences in DNA, have also been used to study
phylogeny. For example, Wang and Chen used intron and
exon sequences from seven split genes, isolated from prima-
tes, to infer phylogeny [2]. Their analysis demonstrated that
intron sequences may be used in evolutionary analysis
among closely related species. Similarly, Prychitk and

Moore used introns to study the evolutionary relationships
among woodpecker species [3].

Cyclin B regulates eukaryotic cell cycling. During pro-
tein-coding it complexes with p34cdc2/CDK1 to yield the
M phase-promoting factor (MPF), which promotes G2/M
transition [4–6]. A number of researchers have studied
the evolution of allopolyploid plants, including Brassica

[7], Aegilops [8], Gossypium [9]. However, there has been lit-
tle research on allopolyploid animals. Using cell engineer-
ing technology we created tetraploid hybrids of red
crucian carp (Carassius auratus red var.) � common carp
(Cyprinus carpio L.) and polyploid hybrids of red crucian
carp � blunt snout bream (Megalobrama amblycephala)
[10,11]. We used cyclin B genomic DNA and
intron sequences to study the molecular evolutionary
relationships among cyprinids with different ploidy levels,
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particularly allotetraploid hybrids and their parents. Such
information is useful to improve our understanding of
the mechanisms that promote rapid adaptation and stable
inheritance in polyloid fish in the natural environment.
Furthermore, we hope to determine whether genomic
sequences of genes like cyclin B can be used to analyze
the molecular relationship and evolution of different
species.

2. Materials and methods

2.1. Materials

Triploid, tetraploid, and pentaploid hybrids of red cru-
cian carp � blunt snout bream, blunt snout bream, grass
carp (Ctenopharyngodon idellus), silver carp (Hypophthal-

michthys molitrix), and bighead carp (Aristichthys nobilis)
were obtained from the Engineering Center of Polyploid
Fish Breeding of Education Ministry, Hunan Normal Uni-
versity. The triploid and tetraploid hybrids were obtained
from crosses of a red crucian carp $ � blunt snout bream
#. The pentaploid hybrids were derived from the backcross
of a tetraploid $ � blunt snout bream #. We collected
blood from the caudal vein and extracted total genomic
DNA following the manufacturer’s instructions (Shanghai
Sangon, Shanghai, China). The concentration and quality
of DNA were assessed using agarose gel electrophoresis.
The samples were stored at �20 �C until further use.

2.2. Primer design and PCR amplification

A pair of merger primers, described previously, were
used to amplify introns 2 and 3 from the cyclin B gene of
the allotetraploid and its parents [12]. The primer
sequences were S: 50GACACGACA GGCTTTGA(G/
A)G30 and A: 50AGCAGAACATC(G/A)GAGAA(C/
T)G30.

Amplification was carried out in a 50 ll reaction volume
containing 5.0 ll 10� PCR buffer, 5.0 ll 25 mM MgCl2,
5.0 ll 2.5 mM dNTPs, 2 ll 10 lM sense and antisense
primers, respectively, 3.0 ll Taq DNA polymerase (1 U/
ll), 2 ll genomic DNA, and 26 ll ddH2O. All amplifica-
tions were performed on a GeneAmp PCR System 2700
(ABI). Initial denaturation was for 5 min at 94 �C; fol-
lowed by 35 cycles of 30 s at 94 �C, 35 s at 55 �C, and
1 min at 72 �C; with a final 6 min extension at 72 �C.

2.3. Sequencing and cloning of the amplification products

The PCR products were analyzed in 1.2% agarose gels
stained by ethidium bromide, purified using a Gel Extrac-
tion Kit (Sangon), cloned into the pMD18-T vector (Taka-
ra), and transferred into E. coli DH5a. The positive clones
were identified using blue–white screening and PCR ampli-
fication. We sequenced three positive clones from each
fragment (Sangon).

2.4. Sequences analysis and construction of the phylogenetic

trees

We used Jellyfish software (version 3.3.1) for the com-
parison and linkage of the sequenced cyclin B gene. The
homologues were analyzed using Clustal W (1.83) software
(http://www.ebi.ac.uk/clustalw/). The Kimura’s 2-parame-
ter model (MEGA 4.0) was used to estimate the genetic dis-
tance of the different species. We then constructed a
phylogenetic tree based on the genetic distance using the
neighbor-joining (NJ) and maximum-parsimony (MP)
methods in MEGA (4.0). The reliability of the trees topol-
ogy was assessed by conducting a bootstrap analysis with
1000 replications [13].

3. Results

3.1. Amplification results of PCR

The merger primers were used to amplify the genomic
DNA of triploid, tetraploid, and pentaploid hybrids of
red crucian carp � blunt snout bream and blunt snout
bream, grass carp, silver carp and bighead carp. Three frag-
ments (1200, 900, and 750 bp) from the triploid and penta-
ploid hybrids, two fragments (1200 and 900 bp) from the
tetraploid hybrids, and one fragment from the blunt snout
bream, grass carp, silver carp, and bighead carp (950, 750,
720, and 720 bp, respectively) were amplified (Fig. 1). Two
of the bands (1200 and 900 bp) from the triploid, tetra-
ploid, and pentaploid hybrids of red crucian carp � blunt
snout bream were identical with those found in the original
maternal red crucian carp, reported previously [12].

3.2. Cyclin B gene cloning

After sequencing, we obtained three positive clones from
each fragment. NCBI BLAST analysis revealed that all the
cloned fragments matched with three sequences in the cod-
ing region of the cyclin B1 gene in goldfish, silver crucian
carp, and zebrafish (GenBank). The homology of the
matched sequences was >80%. Further analysis suggested
that the matched sequences from the three fragments corre-
sponded, respectively, to exons 2, 3, and 4 of the cyclin B1

gene in zebrafish.

3.3. Comparison of cyclin B gene sequence homology

We compared the homology of the 1200 and 900 bp
fragments between the allotetraploid crucian carp and its
parents, the red crucian and common carp, using Clustal
W (1.83) software (http://www.ebi.ac.uk/clustalw/) (Table
1). The allotetraploid and its maternal red crucian carp
shared 99.5% and 97.5% homology for the 1200 and
900 bp fragments, respectively. In contrast, the allotetra-
ploid and its paternal common carp shared only 70.8%
and 81.0% homology for these two fragments, respectively.
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We also compared the homology of the 1200 and 900 bp
fragments among the triploid, tetraploid, and pentaploid
hybrids of red crucian carp � blunt snout bream and red
crucian carp (Table 2). The triploid, tetraploid, and penta-
ploid hybrids shared 98.9%, 99.5%, and 88.7% homology,
respectively, for the 1200 bp fragment. Similarly, the
900 bp fragment from each of the hybrids shared 94.6%,
94.2%, and 89.9% homology, respectively. The 1200 and
900 bp fragments from the polyploid hybrids shared no
homology with the 750 bp fragment from the paternal
blunt snout bream.

The 750 bp fragment of the triploid and pentaploid
hybrids of red crucian carp � blunt snout bream and blunt
snout bream shared 98.6% and 98.2% homology to blunt

snout bream, respectively. Thus, the 750 bp fragment of
these hybrids originated from the paternal blunt snout
bream. In contrast, the tetraploid hybrids of red crucian
carp � blunt snout bream had no 750 bp fragment.

3.4. Phylogenetic tree analysis

Phylogenetic trees of the intron 3 sequences from the
cyclin B gene of the allotetraploid crucian carp and its par-
ents, blunt snout bream, grass carp, silver carp, bighead
carp, and zebrafish were constructed using the NJ and
MP procedures in MEGA (4.0) (Fig. 2).

The NJ and MP methods yielded similar results. The
phylogenetic trees, based on two intron 3 sequences with
different lengths, revealed that the allotetraploid crucian
carp was most closely related to the maternal red crucian
carp, followed by the paternal common carp. This group
was also part of a large branch containing non-cyprinidae
subfamily fishes.

Using the same methods, we constructed phylogenetic
trees for the polyploid hybrids of red crucian carp � blunt
snout bream, their parents (red crucian carp and blunt
snout bream), grass carp, silver carp, and bighead carp
(Fig. 3). Both methods yielded similar results. The poly-
ploid red crucian carp � blunt snout bream and red cru-
cian carp were clustered in a large branch. Similarly, the
triploid and pentaploid hybrids of red crucian carp � blunt
snout bream and the four cyprinid species were grouped
into another large branch, based on intron 3 from the
750 bp fragment. However, the relationships between the
polyploid hybrids of red crucian carp � blunt snout bream
and red crucian carp were inconsistent between the 1200
and 900 bp fragments. Using the 1200 bp fragment, the tet-
raploid hybrids of red crucian carp � blunt snout bream
clustered most closely with the red crucian carp, followed
by the triploid and the pentaploid hybrids of red crucian
carp � blunt snout bream. Conversely, analysis of the

Fig. 1. The amplified fragments with the primer pair S/A from genomic DNA. M, DNA marker; CI, Ctenopharyngodon idellus; MA, Megalobrama

amblycephala; HM, Hypophthalmichthys molitrix; AN, Aristichthys nobilis; 3nJF, 4nJF and 5nJF represent triploid, tetraploid, and pentaploid hybrids of
red crucian carp � blunt snout bream, respectively.

Table 1
Homologies of the 1200 bp (above diagonal) and 900 bp (below diagonal)
DNA sequences of cyclin B genes among the allotetraploid and its parents.

Speciesa RC (%) CC (%) AT (%)

RC 70.6 99.5
CC 79.1 81.0 70.8
AT 97.5

a RC, red crucian carp; CC, common carp and AT, allotetraploid
crucian carp.

Table 2
Homologies of the 1200 bp (above diagonal) and 900 bp (below diagonal)
DNA sequences from the cyclin B gene for polyploid hybrids of red
crucian carp � blunt snout bream and red crucian carp.

Speciesa RC (%) 3nJF (%) 4nJF (%) 5nJF (%)

RC 98.9 99.5 88.7
3nJF 94.6 99.0 88.6
4nJF 94.2 98.7 88.8
5nJF 89.9 87.9 87.9

a RC, red crucian carp; 3nJF, 4nJF, and 5nJF represent triploid,
tetraploid, and pentaploid hybrids of red crucian carp � blunt snout
bream, respectively.
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900 bp fragment suggested that the triploid hybrids of red
crucian carp � blunt snout bream clustered most closely
with the red crucian carp followed by the pentaploid and
the tetraploid hybrids.

4. Discussion

A single band was amplified by the primer pair S/A from
the genome of blunt snout bream, grass carp, silver carp,
and bighead carp. In contrast, we amplified two bands
from the tetraploid hybrid of red crucian carp � blunt
snout bream and the red crucian carp, common carp, and
allotetraploid crucian carp. The triploid and pentaploid
hybrids of red crucian carp � blunt snout bream yielded
three bands. This phenomenon may be due to the increase
in the chromosome number. The grass carp, silver carp,
and bighead carp have a chromosome number of
2n = 48. The red crucian carp, common carp, allotetraploid
crucian carp, and polyploid hybrids of red crucian
carp � blunt snout bream have twice this number of
chromosomes.

We obtained only two bands (1200 and 900 bp) from the
allotetraploid crucian carp and the tetraploid hybrid of red
crucian carp � blunt snout bream. Consistent with the pre-
vious results from the red crucian carp and common carp,
we observed no increase in the number of gene copies in the
tetraploid hybrids. Further sequence analysis suggested
that the allotetraploid crucian carp, triploid, tetraploid,
pentaploid hybrids of red crucian carp � blunt snout
bream and their original mothers shared a high level of
homology, based on the exon and intron sequences (Tables
1 and 2). For example, the 1200 bp fragment from the allo-
tetraploid crucian carp, the tetraploid hybrid of red crucian
carp � blunt snout bream, and the maternal red crucian

Fig. 2. NJ(a) and MP(b) phylogenetic trees of the intron 3 sequences of
cyclin B genes from eight cyprinid species. RC, red crucian carp; AT,
allotetraploid; CC, common carp; CI, Ctenopharyngodon idellus; MA,
Megalobrama amblycephala; AN, Aristichthys nobilis; HM, Hypophthal-

michthys molitrix; ZB, Zebrafish; 1 and 2 represent intron 3 in the 1200
and 900 bp fragments, respectively; the numbers on the nodes indicate the
bootstrap values derived from 1000 replicates; the GenBank Accession
Nos. of the intron 3 sequences are as follows: RC-1(EU333813), RC-
2(FJ480204), CC-1(EU333814), CC-2(FJ480205), AT-1(EU333815), AT-
2(FJ480206), CI(FJ472978), MA(FJ472977), AN(FJ472975),
HM(FJ472976), ZB(NC_007112).

Fig. 3. NJ(a) and MP(b) phylogenetic trees of the intron 3 sequences of
cyclin B genes from 9 cyprinid species. RC, red crucian carp; 3nJF, 4nJF
and 5nJF represent triploid, tetraploid and pentaploid hybrids of red
crucian carp � blunt snout bream, respectively; CI, Ctenopharyngodon

idellus; AN, Aristichthys nobilis; HM, Hypophthalmichthys molitrix; MA,
Megalobrama amblycephala; ZB, Zebrafish; 1, 2 and 3 represent intron 3 in
the 1200, 900, and 750 bp fragments, respectively; the numbers on the
nodes indicate the bootstrap values derived from 1000 replicates; the
GenBank Accession Nos. of the intron 3 sequences are as follows: 3nJF-
1(FJ472979), 3nJF-2(FJ472980), 3nJF-3(FJ480202), 4nJF-1(FJ472981),
4nJF-2(FJ472982), 5nJF-1(FJ472983), 5nJF-2 (FJ472984), 5nJF-3
(FJ480203).

1106 L. Liu et al. / Progress in Natural Science 19 (2009) 1103–1108



carp shared up to 100% homology (Fig. 4). However, we
observed significant divergence between the tetraploids
and their fathers. Our results demonstrated that the two
fragments of the cyclin B gene were of maternal origin in
the allotetraploids, suggesting that inheritance in the allote-
traploids was biased towards the maternal progenitor. Our
results also highlighted the role of the red crucian carp gen-
ome in the process of polyploid hybrids evolution in
cyprinids.

We obtained 1200 and 900 bp fragments from the tetra-
ploid hybrid of red crucian carp � blunt snout bream and
allotetraploid crucian carp. Conversely, we amplified three
fragments (1200, 900, and 750 bp) from triploid and penta-
ploid hybrids of red crucian carp � blunt snout bream. The
homology and cluster analysis suggested that the 750 bp
fragments were of paternal origin. Previous karyotype
analysis suggested that the triploid, tetraploid, and penta-
ploid hybrids of red crucian carp � blunt snout bream
include at least one set of chromosomes from blunt snout
bream [11]. However, we did not find a 750 bp fragment
in the tetraploid hybrid, suggesting that DNA sequence
elimination had occurred in the genome of the tetraploid
hybrid of red crucian carp � blunt snout bream. The trip-
loid and tetraploid hybrids of red crucian carp � blunt
snout bream had identical parents. However, the triploid
was sterile whereas the tetraploid was fertile, as was the
allotetraploid crucian carp. The tetraploid hybrids were
able to produce viable diploid eggs and sperm that formed
a bisexually fertile allotetraploid generation. The DNA
sequence elimination in the tetraploid hybrid of red crucian
carp � blunt snout bream is consistent with the tetraploid
hybrid forming a new polyploid species in nature.

Sequence elimination may play an important role in the
rapid formation and evolutionary stability of allopolyploid
[14]. This phenomenon is universal in allopolyploid plants,
where the eliminated sequences tended to originate from
the genome of a single parent [7,8]. Our results showed that
DNA sequence elimination also occurs in allotetraploid
crucian carp and tetraploid hybrids of red crucian carp � -
blunt snout bream. In addition, we noted that the elimi-
nated sequences of the cyclin B gene tended to originate
from a single paternal genome. We speculate that the
DNA sequence eliminations may be associated with nucle-
ocytoplasmic interactions. When facing a new cytoplasmic
environment, the paternal common carp or blunt snout
bream must adjust to maintain compatibility with the cyto-
plasm of the maternal red crucian carp. Thus, sequence
elimination of the paternal cyclin B gene may represent
adjustment of the genome to promote evolutionary stabil-
ity in the allotetraploid.

Phylogenetic studies are typically based on amino acid or
exon sequences, due to their slow rate of evolution and rel-
atively high conservation. However, recent reports demon-
strate that introns may also be used to infer molecular
evolution in closely related species [2]. We used intron 3
of the cyclin B gene to construct a phylogenetic tree showing
the relationships among different ploidy levels of cyprinids

Fig. 4. Alignment of the 1200 bp sequences of the cyclin B gene among
allotetraploid hybrids and their original maternal red crucian carp. RC,
red crucian carp; AT, allotetraploid crucian carp; 4nJF, tetraploid hybrid
of red crucian carp � blunt snout bream; dots indicate identities with
nucleotides in the red crucian carp and dashes represent missing
nucleotides.
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(Fig. 2). The phylogenetic trees based on 1200 and 900 bp
fragments from allotetraploid crucian carp, red crucian
carp, and common carp were in complete agreement. Fur-
thermore, the phylogenetic relationships, based on the
cyclin B gene of blunt snout bream, grass carp, silver carp,
and bighead carp, were consistent with results from mor-
phological studies [15]. Our analysis, based on the 1200
and 900 bp fragments, suggested divergence among poly-
ploid hybrids of red crucian carp � blunt snout bream
and red crucian carp. We hypothesize that this occurred
because the polyploid hybrids of red crucian carp � blunt
snout bream are derived from a cross between the cultridae
subfamily and the cyprinidae subfamily. In conclusion, we
may say that phylogenetic trees based on introns of the
cyclin B gene reflect the phylogenetic relationships between
different genera of the cyprinidae subfamily, but not for the
phylogeny among different subfamilies of cyprinidae.
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