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Abstract

Grass carp (Ctenopharyngodon idella) is one of the most economically important cyprinid
species cultured in China. The diploid gynogenetic grass carp (2nGGC, 2n = 48) was
generated from the hybrid of female grass carp (GC, 2n = 48) and male topmouth culter
(TC, 2n = 48, Culter alburnus). This study obtained the full-length transcriptome of 2nGGC
from five tissues using Pacific Biosciences (Pacbio) single-molecule real-time long-read
isoform sequencing. Following the mapping of long reads to GC and TC reference genomes,
a total of 1848 fusion isoforms were identified. Among them, 775 were distributed across
different genomes, indicating that chimeric DNA fragments of TC were embedded in the
2nGGC genome. After removing the fusion genes and redundant isoforms, 107,721 full-
length transcripts were obtained from 2nGGC, providing important full-length reference
sequences for further research. Finally, comparative analysis of homologous gene variation
identified 34 fragments in 2nGGC containing recombinant SNPs derived from both GC and
TC. These results provide evidence that natural gynogenesis represents a form of “micro-
hybridization” characterized by heterogeneous DNA fragments, distinct from traditional
hybridization involving chromosome-level recombination. These findings offer valuable
reference for fish genetic breeding.

Keywords: grass carp; pacbio sequencing; full-length transcript; heterologous sperm
fragments; gynogenesis

Key Contribution: This study provides the first full-length transcriptome of natural gyno-
genetic grass carp (2nGGC), revealing the presence of paternal DNA fragments and re-
combinant SNPs. The findings challenge the traditional view of gynogenesis as purely
matrilineal and offer new insights into genetic mechanisms in hybrid fish breeding.
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1. Introduction

Grass carp (Ctenopharyngodon idella, 2n = 48) is one of the four major fish species
cultured in China and an important cyprinid fish in aquaculture, valued for its herbivorous
feeding habits and rapid growth rate [1-4]. The publication of the grass carp draft genome
and the construction of a genome database have facilitated the molecular breeding of grass
carp [5-8]. However, the genome and database do not provide full-length referenced tran-
script data reflecting structural changes such as alternative splicing (AS) events and fusion
genes, which may hinder further research into gene function and related mechanisms.

Compared with second-generation sequencing technology, PacBio single-molecule
real-time long-read isoform sequencing exhibits significant advantages in obtaining full-
length transcripts and analyzing gene structural changes due to the longer reads [9-11].
Hence, large-scale Pacbio sequencing has been employed for genome assembly [12-15] and
epigenome characterization [16-18] since 2015, offering an alternative to next-generation
sequencing. Additionally, Pacbio sequencing has been widely used in transcriptome
surveys regarding sorghum [19], corn [20], cotton [21], poplar [22], and so on.

Artificial gynogenesis is a conventional method used in fish genetic breeding, whereby
eggs are activated by an inactivated heterogenous sperm [23]. In wild crucian carp popula-
tions, some reproduce by natural gynogenesis [24,25]. In addition, distant hybridization is
another approach to produce natural gynogenetic offspring, such as red crucian carp [23]
and blunt snout bream [26,27]. Meanwhile, DNA fragments of heterologous sperm have
also been found in gynogenetic fish [2,28].

Both distant hybridization and gynogenesis can alter genotypes and phenotypes.
Liu et al. have proposed the concepts of macro-hybrid and micro-hybrid based on exten-
sive experimental findings from fish distant hybridizations and gynogenesis [29]. The
term “micro-hybrid” refers to offspring whose genome originates almost solely from the
maternal parent, but in which certain DNA fragments derived from the paternal parent are
inserted [30].

The natural gynogenetic grass carp (2nGGC, 2n = 48) was derived from the hybridiza-
tion of female grass carp and male topmouth culter. Using the Pacbio sequencing technol-
ogy, long-read isoforms of grass carp were obtained from five tissues of2nGGC, including
the heart, kidney, muscle, liver, and brain. This study further analyzes full-length transcripts
and the paternal DNA fragments in 2nGGC, providing new insights for the fundamental
research of grass carp and a new reference for genetic breeding of grass carp.

2. Materials and Methods
2.1. Materials

The diploid gynogenetic grass carp (2n = 48, 2nGGC) were derived from distant
hybridization of female grass carp (Leuciscinae) and male topmouth culter (Cultrinae),
which belonged to different subfamilies. All samples in this paper were cultured in the
Engineering Center for Polyploidy Fish Breeding of the National Education Ministry at
Hunan Normal University. Specifically, 2nGGC were subjected to deep anesthesia using
100 mg/L MS-222 (Sigma-Aldrich, St. Louis, MO, USA), and were dissected to collect
heart, kidney, muscle, liver, and brain samples. Total RNA was extracted from the pooled
materials above using RNeasy Plus Universal kits (Qiagen, Valencia, CA, USA).

2.2. Library Preparation and PacBio Sequencing

In order to construct a complete library, the high-quality total RNA from the five
tissues was mixed. First strand cDNA was synthesized by SMARTer® PCR cDNA Synthesis
Kit (Takara Bio Inc., Seta 3-4-1, Kusatsu, Shiga 525-0058, Japan), and polymerase chain
reaction (PCR) was performed to amplify the cDNA and prepare the library with fragments
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between 0.5-6 kb. Thereafter, those fragments were sequenced using the PacBio RS II
platform for further real-time single-molecule sequencing.

2.3. Quality Control and Error Correction

The subreads were obtained from polymerase reads by removing special adapters. The
high-quality region finder program was used to identify the longest region with retained
polymerase activity, and the Signal Noise Ratio was used to filter out low-quality areas
and short reads from the subreads. Based on the presence and relative positions of the
5’ primer, 3’ primer, and polyA, the subreads were divided into full-length non-chimeric
reads and non-full-length reads. Subsequently, the ICE algorithm module was used to
cluster subreads, and DSGCon was used to obtain alignment sequences [31]. The arrow
algorithm was used to correct the nucleotide indels and inserts.

2.4. Mapping to the Reference Genome and Fusion Isoforms Detection

The fusion gene can be defined as the concatenation of two genes, caused by genome
translocation, interstitial deletion, or chromosomal inversion [32]. The clustered isoforms
were mapped into the grass carp genome [5] by GMAP [33]. Candidate fusion genes
were identified as those with reads mapped to two positions distributed in different
chromosomes or separated by more than 10 kb [34]. Meanwhile, each locus was required
to have corresponding transcripts covering at least 10%, with the coverage of the mapped
region exceeding 99%.

2.5. Annotation, LncRNA Prediction and Novel Genes Analysis

The matchAnnot was used to extract annotation information for each isoform from its
best-mapped reference genome. However, isoforms mapping to regions with no genome
annotations were subjected to IncRNA prediction [35]. The rest of the isoforms that were
neither annotated to the genome nor predicted as IncRNAs were considered novel genes.
Functional annotation of the novel genes was performed against the Gene Ontology (GO)
database, Kyoto Encyclopedia of Genes and Genomes (KEGG) database, Cluster of Or-
thologous Groups of proteins (COG) database, Swiss-Prot database, and NR database.
The CDS and corresponding proteins of the annotated novel genes were predicted using
ANGEL 2 software.

2.6. Alternative Splicing Events Analysis and Validation

In eukaryotes, pre-mRNA, as a direct transcriptional product, can undergo alternative
splicing to generate multiple transcript isoforms. However, due to the limitations of
short-read next-generation sequencing technology, the detection of AS events remains
a challenge. Full-length transcripts were mapped to the reference genome, and related
messages were stored in gff3 file. The AS events were separated from gff3 file and classified
into five patterns using Rmats 2. GO and KEGG enrichment analyses were performed for
the top 5% genes exhibiting AS events.

2.7. Analyses of Paternal DNA Fragments

Mao et al. [2,28] reported that some DNA fragments derived from the paternal koi
carp (Cyprinus carpio haematopterus) were transmitted into gynogenetic grass carp. This
study provided the first molecular-level evidence of paternal DNA fragment incorporation
in gynogenetic grass carp. To analyze the paternal DNA fragments in 2nGGC, the full-
length isoforms were mapped to the GC and TC genomes, respectively. To accurately
identify heterologous fragments, the transcripts were cut into 100 bp-sized fragments.
Next, these fragments were mapped to the GC genome, and sequences exhibiting less than
90% alignment similarity were screened and retained for further analysis. Moreover, the
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screened fragments were mapped to the TC genome, and the fragments showing more
than 99% alignment similarity were selected for further analysis. Finally, these selected
fragments and corresponding genome fragments were extracted by TBtools v1.09876, and
homologous fragments were blasted and analyzed by BioEdit v7.0.9.0.

3. Results
3.1. Pacbio Sequencing and Data Output

Based on three libraries derived from five tissue samples, and after filtering low-
quality subreads and removing adapters, a total of 20,410,682,675 (20.4 Gb) bases of
raw data were obtained (BioProject ID: PRINA1248656), with a mean subread length
of 439 bases (Figure 1A). In addition, 606,116 full-length non-chimeric reads (Figure 1B)
and 81,589 non-full-length reads were identified from the analysis of inserted reads, which
accounted for 86.03% and 11.58% of inserted reads, respectively. After ICE cluster and
correction, a total of 337,928 consistent sequences were obtained, of which 198,465 (58.73%)
were high-quality (HQ) sequences with an accuracy exceeding 99% (Figure 1C). Redundant
isoforms were removed after mapping to the reference genome, and 107,721 full-length
isoforms were successfully obtained.
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Figure 1. The number and length distribution of PacBio SMRT sequencing. (A) The number and length
distribution of 234,838 CCS sequences. (B) The number and length distribution of 606,116 full-length non-
chimeric reads. (C) The number and length distribution of 198,465 high-quality consensus sequences.

3.2. Fusion Isoform Detection

The fusion isoform was formed by two fragments located either on the same chro-
mosome or on different chromosomes. A total of 1848 fusion isoforms were identified in
2nGGC from the mapped isoforms, including 1081 fusion isoforms distributed within the
GC genome, 12 within the TC genome, and 775 distributed within both the GC and TC
genomes (Figure 2). These findings indicated that, in addition to the grass carp genome,
the natural gynogenetic grass carp also possessed the DNA fragments of the male parent.
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Figure 2. Three fusion gene models in 2nGGC. (A) The gene fusion model between different chro-
mosomes of the GC genome. (B) The gene fusion model between different chromosomes of the TC
genome. (C) The gene fusion model in GC and TC genomes.

3.3. Isoform Annotation, LncRNA Prediction and Novel Genes Analyses

Following the removal of the fusion isoforms, full-length transcriptome sequencing
yielded 376,948 isoforms, of which 374,939 (99.47%) were mapped to the reference GC
genome using GMAP software (Table 1). Next, collapse_isoforms_by_sam.py was used to
filter out the redundant sequences, yielding 107,721 full-length isoforms. Subsequently, the
mapping results were annotated by the reference genomes and extracted using matchAnnot
software. A total of 92,628 isoforms were mapped to 21,702 known genes based on their
genomic locations relative to the reference genome, while 15,093 isoforms aligned to
regions of the reference genomes lacking annotation information. A total of 5994 IncRNAs
were predicted from 15,093 unannotated isoforms using ncrna_pipeline, with an average
sequence length of 1649 bp, a minimum length of 201 bp, and a maximum length of 6728 bp.
Lastly, the rest of the 9099 isoforms were not predicted to IncRNAs and were identified as
novel isoforms. The 9099 novel isoforms were compared against the NR, GO, KEGG, COG,
and Swiss-Prot databases, with 2776 genes (30.51%) being annotated (Figure 3). In addition,
the functions of the annotated novel genes were analyzed by the GO and KEGG databases.
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The novel genes in the GO database were clustered in protein-binding, DNA-binding, and
DNA-integration processes, and the novel genes in the KEGG database were clustered in
signal transduction, endocrine system, cellular community, and immune system processes.

Table 1. Summary of mapping and annotation results of isoforms.

Summary of Total Total Number of Isoforms Total Isoforms Number of
. Mapped Mapped to Number of
Mapping Mapped Mapped Collapse Mapped Novel
to Known Unknown LncRNAs
Result Number Rate Isoforms Gene Isoforms
Gene Gene
376,948 374,939 99.47% 107,721 92,628 21,702 15,093 5994 9099

Go

‘9‘»/
0\9,0

P
22

728
e

Figure 3. Functional annotations of the novel genes in NR, COG, KEGG, Swiss Prot, and
GO databases.

3.4. Alternative Splicing Analysis

After mapping the transcripts to the reference grass carp genome, a total of 140,408 AS
events were identified, which occurred in 34,561 genes. In this study, 140,408 AS events
were identified and divided into five models: ExonS, AltD, AltA, IntronR, AltP (Table 2).
The models of ExonS contained 10,934 AS events and involved 5773 genes; the models of
AltD contained 6651 AS events and involved 3654 genes; the models of AltA contained
7582 AS events and involved 4242 genes; the models of IntronR contained 32,952 AS events
and involved 8678 genes; the models of AltP contained 22,291 AS events and involved
5382 genes. The IntronR and AltP were the main AS models, accounting for 23.5% and
15.9% of all AS events, respectively. In addition, 59,998 AS events were categorized as
Other, which involved 6832 genes. In order to analyze the function of genes involved
in AS events, the top 5% genes were subjected to GO enrichment and KEGG enrichment
analyses. In the KEGG analysis, tight junction, carbon metabolism, and the AMPK signaling
pathway were the most enriched pathways, while the GO enrichment analysis revealed
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that pyrophosphatase activity, nucleoside-triphosphatase activity, and cytoskeleton were
the main GO terms.

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

Type AS_Number Gene_Number
Exons 10,934 5773
AltD 6651 3654
AltA 7582 4242
IntronR 32,952 8678
Other 59,998 6832
AltP 22,291 5382

3.5. Analyses of Paternal DNA Fragments

After mapping the transcripts to the GC and TC genomes, a total of 34 fragments
were identified in 2nGGC. To verify whether the fragment originated from heterologous
sperm, one of the fragments was randomly selected for Sanger sequencing. The fragment
of PB27109.2 was amplified, sequenced, and compared at the DNA level among GC, TC,
and 2nGGC (Figure 4). The results of the comparative analysis in 2nGGC and their parents
showed that SNP loci in 2nGGC can not only originate from the GC genome but also
from TC, indicating that the homologous recombination events can also occur in natural
gynogenic grass carp. In addition, SNP mutations were also found in 2nGGC. Our results
provide direct evidence that natural gynogenesis represents a “micro-hybrid”, characterized
by the incorporation and normal expression of paternal genetic material.

10 20 30 40 50 60 70 80 90 100
s@iw | grma s @rmslamielpimelimielgimeligamlasmilimzmleseslimis @imslsmim)a .|....|....|..‘.| N
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Figure 4. The nucleotide sequence alignment of PB27109.2 in GC, TC, and 2nGGC. The black boxes
represent the SNPs of 2nGGC derived from TC; green boxes represent the SNPs of 2nGGC derived
from GC; the red boxes represent mutational SNPs. The primers are underlined.

4. Discussion

Distant hybridization allows the transfer of genomes from one species to another, and
gynogenesis is a specific type of reproduction [36]; both can increase genetic variation and
accelerate speciation and evolution [37-39]. Natural gynogenesis is a unique reproductive
strategy that is coupled with distant hybridization [30]. The induction of gynogenesis
through distant hybridization has been reported in individual cases. Conventionally, this
process was believed to occur without fusion between the egg and sperm, with chromosome
doubling in the egg forming a natural gynogenesis diploid [40]. For example, in a cross
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between a female common carp and a male blunt snout bream, a natural gynogenetic
diploid common carp was observed in the offspring [41]. Distant hybridization between
female blunt snout bream and male Chinese perch produced natural gynogenetic blunt
snout bream [42]. In our previous study, a diploid gynogenetic grass carp (2nGGC, 2n = 48)
from female GC x male TC was produced [43]. In this study, 107,721 full-length isoforms
of 2nGGC were obtained by full-length transcriptome sequencing, and gene fusion, AS
events, IncRNAs, novel genes, and paternal DNA fragments were analyzed. Our results
provide a reference for full-length transcripts for future studies on genetic regulation and
other basic research.

Gynogenesis is an important breeding technique that has been widely used for sex
control breeding, improvement of species, germplasm purification, and in a wide vari-
ety of research areas [5,44]. Gynogenetic offspring were once thought to be completely
matrilineal. However, the residue of paternal genetic material in the offspring has led
to new insights into gynogenesis. In this study, following full-length transcriptome se-
quencing, 775 fusion isoforms derived from both GC and TC genomes were identified.
Meanwhile, 34 fragments in 2nGGC exhibiting homologous recombinant sites from GC
and TC were detected. These results provide direct evidence for the presence of paternal
genetic material in the 2nGGC. In the present study, micro-chromosomes in the offspring of
gynogenetic gibel carp (Carassius auratus gibelio) were found and sequenced; the presence
of micro-chromosomes was also confirmed by fluorescent labeling [45]. Liu et al. intro-
duced the concept of “micro-hybrid”, whose genome almost originates solely from the
maternal parent, but also contains paternal DNA fragments [30]. The residual paternal
DNA in the offspring of gynogenesis allowed the co-existence of both parents’ DNA in
the offspring, providing conditions for the formation of recombinant genes [46,47]. The
HoxC6b gene in gynogenetic grass carp combined the sequence structure of both parents’
HoxC6b gene, which implied that the HoxC6b gene of koi carp (Cyprinus carpio haematopterus)
and common grass carp (Ctenopharyngodon idella) have been recombined, forming a new
recombinant gene in the gynogenetic grass carp [28]. Recombinant genes are the product
of interactions between the genetic material of parents and are widely found in hybrid
fish. Notably, recombination in natural gynogenetic offspring provides important evidence
supporting gynogenesis as a new type of hybridization with a small amount of paternal
genetic information.

Our study identified paternal (topmouth culter) DNA fragments and recombinant
SNPs in natural gynogenetic grass carp (2nGGC), challenging the conventional view that
gynogenesis is a strictly matrilineal mode of reproduction. This finding suggested that
gynogenesis represents a cryptic form of hybridization—termed “micro-hybrid”—that
could serve as an evolutionary mechanism for maintaining genetic diversity. Furthermore, it
provided a novel perspective for understanding how certain fish, such as silver crucian carp
and grass carp [5,48], underwent multiple independent origins in nature and successfully
adapted, shedding light on their remarkable evolutionary plasticity.

5. Conclusions

In conclusion, a high-quality full-length transcriptome was obtained for 2nGGC,
and gene fusions, AS events, IncRNAs, and novel genes were characterized. Meanwhile,
787 fusion genes involving the TC genome and 34 paternal DNA fragments in 2nGGC were
further analyzed. This study not only provides a rich resource of transcript isoforms for
the natural gynogenetic grass carp but also provides an important insight into potential
“hybridization effects” in gynogenesis (Figure 5).
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Figure 5. Summary of this paper. (A) Experimental methods. (B) Experimental results.
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Abbreviations

The following abbreviations are used in this manuscript:

2nGGC  2n Gynogenetic Grass Carp

GC Grass Carp

Pacbio Pacific Biosciences

SNP Single-Nucleotide Polymorphism
AS Alternative Splicing

PCR Polymerase Chain Reaction

ICE In-Context Learning

GMAP Genomic Mapping and Alignment Program
LncRNA  Long non-coding RNA

GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
COG Cluster of Orthologous Groups

NR Non-Redundant
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CDS Coding Sequence

HQ Higher Quality

ExonS Exon Skip

AltD Alternate Donor Site
AltA Alternate Acceptor Site
IntronR Intron Retention

AltP Alternate Promoter

AMPK AMP-activated Protein Kinase
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