
The chimeric genes in the hybrid lineage of Carassius auratus cuvieri (♀)×Carassius auratus
red var. (♂)
Liu Qingfeng, Qi Yanhua, Liang Qiuli, Xu Xiujuan, Hu Fangzhou, Wang Jing, Xiao Jun, Wang Shi, Li Wuhui, Tao Min, Qin Qinbo, Zhao
Rurong, Yao Zhanzhou and Liu Shaojun
Citation: SCIENCE CHINA Life Sciences ; doi: 10.1007/s11427-017-9306-7
View online: http://engine.scichina.com/doi/10.1007/s11427-017-9306-7
Published by the Science China Press

Articles you may be interested in

Genetic basis and breeding application of clonal diversity and dual reproduction modes in polyploid Carassius auratus
gibelio
SCIENCE CHINA Life Sciences 53, 409 (2010);

STUDIES ON ULTRASTRUCTURE OF MATURE ERYTHROCYTE IN GOLDFISH(Carassius auratus)
Chinese Science Bulletin 34, 330 (1989);

Two unisexual artificial polyploid clones constructed by genome addition of common carp (Cyprinus carp) and crucian
carp (Carassius auratus)
Science in China Series C-Life Sciences 46, 595 (2003);

The formation of improved tetraploid population of red crucian carp × common carp hybrids by androgenesis
Science in China Series C-Life Sciences 50, 753 (2007);

Distant hybridization leads to different ploidy fishes
SCIENCE CHINA Life Sciences 53, 416 (2010);

                             

http://engine.scichina.com
http://engine.scichina.com/search?fq={"author":["\"Liu Qingfeng\""]}
http://engine.scichina.com/search?fq={"author":["\"Qi Yanhua\""]}
http://engine.scichina.com/search?fq={"author":["\"Liang Qiuli\""]}
http://engine.scichina.com/search?fq={"author":["\"Xu Xiujuan\""]}
http://engine.scichina.com/search?fq={"author":["\"Hu Fangzhou\""]}
http://engine.scichina.com/search?fq={"author":["\"Wang Jing\""]}
http://engine.scichina.com/search?fq={"author":["\"Xiao Jun\""]}
http://engine.scichina.com/search?fq={"author":["\"Wang Shi\""]}
http://engine.scichina.com/search?fq={"author":["\"Li Wuhui\""]}
http://engine.scichina.com/search?fq={"author":["\"Tao Min\""]}
http://engine.scichina.com/search?fq={"author":["\"Qin Qinbo\""]}
http://engine.scichina.com/search?fq={"author":["\"Zhao Rurong\""]}
http://engine.scichina.com/search?fq={"author":["\"Yao Zhanzhou\""]}
http://engine.scichina.com/search?fq={"author":["\"Liu Shaojun\""]}
http://engine.scichina.com/publisher/scp/journal/SCLS
http://engine.scichina.com/doi/10.1007/s11427-017-9306-7
http://engine.scichina.com/publisher/scp
http://engine.scichina.com/doi/10.1007/s11427-010-0092-6
http://engine.scichina.com/doi/10.1360/sb1989-34-4-330
http://engine.scichina.com/doi/10.1360/02yc0198
http://engine.scichina.com/doi/10.1007/s11427-007-0090-5
http://engine.scichina.com/doi/10.1007/s11427-010-0057-9


•RESEARCH PAPER• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . https://doi.org/10.1007/s11427-017-9306-7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The chimeric genes in the hybrid lineage of Carassius auratus
cuvieri (♀)×Carassius auratus red var. (♂)

Qingfeng Liu1,2†, Yanhua Qi1,2†, Qiuli Liang1,2†, Xiujuan Xu1,2, Fangzhou Hu1,2, Jing Wang1,2,
Jun Xiao1,2, Shi Wang1,2, Wuhui Li1,2, Min Tao1,2, Qinbo Qin1,2, Rurong Zhao1,2,

Zhanzhou Yao1,2 & Shaojun Liu1,2*

1State Key Laboratory of Developmental Biology of Freshwater Fish, Hunan Normal University, Changsha 410081, China;
2College of Life Sciences, Hunan Normal University, Changsha 410081, China

Received December 19, 2017; accepted February 6, 2018; published online June 13, 2018

Hybridization can combine the genomes of different strains or species, which leads to changes of genotype and phenotype in the
hybrids. In this study, we aimed to investigate the genetic variations of hybrids (WR-F1 and WR-F2) derived from the in-
traspecific hybridization of white crucian carp (Carassius auratus cuvieri, WCC, ♀) and red crucian carp (Carassius auratus red
var., RCC, ♂). Here, we compared the orthologous genes in the liver transcriptomes of hybrids with those of WCC and RCC, and
classified the orthologous genes into eight gene patterns within three categories (chimera, mutant, and biparental origin genes).
The results revealed 19.04%, 4.17% chimeric genes and 6.90%, 5.05% mutations of orthologous genes in WR-F1 and WR-F2
respectively. Seventeen of twenty-three characterized genes (77%) were confirmed to be the chimeras at the genomic DNA level.
The GO classification discovered that some chimeric and mutant genes were related to metabolic process, immune system and
developmental process in WR-F1. Our results provide the new evidence that hybridization can combine the parental genomes,
leading to changes in the genotype of the resultant hybrids. This is the first report on the formation of chimeric genes from
fish intraspecific hybridization, which is potentially interesting from the context of both evolution and the genetic breeding of
fish.
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INTRODUCTION

Hybridization is defined as the mating of genetically dif-
ferentiated individuals or groups to generate a new popula-
tion with heterosis (Bartley et al., 2000; Chen, 2007; Zhang
et al., 2014). Hybridization can combine the whole genomes
from two different strains or species, which may lead to
changes of both phenotype and genotype in the offspring
(Liu, 2010). This breeding technique is widely used for the
genetic breeding of fish. Commonly, the desired goal is to

produce offspring that exhibit hybrid vigor or positive het-
erosis (Bartley et al., 2000). Many successful fish hybrids
and polyploidy fish have been reported previously, such as
common carp (Cyprinus carpio)×blunt snout bream (Mega-
lobrama amblycephala) (Wang et al., 2017), red crucian carp
(Carassius auratus red var.) (♀)×common carp (♂) (Liu et
al., 2001; Liu et al., 2007), red crucian carp (♀)×blunt snout
bream (♂) (Qin et al., 2010), blunt snout bream (♀)×top-
mouth culter (Culter alburnus) (♂) (Xiao et al., 2014),
polyploidy crucian carp (Qin et al., 2016).
White crucian carp (Carassius auratus cuvieri, WCC) and

red crucian carp (Carassius auratus red var., RCC) are the
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members of Cyprinidae (genus Carassius) and have the same
number of chromosomes (2n=100). In our previous study
(Wang et al., 2015), the crossing of WCC (female) and RCC
(male) produced diploid hybrids (WR). These hybrids had a
gray color, exhibited hybrid morphological traits which were
different from the parents, and showed obvious heterosis;
sequence analysis of ribosomal DNA revealed that re-
combination and variation existed inWR (Wang et al., 2015).
The formation of WR is important, not only for fish breed-
ing, but also to research the genomic variation in hy-
bridization.
Previous studies indicated that hybridization can combine

valuable traits from two species into a single group, in-
cluding disease resistance, good growth, and superior flesh
quality (Bartley et al., 2000). These important phenotypic
variations could result from the interaction between the two
parental genomes, including allelic heterozygosity, and/or
epigenetic changes, which result in changes at epigenetic,
genetic, and gene expression levels (Mallet, 2007). In addi-
tion, hybridization can also cause drastic genetic and geno-
mic imbalances, including chromosomal rearrangements
(Kenton et al., 1993); transpositions (Wendel, 2000); dele-
tions and insertions (Ozkan et al., 2001); dosage imbalances
(Galili et al., 1986); a high rate of DNA mutations and re-
combination (Arnheim et al., 1980; Hu et al., 1998); and
other non-Mendelian phenomena (Soltis and Soltis, 1995).
However, the molecular mechanisms underlying these
changes are rarely reported. RNA-seq is a recently developed
method which can analyze transcriptomes in a very high-
throughput manner (Wang et al., 2009). In this study, we
present an analysis of the transcriptomes from the livers of
WCC, RCC, WR-F1, and WR-F2 to reveal the genomic
variation of the hybrid fish.

RESULTS

Formation of experimental fish

Hybrid fish were generated by crossing female Carassius
auratus cuvieri with male Carassius auratus red var. (Figure
1A and B). One type of F1 hybrid was obtained in the present
study, which was diploid (2n=100), as previously reported
(Wang et al., 2015). The diploid hybrid was bisexually fertile
showing a normal pattern of gamete development (Figure
1C). Meanwhile, as previously reported (Wang et al., 2015),
an F2 population was created by F1 self-crossing (Figure 1D).

Body weights of WCC, RCC, and WR for two years

Mean BWs of WCC, RCC and WR-F1 are shown in Table 1.
The mean body weight of 3 months old WR was 140 g,
which was similar to the WCC (147 g), but significantly
higher than the RCC (80 g) (P<0.05). The mean body weight

of 8 months old WR was 328 g, which was higher than the
WCC (310 g), and significantly higher than the RCC (217 g)
(P<0.05). The mean body weight of 1 year old WR was
350 g, which was similar to the WCC (395 g), but sig-
nificantly higher than the RCC (292 g) (P<0.05). The mean
body weight of 2 years old WR (750 g) was similar to the
WCC (762 g), but significantly higher than the RCC (410 g)
(P<0.05).

Liver transcriptome analysis

Some of the detailed data about RNA-seq are showed in
Table 2. In total, we identified 6,712 orthologous genes
among the transcriptomes of WCC, RCC, and WR-F1; 4,475
orthologous genes among the transcriptomes of WCC, RCC,
and WR-F2. Chimeric patterns were identified based on these
orthologous genes and the distribution of variations. We
classified eight gene patterns within three categories (chi-
mera, mutant, and biparental origin genes) in hybrids (Fig-
ures 2 and 3, Table 3). The first category included patterns 1–
3, which were with single chimeric fragment consisting of
continuous, alternating variations from parent-specific var-
iants, either with or without offspring-specific mutations.
Pattern 1 and pattern 2 included genes that had a single
chimeric fragment consisting of continuous, alternating
variations from parent-specific variants but without off-
spring-specific mutations. Pattern 3 included genes that had
chimeric fragments consisting of continuous, alternating
variations from parent-specific variants but with offspring-
specific mutations. Chimeric genes from the first category
comprised 19.04% of the genes in overlapping mapped re-
gions in WR-F1 and 4.18% of the genes in overlapping
mapped regions in WR-F2.
The second category included chimeric genes with off-

spring-specific variations. These genes are grouped into
patterns 4–6, which consisted of genes derived from both
progenitors but with mutations unique to the offspring. Chi-
meric genes from the second category comprised 6.90% of
genes in the overlapping mapped regions ofWR-F1 and 5.05%
of genes in the overlapping mapped regions of WR-F2.
Finally, the third category included pattern 7 and pattern 8,

in which genes were derived exclusively from one parent.
Pattern 7 included genes from the WCC parent while pattern
8 included genes from the RCC parent. The third category
comprised 31.08% of genes in the overlapping mapped re-
gions of WR-F1 and 36.20% of genes in the overlapping
mapped regions of WR-F2.

Chimeric genes validated in parents and hybrids

We confirmed the presence of chimeric genes at the genomic
level by both PCR amplification and Sanger sequencing. In
total, Sanger sequencing validated 22 of the 30 genes tested,
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indicating a 73% success rate for the bioinformatic identi-
fication of chimeric and other patterns. There were 23
characterized chimeric genes in the 30 tested genes, and 17

of 23 characterized chimeric genes (74%) were confirmed to
the chimeras by Sanger sequencing. For example, we were
able to confirm that ZFP36 ring finger protein like 2

Figure 1 Formation of Carassius auratus cuvieri×Carassius auratus red var. hybrids. A, 100 chromosomes were observed in Carassius auratus cuvieri. B,
100 chromosomes were observed in Carassius auratus red var. C, Following hybridization, an F1 generation was obtained, which also exhibited 100
chromosomes. Gonadal histology of the hybrid showed that the fish were fertile. D, An F2 generation was created by F1 self-crossing, which also exhibited
100 chromosomes. Gonadal histology of the hybrid showed that the fish were fertile.

Table 1 Comparison of the mean body weight of WCC, RCC, and WR-F1 (g)
a)

3 months 4 months 6 months 8 months 10 months 1 year 2 years

WCC 147±10 180±14 245±18 310±20 372±36 395±42 762±48

RCC 80±6* 113±8* 156±10* 217±17* 246±23* 292±33* 410±45*

WR-F1 140±8 158±13 242±20 328±26 334±30 350±34 750±40

a) Values are mean±SE (g). *, Statistically significant differences between RCC and WR-F1 (P<0.05).

Figure 2 (Color online) Schematic diagrams of gene patterns for the offspring arising from the hybridization of WCC (W) and RCC (R) fish. Blue bars
marked W variation denote offspring fragments with the WCC-specific variants; red bars marked R variation show RCC-specific variants; and yellow bars
marked F-variation show offspring-specific variants. Genes were classified into three categories. The first category includes patterns 1–3 (A–C, respectively)
in which chimeric genes had single or multiple chimeric fragments consisting of continuous, alternating variations from parent-specific variants, either with
or without offspring-specific mutations. The second category included patterns 4–6 (D–F, respectively), which consisted of genes derived from either or both
progenitors but with mutations unique to offspring. The third category included patterns 7–8 (G–H, respectively) where genes were derived exclusively from
one parent.
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Figure 3 (Color online) Diagram and alignment of zfp36l2 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1 and WR-F2). A,
Schematic map of relationships between the reference genome, Sanger sequences and contigs of the de novo assembly. B, Sequence alignment for zfp36l2.
Blue denotes loci from WCC and different from RCC; yellow variants represent loci from RCC and different from WCC; red represents mutations that differ
from both WCC and RCC.
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(zfp36l2), SET domain containing 5 (setd5), and some other
genes showed chimeric fragments consisting of continuous,
alternating variations from parent-specific variants with or
without offspring-specific mutations (Figure 3, Figures S1–
S16 in Supporting Information). In addition, zfp36l2, setd5,
somatostatin receptor 2 (sst2), elastin microfibril interface
(emilin1), ZFP36 ring finger protein 1 (zfp36), apolipopro-
tein B (apob), and small nuclear ribonucleoprotein U1 sub-
unit 70 (snrnp70) showed chimeric fragments consisting of
continuous, alternating variations from parent-specific var-
iants with or without offspring-specific mutations both in the
WR-F1 and WR-F2 (Figure 3, Figures S1–S6 in Supporting
Information). Analysis is showed as follows: ring finger
protein 139 (rnf139) had many locus mutations with the
deletion of some bases (Figure S17 in Supporting Informa-
tion); desmoplakin a (dspa) has one fragment fromWCC and
exhibited some mutations (Figure S18 in Supporting In-
formation); RNA binding motif protein 25 (rbm25) was
exclusively inherited from RCC (Figure S19 in Supporting
Information); mannosidase endo-alpha (manea), and serine-
aspartate repeat-containing protein I-like (loc107984728),
were exclusively inherited from RCC (Figures S20 and S21
in Supporting Information). Moreover, we mapped these
validated genes from the hybrids transcriptome to homo-
logous genes in the goldfish reference genome to determine
whether any structural changes existed (Figure 3, Figures
S1–S21 in Supporting Information). The results showed the
structure of these validated genes is consistent with the
goldfish reference genome; there is no structural changes in
these validated genes.

Enrichment analysis of chimeric and mutant genes in
WR-F1

In WR-F1, GO analysis classified 1,731 annotated chimeric
and mutant genes into 15, 16, and 23 main subgroups (at
level 2) about the cellular component, molecular function,

and biological process categories, respectively (Figure 4).
Among the biological process category, enrichment was
observed in metabolic processes (GO:0008152), immune
system processes (GO:0002376), and developmental pro-
cesses (GO:0032502), which may be related to metabolism,
immunology, and development in WR-F1.
In contrast to GO enrichment, pathway enrichment sum-

marizes the complex networks of genes in maps for im-
proved visualization and comprehension. Multiple pathways,
including the Metabolic pathways, Biosynthesis of second-
ary metabolites, PI3K-Akt signaling pathway, T cell receptor
signaling pathway and NF-kappa B signaling pathway, were
clearly enriched in chimeric and mutant genes (Table 4).

DISCUSSION

The significance of hybridization

Hybridization is a significant and useful strategy for creating
new types of fish stocks in genetic breeding. This process
combines the genetic material from parental species into
hybrids offspring, resulting in changes in the gene regulation
and expression in the hybrid progeny (Mallet, 2007; Liu,
2010; Stelkens and Seehausen, 2009). Thus, the hybrids can
exhibit many advantageous traits, such as rapid growth, high
harvest rates, and strong environmental tolerances (Bartley et
al., 2000; Li et al., 2013). Hybridization can be divided into
distant hybridization (above-specific or interspecific cross-
ing) and intraspecific hybridization. At the molecular level,
distant hybridization leads to the emergence of chimeric
genes and mutations of orthologous genes (Liu et al., 2016).
As reported previously, the allopolyploid fish offspring has
many chimeric genes (>9%) and mutations of orthologous
gene. The number of chimeric and mutant genes is steady in
different offspring (Liu et al., 2016). According to our results
in the present study, intraspecific hybridization can result in
chimeric genes, and both the first generation and the second

Table 2 De novo assembled transcripts for four individuals

WCC RCC WR-F1 WR-F2
Number of unigene 64,972 73,421 60,586 66,619

Number of reads 41,116,994 52,040,914 41,344,836 51,490,270

N50 841 1,154 819 850

Table 3 Gene numbers of each variation pattern in hybrids using white crucian carp as a reference

Categories Chimeric
genes Genes with specific mutations Genes of biparental origin

Patterns 1–3 4–6 7–8

Gene number (WR-F1) 1,278 463 2,086

Percentage (WR-F1) 19.04% 6.90% 31.08%

Gene number (WR-F2) 187 226 1,620

Percentage (WR-F2) 4.18% 5.05% 36.20%
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generation have chimeric genes. But different from distant
hybridization, the chimeric genes of WR-F2 (4.17%) were
lower than WR-F1 (19.04%). According to this phenomenon,
we presume that the steadiness of chimeric genes in distant
hybridization is necessary for progeny surviving, because the
offspring is hard to survive in distant hybridization; however,
the offspring is easy to survive in intraspecific hybridization,
the less chimeric genes in WR-F2 may suggest the genome of
the hybrids was more stable with the increase of generation.
In a word, whether in distant hybridization or in intraspecific
hybridization, the existence of chimeric genes is crucial. In
addition, in our research, the patterns of chimeric genes (8

patterns) are less than that of previous study in allopolyploid
fish (18 patterns) (Liu et al., 2016). It may be the otherness of
parental genome in distant hybridization is higher than that in
intraspecific hybridization, so it caused more violent geno-
mic oscillations.

Chimeric gene in hybrid lineage of Carassius auratus
cuvieri×Carassius auratus red var

The genetic mechanisms underlying the creation of hybrid
traits in hybrids are poorly understood. The basic features of
the complex processes include the distribution of transpo-

Figure 4 Gene ontology classification of chimeric and mutant genes in WR-F1. Chimeric and mutant genes are annotated in three categories: biological
processes, molecular function, and cellular component.

Table 4 Pathways enriched with chimeric and mutant genes in WR-F1

Pathways Pathway ID
Number of annotated chimeric and mutant genes in

WR-F1
(1,731)

Metabolic pathways KO01100 203 (11.73%)

Biosynthesis of secondary metabolites KO01110 70 (4.04%)

Pathways in cancer KO05200 51 (2.95%)

Biosynthesis of antibiotics KO01130 47 (2.72%)
Protein processing in endoplasmic reticulum KO04141 45 (2.60%)

Microbial metabolism in diverse environments KO01120 43 (2.48%)

PI3K-Akt signaling pathway KO04151 41 (2.37%)

NF-kappa B signaling pathway KO04064 20 (1.16%)

T cell receptor signaling pathway KO04660 18 (1.04%)

Toll-like receptor signaling pathway KO04620 17 (0.98%)
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sable elements, gene insertion or loss, and chromosomal
rearrangement (Nei and Nozawa, 2011; Rieseberg, 2001).
Changes of sequence in promoters, or other regulatory se-
quences, may also cause changes in gene expression and
contributes to the evolution of new traits (Chen, 2007). Both
chimeric and mutant genes are able to produce structural
changes in genes which could reduce the activity or fidelity
of an encoded enzyme, by influencing normal transcriptional
activity; thus, chimeric genes may be responsible for some of
the novel traits observed in hybrids (Koyama et al., 2007).
In this study, we identified 1,731 chimeric and mutant

genes in WR-F1 using GO and pathway enrichment. GO
enrichment analysis revealed that some of the chimeric and
mutant genes were related to metabolism, immune and de-
velopmental processes, such as metabolic process
(GO:0008152), primary metabolic process (GO:0044238),
pigment metabolic process (GO:0042440), immune system
process (GO:0002376), immune response (GO:0006955),
developmental process (GO:0032502), embryonic develop-
ment (GO:0009790), growth (GO:0040007), pigmentation
(GO:0043473). Interestingly, ‘‘metabolic pathways’’, ‘‘bio-
synthesis of secondary metabolites’’, ‘‘T cell receptor sig-
naling pathway’’, ‘‘NF-kappa B signaling pathway’’, “Toll-
like receptor signaling pathway” and some metabolism-
specific and immune-specific pathways are annotated in the
KEGG (Table 4). We measured the body weight of WR-F1,
WCC and RCC for two years (n=50 for each fish). The mean
body weight of two-year-old WR-F1 was 750 g, which was
closed to WCC (762 g) but significantly higher than the RCC
(292 g) (P<0.05) (Table 1). We hypothesize that some chi-
meric and mutant genes, such as sst2 and igfals (Figures S2
and S10 in Supporting Information), which were related to
growth and development (Lopez et al., 1997; Voss, 2010)
may have contributed to the rapid growth of WR-F1. In
conclusion, these enrichment analyzes provide a rich and
detailed resource for science researchers to probe the re-
lationship between hybrid traits and chimeric genes.

Potential mechanisms related to chimeric genes

Structural changes in the genome might severely constrain
the survival of hybrid offspring. Rapid gene loss, genome
restructuring, and altered patterns of gene expression are
common in the genomes of newly-formed natural or artificial
hybrids (Adams and Wendel, 2005; Hegarty et al., 2012;
Madlung et al., 2005; Schnable et al., 2011; Xiong et al.,
2011). As reported previously, a high level of genomic re-
structuring occurred in allopolyploid fish offspring, includ-
ing genetic recombination, offspring-specific mutation and
significant alteration of gene expression (Liu et al., 2016). In
addition, some hybrid plants, such as Brassica (Gaeta et al.,
2007) and wheat (Brenchley et al., 2012; Feldman et al.,
1997), also exhibit relatively high levels of genomic

rearrangements.
In the present study, we found chimeric genes (WR-

F1:19.04%, WR-F2:4.18%) in the hybrids which were pro-
duced from close hybridization of the WCC (♀) and RCC
(♂) genomes, to a certain extent, representing a “genetic
melting” of the two organisms. WCC and RCC belong to
different breed. Using them as parents for the hybridization,
it increases nuclear-nuclear and nuclear-cytoplasmic in-
compatibility between WCC and RCC, which easily gives
rise to drastic genomic imbalances in the hybrids.
The presence of chimeric and mutated genes may be

caused by the struggling for survival in the initial stage of
hybridization. The high frequency of chimeric and mutated
genes may be driven by erroneous DNA excision between
homologous parental genes, large-scale DNA repair via re-
combination or non-homologous end-joining, or even
transposon activity (Bao and Yan, 2012; Fedoroff, 2012;
Levin and Moran, 2011; Liu et al., 2016; Wang et al., 2006).
Abnormalities of DNA or RNA repair, such as dysfunction
of RAD (Delmas et al., 2009; Huang et al., 2009) or other
genes and pathways (Cui et al., 2012; Kobayashi et al., 2008;
van Gent et al., 2001; Zhao et al., 2007), may also have
contributed to the high rate of homologous recombination in
the hybrids. Some transposable elements are capable of
mobilizing an adjacent sequence, and new chimeric genes
were generated (Collins and Bell, 2004; Shapiro, 2005; Yang
et al., 2008). The hybrids combined whole genomes from
WCC and RCC, which may have allowed the reciprocal
exchange of homologous chromosomes, and gene conver-
sion, to occur more easily, leading to a large number of ge-
netic changes in the hybrids. Furthermore, replication
slippage, or the imprecise cutting of an unpaired duplication
during large-loop mismatch repair, may represent additional
mechanisms for the formation of chimeric genes (Rogers et
al., 2009). In addition, double-strand break (DSB) is more
likely to occur at tandem repeats locus during the process of
DNA replication, thus, a chimera is formed by recombina-
tion between different sequences during the process of DSB
repair (Ye et al., 2017) However, the causative mechanism(s)
involved could not be identified by our present analyses.
In conclusion, hybridization offers a means, unlike genome-

editing technique which acts on one or a few genes, provides
genetic variation at hundreds or thousands of genes. The
chimeric and mutated genes are a common phenomenon
whether in distant hybridization or in close hybridization. And
the chimeric and mutated genes are likely to be related to
hybrid traits.

MATERIALS AND METHODS

Fish cross and sampling

WCC, RCC, WR-F1, and WR-F2 (1 year old) were collected
from the State Key Laboratory of Developmental Biology of
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Freshwater Fish, Hunan Normal University, Changsha,
China. The protocols for crosses and culturing were de-
scribed previously (Wang et al., 2015). All fish were eu-
thanized using 2-phenoxyethanol (Sigma, USA) before
being dissected. Livers were removed surgically, and stored
in RNAlater (Invitrogen, USA) following the manufacturer’s
instructions for total RNA extraction. Animal experimenters
were certified under a professional training course for la-
boratory animal practitioners held by the Institute of Ex-
perimental Animals, Hunan Province, China.

Measurement of body weight for WCC, RCC, and
WR-F1

In May of 2014, 200 WCC, 200 RCC, and 200 WR-F1 were
selected and reared in a 500-m2 pond. After feeding for
3 months, body weights (BWs) of WCC, RCC, and WR-F1
were measured for two years (n=50 for each fish).

RNA isolation, cDNA library construction, sequencing
and quality control

Total RNAwas isolated from liver tissues of each type of fish
using the TRIzol Reagent (Invitrogen) in accordance with
the manufacturer’s protocol. Total RNA samples exhibited
28S:18S ratios ranging from 1.8–2.0 while the integrity of
the total RNA ranged from 8.0 to 10.0. Next, we constructed
four cDNA libraries which represented genotype of each
type of fish (three WCC, three RCC, three WR-F1, and three
WR-F2) using 2 µg mRNA. Then, each library was se-
quenced using an Illumina HiSeq™ 2500. Raw reads were
filtered using the Trimmomatic software (Babraham Bioin-
formatics, USA) (Xu et al., 2015) to obtain the paired-end
clean reads. De novo assembly of transcriptomes was then
carried out with a short-reads assembly program (Trinity,
USA) (Dion-Côté et al., 2014), using three independent
software modules known as Inchworm, Chrysalis, and But-
terfly. Principal component analysis (PCA) of three liver
transcriptomes was then applied to examine the contribution
of each transcript to the separation of the classes (Anders and
Huber, 2010; Reeb and Steibel, 2013).
Contig annotation was performed using five public data-

bases (nonredundant (Nr); Swiss-Prot; Kyoto Encyclopedia
of Genes and Genomes (KEGG); Clusters of Orthologous
Groups (COG) and Gene Ontology (GO)). First, BLASTX
alignment (e-value≤1×10−6) was used between contigs and
protein databases, and the best-aligned results were used to
decide the sequence direction of contigs. After screening the
sequences (alignment length≤100 bp), the accession num-
bers of the genes were obtained from the BLASTX results.
Then, GO terms of annotation sequences were obtained
through Ensembl BioMart (Flicek et al., 2013). WEGO
software was used to analyze the GO annotation (Ye et al.,

2006). The KEGG pathway was then used to identifiy the
relevant biological pathways (Kanehisa et al., 2008). Then,
to identify putative orthologs between hybrids and the ori-
ginal parents, the sequences from WCC, RCC, and WR-F1
assembled sequences were aligned with the reciprocal
BLAST (BLASTN) hit with an e-value of 1×10−20 (Blanc and
Wolfe, 2004); the sequences from WCC, RCC, and WR-F2
assembled sequences were aligned with the reciprocal
BLAST (BLASTN) hit with an e-value of 1×10−20 (Blanc and
Wolfe, 2004). Three sequences were defined as orthologs if
each of them was the best hit of the other and if the sequences
were aligned over 300 bp. Meanwhile, the nucleotide se-
quence was aligned using the BioEdit program (version
7.0.9) (Hall, 1999).

Variation and detection of chimeric patterns

High-quality reads were remapped to goldfish reference
genome (Liu et al., 2016) with Burrows-Wheeler Alignment
tool (BWA) (Li and Durbin, 2009) to detect variants among
WCC, RCC, WR-F1 and WR-F2, and their distributions.
Because divergence within most shared copies of both WCC
and RCC was less than 5%, the maximum mismatch of hits
was set as 5 per 100 bp read. This parameter setting (max-
imum mismatch of 5%) ensured that reads from half of the
orthologs were mapped to the genome as the mapping ratio
of the red crucian carp is about 50%. After obtaining the
BAM files, we recorded the mapped region of each sample
on the reference genome. Variations from regions overlapped
by both parents and hybrids were extracted from the align-
ments using both mpileup from the SAMtools package (Li et
al., 2009), and the GATK (DePristo et al., 2011; McKenna et
al., 2010; Van et al., 2013) pipeline for RNA-seq. Candidate
variations were filtered based on a variation-quality score
≥20, and depth >3 reads. VCFtools (Danecek et al., 2011)
was used to compare variations among both parents and
hybrids identified by both methods.
The distribution patterns of variations in WR-F1 and WR-

F2 compared to the parental were analyzed and the dis-
tributions of chimeric loci were retained for downstream
analysis. Mutation patterns were defined in the following
manner: first, as chimeric-variants, single or multiple frag-
ments consisting of continuous, alternating variations from
parents-specific variants; second, offspring-specific-var-
iants, including locus mutations, DNA insertions or DNA
deletions; third, as parent-variants, where the sequence was
the same as one parent but different from the other parent.
Within a gene-region, several segmental fragments poten-
tially consisted of different exons. Thus, offspring mutations
were associated with segments. If parent-specific variations
aligned alternately within a continuous fragment, the gene
was classified as a chimera containing a parental crossing
hotspot (patterns 1–3). Genes from the offspring with spe-
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cific variations but no chimeric patterns were identified as
having mutations (patterns 4–6). Genes with single or mul-
tiple exons derived only from one parent were classified as
being of maternal-origin or paternal-origin (patterns 7 and 8).
Only genes with fragments per kilobase of transcript per
million mapped reads (FPKM) values >0.3 were classified
by pattern. Redundant genes (the same gene name and pat-
tern of variation) in the red crucian carp-based analyses were
removed.

PCR validation for 30 chimeric genes

Thirty chimeric genes were chosen randomly to validate the
chimeric pattern. Genomic DNAs were extracted from the
liver tissue of three WCC, three RCC, three WR-F1, and
three WR-F2 according to Yue and Orban (Yue and Orban,
2005). Polymerase chain reaction (PCR) primers were de-
signed based on the conserved regions of homologous gene
from WCC, RCC, and WR (Table S1 in Supporting In-
formation). The amplification reaction mixture (50 μL)
consisted of 40 ng genomic DNA, 3.0 mmol L−1 MgCl2,
0.4 mmol L−1 of each dNTP, 0.8 μmol L−1 of each primer, 1×
PCR buffer, and 2.50 U Taq polymerase (TaKaRa, Dalian).
The thermal program consisted of an initial denaturation step
of 94°C for 5 min, followed by 35 cycles (94°C for 30 s,
51°C–59°C for 30 s, and 72°C for 1–5 min) and a final ex-
tension step of 72°C for 10 min. The PCR products were
separated on a 1.2% agarose gel, purified using a Gel Ex-
traction Kit (Sangon Biotech Co., Ltd., Shanghai), ligated
into a pMD18-T vector, and transferred into Escherichia coli
DH5α. The positive clones were then sequenced (10 clones
for each PCR fragment). To determine sequence homology
and variation, the sequences were aligned using BioEdit
(Hall, 1999). In addition, those validated genes identified
from goldfish reference-genome were combined to detect the
structural changes.

Analysis of chimeric and mutant genes in WR-F1

To analyze the function of chimeric and mutant genes in
WR-F1, we investigated the biological processes and path-
ways in which they were involved. WEGO software was
used to classify the GO terms of the chimeric and mutant
genes, while the KEGG pathway was used to identify the
most relevant biological pathways.
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SUPPORTING INFORMATION

Figure S1 Diagram and alignment of setd5 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1 and WR-F2).

Figure S2 Diagram and alignment of sst2 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1 and WR-F2).

Figure S3 Diagram and alignment of emilin1 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1 and WR-F2).

Figure S4 Diagram and alignment of zfp36 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1 and WR-F2).

Figure S5 Diagram and alignment of apob from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1 and WR-F2).

Figure S6 Diagram and alignment of snrnp70 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1 andWR-F2).

Figure S7 Diagram and alignment of npc1 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S8 Diagram and alignment of minpp1a from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S9 Diagram and alignment of sall1a from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S10 Diagram and alignment of igfals from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S11 Diagram and alignment of c3ar1 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S12 Diagram and alignment of znf638 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S13 Diagram and alignment of acin1b from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S14 Diagram and alignment of march7 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR).

Figure S15 Diagram and alignment of zc3h12a from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S16 Diagram and alignment of rnf225 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S17 Diagram and alignment of rnf139 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S18 Diagram and alignment of dspa from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S19 Diagram and alignment of rbm25 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S20 Diagram and alignment of manea from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Figure S21 Diagram and alignment of loc107984728 from white crucian carp (WCC), red crucian carp (RCC) and hybrids (WR-F1).

Table S1 Primers sequences used in the PCR
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