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A B S T R A C T   

Distant hybridization refers to the combination of different genomes from different species and further leads to 
genetic structure changes in hybrids. For next-generation sequencing limitations, the genetic changes with 
respect to hybrids or polyploids cannot be fully explained. Here, we obtained 117,526 full-length isoforms from a 
triploid hybrid grass carp (3nGT, 3n = 72) by the crossing of female grass carp (GC, 2n = 48) and male topmouth 
culter (TC, 2n = 48) using single-molecule long reads sequencing technology. Further, the gene fusion, alter-
native splicing (AS), transcription of homologous genes, and novel genes were analyzed. The results showed that 
1563 fusion genes were detected in 3nGT including 872 heterogenous fusion genes derived from GC and TC 
genomes. Meanwhile, 175,644 AS events were identified and divided into five models, of which IntronR was the 
dominant model. In addition, 8964 novel genes were discovered, of which 2802 novel genes were annotated. 
Finally, scans results of Hox gene family revealed that both GC and TC Hox genes were transcribed in 3nGT, but 
presented asymmetric transcription patterns with a bias towards the maternal parent GC genome. This study not 
only provides a rich resource of transcript isoforms for the superior triploid grass carp, but also provides an 
important insight into rapid genetic changes in hybrid fish.   

1. Introduction 

Hybridization means the combination of different genome from 
different species, and the interaction of heterogenous genome often 
cause genome or gene structure changes [1–5]. Those genetic alter-
ations, determining phenotype changes directly, were the foundation of 
hybrid breeding. In hybrids, obvious gene structure alterations had been 
reported in heterogenous diploids and polyploids [6,7]. In the allote-
traploids of female Carassius auratus red var. × male Cyprinus carpio L, 
chimeric genes were distributed in all kinds of signal paths, which 
regulated the normal life activities of polyploid [8]. Similar chimeric 
genes were also found in allodiploids of female Carassius auratus cuvieri 
× male C. auratus red var [9]. 

The next-generation sequencing technology has developed fast in the 
past few years with superior technical performance and cost advantages 
to the Sanger sequencing [10]. However, for the limitation of short 
reads, it is not easy to assemble complete mRNA or cDNA in large 

quantities [11]. The PacBio Isoform sequencing overcame this obstacle 
well. At present, with this single-molecule long-read sequencing plat-
form, outstanding performance has been achieved in transcriptome 
sequencing of sorghum [12], maize [13], and red clover [14]. Moreover, 
the long-read sequencing platform played an important role in exploring 
the genetic or other biological characteristics in hybrids [15] and 
polyploids [16–18]. 

In the present study, a triploid hybrid grass carp (3nGT, 3n = 72) was 
produced by mating female grass carp (GC, 2n = 48) and male topmouth 
culter (TC, 2n = 48), which contained one set of chromosomes from TC 
and two sets of chromosomes from GC, and their basic biological char-
acteristics were surveyed, which presented obvious heterosis [19]. In 
this study, the genetic characteristic regarding the formation of a novel 
gene, gene fusion, and alternative splicing in 3nGT was further analyzed 
by the full-length transcriptome sequencing. This study provides a rich 
resource of transcript isoforms for the superior triploid grass carp, which 
will provide important reference for the analyses of dominant characters 
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and important guidance for the hybrid breeding of fish. 

2. Methods 

2.1. Ethics statement 

The Administration of Affairs Concerning Animal Experimentation 
Guidelines states that approval from the Science and Technology Bureau 
of China and the Department of Wildlife Administration is not necessary 
when the fish in question are not rare or near extinction (first-class or 
second-class state protection level). Therefore, approval was not 
required for the experiments conducted in this study. 

2.2. Animal materials 

The 3nGT was produced by the crossing of female GC and male TC, 
and all the fish were cultured in the Engineering Center of Polyploidy 
Fish Breeding of the National Education Ministry, Hunan Normal Uni-
versity, Hunan, China. The sample was deeply anaesthetized with 100 
mg/L MS-222 (Sigma-Aldrich, St Louis, MO, USA) for 10 min (25 ◦C) in a 
separate tank prior to dissection. Five tissue materials including the 
heart, liver, kidney, brain, and muscle were excised carefully, flash 
frozen by liquid nitrogen and subsequently stored at -80 ◦C. 

2.3. RNA extraction, library construction and sequencing 

The Qiagen kit was used to extract high quality RNA from 3nGT 
tissue samples according to the manufacturer’s protocol. All RNA sam-
ples were treated with RNase-free DNase I. The RNA purity and integrity 
were determined by a NanoDrop® 2000 spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA) and an Agilent 2100 bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA). Then, high-quality RNA 
was reverse-transcribed into cDNA using SMARTer® PCR cDNA Syn-
thesis Kit. Mix cDNA samples from the heart, liver, kidney, brain, and 
muscle were used to build three 0.5–6 kb libraries through PCR ampli-
fication using KAPA HiFi PCR Kits. Finally, those libraries were 
sequenced by single-molecule sequencing technology. 

2.4. RNA-seq data analysis and calibration 

Firstly, the adaptors and low-quality sequences were removed before 
producing raw data. For the error rate of the Pacbio sequence, the 
production of high-quality cDNA sequence data was further performed 
with the quality control and correction. After the quality control, the 
clean polymerase reads were processed to separate insert reads with full 
passes >1 and accuracy >0.80. According to the position of 5’primer, 
3’primer and polyA, the filtered reads were classified were divided into 
full-length non-chimeric or non-full-length reads. In order to improve 
the accuracy of isoforms, redundancy full-length non-chimeric reads 
were cultured to unpolished consensus by ICE package (https://github. 
com/PacificBiosciences/IsoSeq_SA3nUP/wiki/RunningIso-Seq-Cluster). 
Finally, an arrow was used to correct unpolished consensus and obtain 
polished high-quality consensus sequences, whose accuracy was more 
than 99%. 

2.5. Fusion gene analysis and validation 

Fusion gene refers to part or all sequences from two different genes 
integrated into one new chimeric gene. To detect the fusion genes, the 
high-quality isoforms were mapped to a reference genome of GC and TC 
with gmap software and extracted the mapping results using fusion_-
finder.py (https://github.com/Magdoll/cDNA_Cupcake). The fusion 
gene reads must map to two or more positions, whose distance was more 
than 10 kb. Besides, the coverage of the transcript corresponding to each 
site must reach at least 10%, and the coverage of the mapping area must 
be more than 99%. Further, we verified the fusion gene events by Sanger 

sequencing. Reference sequences of fusion gene were blasted and 
extracted from the reference genome of GC and TC using the software of 
Tbtools [20]. Primers were designed by Primer Premier 5 and 
sequencing results were analyzed by BioEdit. 

2.6. Gene annotation, ncRNA prediction and identification of novel gene 

Firstly, according to the mapping information of isoforms to the 
genome of GC and TC, the annotated isoforms were extracted by 
matchAnnot software. For the next, another new isoform, which was 
mapped to the genome but without annotated results, was processed to 
identify noncoding RNAs (ncRNAs) using ncrna_pipeline (https 
://bitbucket.org/arrigonialberto/lncrnas-pipeline). Lastly, those novel 
isoforms, which were mapped to the genome without annotated results 
and were not ncRNAs, were identified as novel genes. Those novel genes 
were reannotated to gene ontology (GO), Kyoto Encyclopedia genome 
(KEGG), NCBI non-redundant protein sequence (NR), Swiss- Prot, and 
sequence of orthologous protein clusters (COG), respectively. 

2.7. Analyses and identification of alternative splicing 

Alternative splicing (AS) is a process in that pre-mRNA produced 
different mRNAs by different splicing ways or different splicing sites. It 
is an important mechanism that regulates gene expression and increases 
proteomic diversity [21]. To detect alternative splicing (AS) events in 
3nGT, all transcripts were mapped to GC and TC genomes respectively. 
We extracted transcripts mapped to the same gene as an AS event, and 
divided the AS events into the following models: intron retention 
(IntronR), alternative donor site (AltD), alternative acceptor site (AltA), 
exon skipping (ExonS), alternative position (AltP) and other. Lastly, the 
top 5% of AS events were enriched to the GO and KEGG database, 
respectively. 

2.8. Analyses of Hox gene family 

To survey the homologous gene transcriptional pattern in triploid 
hybrids, the Hox gene family was determined in GC and TC genomes by 
the tblastn software (E = 2e− 5), using the Hox gene sequences from 
Danio rerio as the query sequences. The cds sequences of Hox gene family 
were extracted from GC and TC genome respectively, which were used 
as the query sequences for the Hox genes selected in the full-length 
transcriptome of 3nGT. Next, the Hox genes were mapped to full- 
length transcripts of 3nGT using the blast software and extracted the 
mapped isoforms. Further, those gene from GC and TC genomes were 
aligned with corresponding isoforms respectively by BioEdit software. 
The discrepant single nucleotide polymorphism (SNP) sites in the ho-
mologous fragment of each gene were selected, counted, and analyzed, 
to distinguish the different genomes and survey the SNP sites recombi-
nation in 3nGT. 

3. Results 

3.1. The full-length sequences of 3nGT using PacBio sequencing 

Using the PacBio-Sequel platform, full-length transcriptome 
sequencing was performed on mixed high-quality RNA samples from 
five tissues of 3nGT including heart, liver, kidney, brain, and muscle. As 
a result, the subreads with a total of 18, 990, 518,290 bases were ob-
tained from the three SMRT cells after removing the adaptor and low- 
quality reads. By applying the standard Iso-Seq classification and clus-
tering protocol, 675,390 insert reads with an average length of 2241.36 
bases were further divided into 86,736 non-full-length reads and 
571,493 full-length non-chimeric reads. After ICE clustering and 
correction, we finally obtained 356,574 consensus sequences, of which 
183,481 consensus sequences with an accuracy of more than 99%. The 
datasets supporting the conclusions of this article were available in the 
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GenBank repository with access No. PRJNA980910. 

3.2. Fusion gene analysis 

After high-quality isoforms mapping to the GC-TC genome, 1563 
fusion genes were identified and divided into three types. The first type 
including 427 sequences (27.32%) showed a gene fusion of different 
chromosomes or scaffolds in the GC genome; the second type including 
264 sequences (16.89%) showed a gene fusion of different chromosomes 
or scaffolds in the TC genome; the third type including 872 sequences 
(55.79%) showed a gene fusion between GC genome and TC genome. 
The gene fusion in GC or TC genome may occur before the hybridization, 
however, the fusion genes between different subgenomes were formed 
following the hybridization. In this case, we verified the 3 fusion genes 
randomly from the third type by Sanger sequencing. As a result, the 
PBfusion.557 transcript combined the creatine kinase, M-type (CKM) 

gene of TC, and skeletal muscle alpha-actin (acta1) gene of GC (Fig. 1). 

3.3. Gene annotation, LncRNA prediction and novel gene discorvery 

As shown in Table 1, 355,269 transcripts were obtained after 
removing fusion genes, and 353,538 transcripts were mapped to the 
reference genome by GMAP software, accounting for 99.51% of the total 
transcripts. According to the mapped transcripts, collapse_iso-
forms_by_sam.py was used to remove the redundancy and got 117,526 
isoforms. Then, matchAnnot software was used to compare and extract 
the mapping results with the annotation information of reference ge-
nomes. There were 102,908 isoforms mapped to 31,247 known genes, 
and 14,618 isoforms mapped to the area without annotation information 
in reference genomes. A total of 5654 LncRNAs were predicted from 
14,618 unannotated isoforms by ncrna_pipeline prediction, in which the 
average sequence length was 1649 bp with a minimum length of 201 bp 

Fig. 1. Structural model and verification of PBfusion.557 (CKM-acta1). (A) The mapping result and diagram of PBfusion.557. (B) The nucleotide sequence alignment 
of PBfusion.557. (C) Sanger sequencing peak map of PBfusion.557. Red boxes mean fusion site of PBfusion.557. (For interpretation of the references to color in this 
figure legend the reader is referred to the web version of this article). 
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and a maximum length of 6728 bp. Lastly, 8964 novel isoforms, which 
were mapped to reference genomes but neither annotated information 
nor ncRNAs, were identified as novel genes. For 8964 novel isoforms, 
multiple databases, including COG, KEGG, NR, SwissProt, and GO, were 
used to annotate new genes. A total of 2802 genes (31.26%) were an-
notated by those databases (Fig. 2). In addition, the function of the 
annotated novel genes was analyzed by the GO and KEGG database, in 
which the novel genes in GO database were clustered in the process of 
protein binding, DNA binding, DNA integration, and they were clustered 
in the process of signal transduction, endocrine system, cellular com-
munity, and immune system in KEGG database. 

3.4. Alternative splicing analysis 

There were 102,908 isoforms mapped to 31,247 known genes, 
indicating that some different isoforms mapped to the same gene 
sequence in the genome. Those different isoforms were extracted to be 
an AS event. In this study, AS events were identified and divided into 
five models (Table 2). The models of ExonS contained 12,045 AS events 
and involved 6613 genes; the models of AltD contained 7478 AS events 
and involved 4276 genes; the models of AltA contained 7726 AS events 
and involved 4459 genes; the models of IntronR contained 29,590 AS 
events and involved 9603 genes; the models of AltP contained 22,948 AS 
events and involved 6311 genes; and 95,857 AS events were divided into 
Other, which contained 8002 genes. The IntronR and AltP were the main 
AS models. In addition, we also performed GO enrichment and KEGG 
enrichment on the top 5% genes, in which tight junction, insulin 
signaling pathway, and AMPK signaling pathway were main pathways 
in KEGG, while molecular function and binding were the main GO term 
in GO database. 

3.5. Analyses of Hox gene family 

After homologous gene alignment, 48 Hox genes were screened and 
extracted in both GC and TC genomes. A total of 18 Hox genes, including 
28 isoforms, were founded and extracted from the 3nGT full-length se-
quences (Fig. 3). After aligning each gene with homologous isoforms, 4 
gene transcription patterns were determined in 3nGT according to the 
species-specific SNPs of GC and TC. The first pattern is that both GC and 
TC Hox genes (HoxA3a, HoxB3a, and HoxB8a) were transcribed with the 
form of alternative splicing. The second pattern is that only GC Hox 
genes were found in 3nGT, including HoxA4a, HoxB5a, HoxB9a, 
HoxC5a, HoxC8a, HoxC9a, HoxC10a, HoxD3a, and HoxD9a. The third 
pattern is that only TC Hox genes were found in 3nGT, including 
HoxB2a, HoxB7a, HoxB10a, and HoxC3a. The fourth pattern is chimeric 
genes, such as HoxD10a involving 1 isoform, which had GC and TC 
species-specific SNPs in the same isoform of 3nGT. In addition, except 
for HoxB4a and HoxD10a, the remaining 25 isoforms were divided into 
16 isoforms (64%) from GC and 9 isoforms (36%) from TC, which was 
consistent with the ratio of GC and TC chromosome numbers in 3nGT. 
Interestingly, only the subtypes of “a” were transcribed in 3nGT. For 
example, we found that only HoxB5a and HoxB8a were transcribed, but 
did not find HoxB8b or HoxB5b in 3nGT. 

4. Discussion 

In nature, distant hybridization and polyploidization were the 
important ways to produce new hybrids and polyploids, which accel-
erated the speciation and evolution [22,23]. Compared with autopoly-
ploids, the allopolyploids refer to the combination of different 
subgenome, and following experience the interaction of subgenome [24, 
25]. However, it is rare in animals compared with that in plants [26,27]. 
In our previous study, a triploid hybrid from female GC × male TC was 
produced, and their biological characteristics were also been docu-
mented [19]. Polyploidization increases the complexity of the tran-
scriptome, which refers to the interaction of subgenome [28], and the 
next-generation with the short reads has an obstacle in surveying the 
complete transcripts. In this study, 117,526 full-length transcripts of 
3nGT were obtained from the Pacbio platform to analyze the genetic 
characteristics such as gene fusion, AS events, LncRNAs, novel genes, 
and Hox gene family in triploid hybrids. 

Hybridization may result in the combination of subgenomes and 
rearrangement of chromosomes [29], accelerating the formation of the 
fusion gene. However, the fusion gene was rarely reported in hybrid 
species, but usually reported in humans, especially in certain diseases, 
such as the FUS-CREB3L1 fusion gene in low-grade fibromyxoid sarcoma 
[30], and EML4-ALK fusion gene in non-small-cell lung cancer [31]. 
Following the full-length transcripts sequencing and mapping to 

Table 1 
Summary of mapping and annotation results of isoforms.  

Summary of 
mapping result 

Total mapped 
number 

Total 
mapped rate 

Number of 
collapse_isoforms 

Isoforms mapped 
to known gene 

Total 
mapped 
gene 

Isoforms mapped to 
unknown gene 

Number of 
ncRNAs 

Number of 
novel isoforms 

355,269 353,538 99.51% 117,526 102,908 31,247 14,618 5654 8964  

Fig. 2. Novel genes annotated in COG, KEGG, NR, SwissProt and GO database.  

Table 2 
Types and numbers of alternative splicing (AS).  

Type AS_Number Gene_Number 

ExonS 12,045 6613 
AltD 7478 4276 
AltA 7726 4459 
IntronR 29,590 9603 
Other 95,857 8002 
AltP 22,948 6311  
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reference genomes, 872 species-species heterologous fusion isoforms 
were identified (0.74%) in 3nGT. The reported study held the opinion 
that the fusion genes were formed by the insertion mechanism [32]. The 
fragments may be randomly inserted into 3nGT genome. However, it 
may be a common phenomenon in hybrids following hybridization. The 
formation of heterologous fusion genes may format new functions and 
corresponding regulatory mechanisms, which may another way to 
explore the production of heterosis. Although the function of heterolo-
gous fusion genes was not clear, it will potentially accelerate the fusion 
of heterologous genome in hybrids. 

The single nucleotide polymorphism (SNP) is an effective molecular 
marker to distinguish different species and even detect homologous gene 
recombination or gene chimerism in hybrids [33–35]. Hox genes are a 
group of important developmental regulatory genes with highly 
conserved and typical Cluster structure, involving a variety of life ac-
tivities [36,37]. According to the chromosome distribution of Hox gene, 
the subtypes of “a” and “b” were in homologous chromosomes, but only 
the subtypes of “a” were transcribed and detected in 3nGT, which means 
that only one set of chromosomes of GC was transcribed or expressed for 
Hox family. The potential reason is that the existence of two identical 
sets of chromosomes in the nucleus would induce dosage compensation 
[38]. However, about one-third of the transcripts originated from TC 
and two-thirds from GC according to the species-SNPs in 3nGT, which 
was consistent with the ratio of GC and TC chromosome numbers 
(48:24). Similarly, genome-wide expression level dominance was biased 
toward maternal genome in the triploids from female GC × male blunt 
snout bream [38]. Although only one set of chromosomes of GC was 
transcribed or expressed for Hox family, the transcripts of triploid were 
biased toward maternal genome with the form of AS events. The AS 
events may play an important role in hybrids to maintain the stability of 
the genome and normal life activities. In addition, SNPs recombination 
is another important phenomenon in hybrids. The recombined SNP sites 
in allotetraploid of C. auratus red var. (♀) × Cyprinus carpio L. (♂) related 
to mutagenesis, repair, and cancer-related pathways, which played 
important roles in the regulation of different processes [8]. In this way, 
we suspected that the SNP sites recombination between homologous 
gene was another way to accelerate the fusion of heterologous genome 

in hybrids. 
In summary, we obtained 117,526 full-length transcripts from a 

triploid hybrid using the PacBio-Iso-seq platform, and further analyzed 
the gene fusion, AS events, LncRNAs, novel genes, and the transcription 
of Hox gene family in 3nGT. In addition, the heterologous gene fusion 
and homologous gene transcription provided important insights into the 
interaction of heterologous subgenomes, especially in the hybridization 
and formation of heterogeneous species. Those data provided an 
important reference for the regulation of heterogenous genes and further 
understood the interaction of heterogenous genomes. 
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