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Homoeologous recombination (HR), the exchange of homoeologous chromosomes, contributes to subgenome adaptation to
diverse environments by producing various phenotypes. However, the potential relevance of HR and innate immunity is rarely
described in triploid cyprinid fish species. In our study, two allotriploid genotypes (R2C and RC2), whose innate immunity was
stronger than their inbred parents (Carassius auratus red var. and Cyprinus carpio L.), were obtained from backcrossing between
male allotetraploids of C. auratus red var.×C. carpio L. and females of their two inbred parents, respectively. The work detected
140 HRs shared between the two triploids at the genomic level. Further, transcriptions of 54 homoeologous recombinant genes
(HRGs) in R2C and 65 HRGs in RC2 were detected using both Illumina and PacBio data. Finally, by comparing expressed
recombinant reads to total expressed reads in each of the genes, a range of 0.1%–10%was observed in most of the 99–193 HRGs,
of which six recombinant genes were classified as “response to stimulus”. These results not only provide a novel way to predict
HRs in allopolyploids based on cross prediction at both genomic and transcriptional levels, but also insight into the potential
relationship between HRs related to innate immunity and adaptation of the triploids and allotetraploids.
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INTRODUCTION

Polyploidy and hybridization are two important processes
that drive the formation of novel genotypes and phenotypes
by reshaping genomes (Soltis and Soltis, 1999; Mallet,
2007). Polyploidy and hybridization are common and pro-
vide evolutionary advantages for many plants (Ni et al.,
2009) and some animals (Dickerson, 1973; Bayne et al.,
1999; Zhou and Gui, 2017). In hybridization, the occurrence
of polyploidy events helps enhance resistance to deleterious
effects caused by the coexistence of two or more different
subgenomes (Liu et al., 2016). Additionally, hybridization

can accelerate speciation if it results in reproductive isolation
from inbred diploid parents (Soltis et al., 2009). Moreover,
the coexistence of two or more subgenomes can lead to
genomic changes, including genome rearrangements, which
lead to recombination between homoeologous genes of dif-
ferent subgenomes (Gaeta and Chris Pires, 2010).
Homoeologous recombination (HR), the exchange of ge-

netic information between homoeologs of different sub-
genomes, plays a role in generating of species diversity
during reproduction. HR has been observed in many plants
and some animals, including sunflower (Rieseberg et al.,
1995), water frog (Christiansen and Reyer, 2009), and allo-
tetraploid cyprinid fish (Liu et al., 2016). Additionally, HR
may play essential roles in preventing conflicts in homo-
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eolog chromosome pairing during meiosis, and lead to the
fusion of subgenomes originating from different species
(Gaeta and Chris Pires, 2010). However, potential mechan-
isms of regulation of HR have been rarely addressed in non-
model species, apart from two studies that have reported that
the recombinases rad51 and dmc1 have essential roles in
fusing homologous DNA molecules (Shinohara et al., 2000;
Masson and West, 2001).
Similar to gene duplication, sequence divergence and HR

are also major contributors to gene evolution (Eichler, 2001),
and can probably produce new genes from existing se-
quences. If gene recombination of homoeologs occurs in
non-coding sequence regions, it can lead to regulatory
module exchange in the subgenomes. Consequently, the
expression of the two homoeologous genes will change to a
novel state under the control of the cis-regulatory sequences
(Gaeta and Chris Pires, 2010; Starcevic et al., 2011). If HR
occurs in coding sequences it can cause assembly of a re-
combined gene; the expression of recombined mRNAs and
proteins may lead to new functions and alter the corre-
sponding phenotype (Qi et al., 2007). While the disease re-
sistance and stress resistance in allotetraploid lineages of C.
auratus red var. (RCC)×C. carpio L. (CC) have been shown
to be stronger than that of their inbred parents (Chen et al.,
2009; Xiao et al., 2018), the genetic basis of innate immunity
and adaptation is unknown (Zhang and Gui, 2018); however,
some genes that were differentially expressed among the
diploid parents, triploid progeny, and allotetraploid progeny
were identified based on their expression profiles (Xiao et
al., 2018). HR was observed in the mitochondria of triploids
and potentially contributes to the production of phenotypic
diversity (Guo et al., 2006). Identifying HR in immune-
regulated genes may help elucidate the mechanism under-
lying the strong innate immune response of hybrids.
Recently, high-throughput sequencing has been used to

screen HRs on a genome-wide scale (Schumer et al., 2018).
Because of challenges due to sequence similarity between
the homoeologous genes from the two subgenomes analyzed
in this study, some homoeologs were distinguished using
species-specific single nucleotide polymorphisms (SNPs). In
our study, genomic and transcriptional strategies were used
to assess HRs in the two triploids (R2C and RC2), which were
obtained from the backcrossing of allotetraploid C. auratus
red var.×C. carpio L. to the two diploid inbred parents (C.
auratus red var. and C. carpio L). Genome-wide analysis of
shared HRs of the two triploids could be used to assess
conserved HRs in allotetraploid populations, whereas unique
HRs in different triploid individuals could reflect different
distributions of HRs in their paternal allotetraploid pro-
genitors. Furthermore, HR detection at the transcriptional
level can provide insight into the various gene expression
patterns caused by HR and potential functional effects on
resistance to disease and stress.

RESULTS

Distribution of genomic homoeologous recombinant
genes in two triploids

We obtained two types of triploid fish by backcrossing al-
lotetraploid C. auratus red var.×C. carpio L. (4NAT) with
the two inbred parents (Figure 1 and Table S1 in Supporting
Information). The genomic DNA changes that occurred in
triploids were mostly from the paternal allotetraploids. A
series of Illumina paired-end genomic sequencing proce-
dures were used to detect HR occurrence (Figure 2A and
Table S2 in Supporting Information). In total, 21,062 and
8,809 recombination events between the two subgenomes
were observed in the R2C and RC2, respectively (Figure S1 in
Supporting Information). Among these, most of the re-
combination events were unique in the two triploids, whose
male parents were different 4NAT individuals (Figure S1 in
Supporting Information). This diversified distribution of
recombination events indicated that HR was not consistent
among different individuals. After filtering, only 834 re-
combination events were shared between the two triploids,
which indicates that the genomic recombination originated
from their shared paternal allotetraploids (Figure S1 in
Supporting Information). In addition, 760 shared re-
combination events, including those in intergenic regions
and gene regions, were found in 50 homoeologous chro-
mosome pairs, whereas only 140 recombination events of
111 genes were determined to be HR among 13,008 ortho-
logous pairs (Figure 3 and Table S3 in Supporting In-
formation). The gene ontology (GO) analysis indicated that
17 of these genes were classified as “response to stimulus”
(GO: 0050896) (Figure S2 in Supporting Information).

Transcripts of homoeologous recombination predicted
by Illumina data

To further investigate the transcription of recombinant genes
in the two triploids, mRNA of their liver and muscle tissues
was sequenced using Illumina sequencing. In total, 29.6 Gb
and 32.6 Gb of data were obtained from R2C and RC2 liver,
whereas 36.1 Gb and 34.5 Gb of data were obtained from

Figure 1 Procedure for creating the two types of triploid fish. The re-
combinant DNA sequences of triploid progeny originated from the paternal
allotetraploids.
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R2C and RC2 muscle, respectively (Table S4 in Supporting
Information). After selecting suitable thresholds, the com-
parison of RCC and CC subgenomes described 28,148–
33,215 expressed recombinant reads in liver of R2C and
35,040–39,187 reads in RC2, whereas 34,879–44,277 and
33,517–54,896 were detected in muscle of R2C and RC2,
respectively (Figure 2B and Table S5 in Supporting In-
formation). The average ratios of recombinant transcripts in
each gene (0.0693%–0.0909%) were calculated from the
total mapped reads. We detected 19,440–37,039 re-
combination events in short-length reads of the two tissues of
R2C and RC2 based on paired-end sequencing (Table S6 in
Supporting Information).
Subsequently, we analyzed the recombination events in

13,008 orthologous pairs of RCC and CC. Widespread re-
combinant reads were observed in 4,139–6,055 genes of
RCC homoeologs and 4,442–7,004 CC homoeologous genes
(Table S6 in Supporting Information). However, only 260
homoeologs shared in all samples exhibited inconsistency
among different individuals and different genotypes (Figure
S3 in Supporting Information). In addition, we found on
average a higher number of recombination events in RC2

than R2C (liver: 21,642 vs. 27,616; muscle: 25,465 vs.
29,169) (Table S6 in Supporting Information).

Distribution of expressed HRGs

To better understand the HRs in the two triploid subgenomes,
some of the recombination events at the chromosome level
were examined, with these being determined by the in-
complete genomes of the two inbred parents. In total, 254
HR gene pairs were observed in R2C liver based on a
threshold of >4× read coverage in each gene, whereas 318
were found in R2C muscle (Figure S4 in Supporting In-
formation). Moreover, 284 gene pairs of HRs were detected
in RC2 liver based on the same thresholds, while 312 were
found in RC2 muscle (Figure S4 in Supporting Information).
The accurate prediction of averages recombinant reads in
each gene pair was 41 and 44 in liver of R2C and RC2, 56,
and 56 in muscle of R2C and RC2, respectively. However,
most HR gene pairs (175 in liver and 247 in muscle) were
detected in both R2C and RC2 (Figure S4 in Supporting In-
formation). Additionally, groups of HR gene pairs were de-
tected in liver (79 in R2C, 109 in RC2) and muscle (71 in R2C,

Figure 2 Schematic diagrams for the detection of homoeologous recombination based on Illumina and PacBio data. A, Homoeologous recombinant reads
from Illumina data detected at the genomic level. B, Homoeologous recombinant reads from Illumina data detected at the transcriptional level. C,
Homoeologous recombinant reads from PacBio data detected at the transcriptional level.
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65 in RC2) (Figure S4 in Supporting Information).

Expression level of homoeologous recombinant tran-
scripts (HRTs)

To further investigate the effects of recombination events, we
mainly studied the ratio of the shared HRTs based on the
numbers of recombinant and non-recombinant reads. For the
C. auratus red var. subgenome, a total of 152 and 193 genes
shared in muscle and liver were found in R2C and RC2,
respectively. For the C. carpio L. subgenome, a total of 99
and 114 genes shared in liver and muscle were found in R2C
and RC2, respectively. (Figure 4A). Furthermore, we calcu-
lated the expressed recombinant ratio by dividing the number
of recombinant reads by the total number of reads in each
gene. These ratios in different samples were mainly dis-
tributed in a range of 0.1%–10% (Figure 4B–E). No differ-
ences were observed between the ratios of R2C and RC2 for
RCC subgenomes in liver (P=0.2020) or muscle (P=0.1635),
nor for CC subgenomes in liver (P=0.9045); a significant
difference was, however, detected between the ratios of R2C
and RC2 for CC subgenomes in muscle (P=0.0040) (Figure
4B–E). Additionally, significant differences were observed

between R2C liver and muscle tissues for both the RCC and
CC subgenomes (P=0.0015, and P=0.0282, respectively). In
contrast, while no significant difference was found between
RC2 liver and muscle tissues for the CC subgenome
(P=0.9240, CC), a significant difference was observed be-
tween those of the RCC subgenome (P=0.0490) (Figure S5
in Supporting Information).

Detection of expressed HRs using PacBio sequencing

Unlike partial detection of the recombination events in
fractured sequences based on paired-end sequencing, the
full-length recombinant transcripts were observed in PacBio
sequencing data (Figure 2C). In total, 655,012 isotypes,
which included 86.78% full-length transcripts, were obtained
from R2C, while 561,453 isotypes, which included 86.42%
full-length transcripts, were sequenced in RC2 samples (Ta-
ble S7 in Supporting Information). After screening, 3,049
and 3,181 recombinant transcripts were obtained from R2C
and RC2, respectively. Among these, 1,731 recombination
events in R2C were found in coding sequences between RCC
and CC, whereas 133 were distributed in non-coding se-
quences (Table S8 in Supporting Information). Additionally,

Figure 3 Shared recombination in the two triploids. The gray line represents recombination that occurred in non-syntenic blocks of the homoeologous
chromosomes between the C. auratus red var. and C. carpio L. subgenomes. The red line represents HR between the two subgenomes. Outer ring,
chromosomes; inner ring, line that denotes the position of recombination.
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1,743 recombination events in RC2 were found in coding
sequences of RCC and CC homoeologous genes, whereas
126 recombination events were distributed in non-coding
sequences. (Table S8 in Supporting Information). Then, an
examination of the 13,008 orthologous pairs of C. auratus

red var. and C. carpio L. found that only 577 (33.33%) re-
combination events in R2C coding sequences were included
in 414 HR genes, whereas 553 (31.73%) in RC2 were clas-
sified in 344 HR genes (Figure S6 in Supporting Informa-
tion).

Figure 4 Expression ratios and the distribution of homoeologous recombinant transcripts. A, ratio of shared recombinant transcripts in the C. auratus red
var. (RCC) and C. carpio L. (CC) subgenomes. Outer ring, chromosomes; middle four rings, ratios of recombinant transcripts in liver (L) and muscle (M) of
the two triploids. Recombinant transcripts were determined based on a threshold of read coverage>4 in each gene. B, Ratios of liver detected in RCC
subgenomes. C, Ratios of muscle detected in RCC subgenomes. D, Ratios of liver detected in CC subgenomes. E, The ratios of muscle detected in CC
subgenomes. Differential analysis was analyzed using Student’s t test.
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Distribution of HRs relative to stress resistance and
immune response

Fifty-four and sixty-five HR genes shared between Illumina
and PacBio data were predicted in R2C and RC2, respectively
(Figure 5). Among these, 12 HR genes were shared between
the two triploids. The prediction of the few shared HRs of the
two methods came about as a result of the low sequencing
depth and large amount of alternative splicing in PacBio
data. Functional analysis revealed that six recombinant genes
(abca1a, ada10, tns2, acoc, hg2a, and sulf2) shared between
Illumina and PacBio data were classified as “response to
stimulus” (level 2 in GO classification). Interestingly, a novel
recombinant pattern with two additional exons was observed
in abca1a transcripts of RC2 based on PacBio results (Figure
6). In eight exons of the recombinant transcripts, exons 2 and
3 originated from C. auratus red var., while the other exons
were from C. carpio L. (Figure 6). In addition, the two re-
combination events of tns2 transcript in RC2 were detected in
sequence regions of 4,054–4,091 bp and 4,157–4,248 bp
based on the five species-specific loci across the region of
4,092–4,146 bp (Figure S7 in Supporting Information). Most
sulf2 transcript regions in RC2 were similar to CC homo-
eologs, while the sequence region of 344–370 bp was similar
to those of RCC homoeologs (Figure S8 in Supporting In-
formation).

DISCUSSION

After whole-genome duplication, the genetic variability, and
heritable phenotypic diversity were described in the early
generations of 4NAT, which have now been bred over 26
generations (Liu et al., 2001; Liu et al., 2016). The re-
modeling of the structure of genomic DNA and expression
profiles, including HR (Liu et al., 2016) and expression
dominance at the transcript level (Ren et al., 2016), were
observed. As the most pervasive and immediate genetic
consequence of nascent polyploidy, HR was thought to dis-
rupt normal meiosis in allopolyploids (Gaeta and Chris Pires,
2010). For handling the paring of multiple sets of homo-
logous and homoeologous chromosomes, the novel meiotic
mechanism, differing from that in diploids, must be for-
matted (Pecinka et al., 2011; Liu et al., 2016). As a result of
homoeologous chromosome exchange, the emergence of
many recombinant genes gradually increases in nascent
polyploidy accompanied with genotype changes. Under this
situation, the conflict between subgenomes that originate
from different species will gradually decrease. However,
analyses of HR in allotetraploids were hindered by the
complexity of multiple sets of homologous and homo-
eologous chromosomes. We provide a novel way to detect
HRs in allotetraploids by backcrossing them to their diploid

inbred parents. The two triploid fish (R2C and RC2) were
obtained from backcrossing of 4NAT to their two diploid
inbred parents (Shen et al., 2006; Chen et al., 2009), and only
included one set of homoeologous chromosomes of 4NAT.
Analysis of their HRs could help elucidate HR occurrence in
4NAT.
Using fluorescence in situ hybridization (FISH, Ren et al.,

2019) two sets of RCC homoeologous chromosomes and one
set of CC homoeologous chromosome were detected in R2C,
while two sets of CC homoeologous chromosomes and one
set of RCC homoeologous chromosome were detected in
RC2. The subgenome expression dominance caused by im-
balances of the two subgenomes reshaped the gene expres-
sion profiles, contributing to the phenotype changes in the
triploids (Ren et al., 2019). Similar phenomena were de-
scribed in rice (Huang et al., 2015), wheat (Li et al., 2014),
and cyprinid fish (Ren et al., 2016). Additionally, dosage
effects may also shape the gene expression and lead to het-
erosis (Yao et al., 2013). Under these circumstances, the
emergence of HR in the two triploids might change the im-
balanced ratios of the two subgenomes and further alter the
expression dominance of homoeologs. The shared HRGs
between the two triploids (175 in liver and 247 in muscle)
reflected the stable HRs from their paternal allotetraploids
(Figures 3 and 5, Figure S1 in Supporting Information).
Although the short reads of Illumina data are not ideal for
detecting recombination in high repeat content (van Nieu-
werburgh et al., 2011), the prediction of shared HRs in the
two triploid offspring could effectively reflect the HRs in the
paternal allotetraploid population. In addition, the com-
parative analyses of HRs between genome and transcriptome
could also help to obtain more reliable data from the two
triploids. In comparison with Illumina data, the long length
transcripts in PacBio sequencing help to further check HR
events because sequenced transcripts require no assembling.
On the other hand, the unique HRGs of the two triploids
provide insight into the diverse distribution of HRGs of the
paternal allotetraploid population (Figures 4 and 5, Figure S1
in Supporting Information).
Expressed HRs in triploids may contribute to various

phenotypes, including heterosis in growth and disease re-
sistance (Shen et al., 2006; Chen et al., 2009). In our study,
the ratios of HRT vs. total transcription of corresponding
genes were mainly observed from 0.1% to 10% in all sam-
ples, whereas various levels of HR-expressed transcripts
were observed (Figure 4, Figures S4 and S5 in Supporting
Information). The effects of these various molecular struc-
tures can have wide ranging impacts on biological function
(Huertas and Aguilera, 2003). In addition, there were some
significant differences in the expression level of recombinant
transcripts (P<0.05) between the two tissues; this provides
insight into some potential mechanisms of regulation in
various tissues (Figure S5 in Supporting Information), such
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Figure 5 Homoeologous recombination predicted based on Illumina and PacBio data. A, Distribution of recombinant genes in R2C and RC2 based on the
two sequencing methods. B, Circos plot that depicts shared homoeologous recombinant transcripts between two subgenomes. Outer ring, chromosomes; inner
ring, lines that denote the recombinant transcripts of two homoeologs: the red line represents recombinant genes shared between the two triploids; the green
line represents recombinant genes unique to R2C; the yellow line represents recombinant genes unique to RC2. C, Shared homoeologous recombinant genes.
The genes classified as “response to stimulus” (GO: 0050896) based on gene ontology represent potential changes caused by recombination events.
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as tissue-specific expression and various trans-splicing
events (Mitchell, 2000; Mayer and Floeter-Winter, 2005; Yin
et al., 2010). Interestingly, a HRT of RC2 detected in the
abca1a gene, which plays a role in cholesterol metabolism,
fat digestion, and fat absorption (Goodman, 2010) (Figure 6).
Furthermore, the two HR events were detected in transcripts
of tns2 and sulf2 genes, respectively (Figures S7 and S8 in
Supporting Information). These rapid genetic changes reflect
the reshaping of the phenotype due to a “response to sti-
mulus.” These results revealed the potential adaptation re-
lated to innate immunity in the triploid fish and their parental
allotetraploid population. Many reports have focused on the
molecular basis of heterosis using transcriptomic, proteomic,
metabolomic, epigenomic, and systems biology approaches
(Chen, 2013). Our study provides a novel way of in-
vestigating HRs in an allotetraploid population based on the
cross prediction at genomic and transcriptional levels using
both Illumina and PacBio results. The detection of HR events
related to innate immunity provides insight into the potential
adaptation of triploids and allotetraploids associated with
self-crossing and backcrossing.

MATERIALS AND METHODS

Animal materials

The triploid R2C fish was bred using hybridization between
diploid C. auratus red var. (maternal) and an allotetraploid C.

auratus red var.×C. carpio L.(paternal) (4NAT), whereas the
triploid RC2 fish was produced via hybridization between
diploid C. carpio L. (maternal) and 4NAT (paternal). These
triploid fish were bred in a pool with suitable illumination,
water temperature, dissolved oxygen content, and adequate
forage in the Engineering Center of Polyploidy Fish Breed-
ing of the National Education Ministry located at Hunan
Normal University, China. All experiments were approved
by the Animal Care Committee of Hunan Normal University.
Three biological replicates of two-year-old male individuals
of each genotype were collected. Then, the ploidy level of
these fishes was determined based on the DNA content of
erythrocytes, established using flow cytometry (Liu et al.,
2001; Liu et al., 2016; Ren et al., 2018). In addition, the
genotypes of these fishes were detected using FISH (Liu et
al., 2016). Fish were deeply anesthetized with 100 mg L−1

tricaine (MS-222, Sigma-Aldrich, USA) before dissection.
All samples of liver, muscle, and gonad tissues were care-
fully excised to avoid contamination from the gut, and used
for DNA and RNA extraction.

Identification of homoeologs in the two subgenomes

Alignment of the homoeologs between C. auratus red var.
and C. carpio L. were obtained by all-against-all reciprocal
BLASTP (v 2.2.26) comparisons using default parameters
based on the protein sequences. The genome of C. auratus
red var. (1.82 Gb) and of C. carpio L. (1.42 Gb) were ob-

Figure 6 Gene structure of abca1a and homoeologous recombination (HR) detection in RC2. HRs were observed by comparing C. auratus red var. (RCC)
and C. carpio L. (CC) homoeologs. A, The transcript of HR was observed in abca1a of RC2. B, Sequence alignments of exons 1–3 were shown between
progeny and their inbred parents. C, Sequence alignments of exons 4–7 were shown between progeny and their inbred parents.
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tained from the NCBI database (accession Nos.:
PRJNA487739 and PRJNA510861, respectively). The
alignments were examined using the MCScanX toolkit to
determine syntenic blocks (Wang et al., 2012), which were
then displayed as a schematic diagram created with Circos (v
0.69-6) (Krzywinski et al., 2009). Transcripts that lacked
annotated coding regions and those <100 bp were discarded.
The GO and KEGG databases were used to assess the dis-
tribution of gene functions and signaling pathways of re-
combinant genes.

Prediction of genomic HRs using Illumina sequencing

To investigate the HRs between the two subgenomes at the
genomic level, total genomic DNA of the two triploids was
extracted from liver tissues of three individuals using
DNeasy Blood & Tissue Kit (QIAGEN, Germany) and
mixed in equal proportions. After DNA quality assessment,
the RC2 and R2C libraries (300–500 bp) were constructed,
and raw data were produced following the standard operating
procedures of Illumina sequencing. Then, whole-genome
sequencing was performed using HiSeq X Ten (paired-end,
150 bp) based on Illumina protocols (van Dijk et al., 2014).
Following this, adapters were removed using Cutadapt (v
1.2.1) (Martin, 2011) and quality was checked using Trim
Galore (v 0.4.0) (http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/) with default parameters. The high-
quality reads were mapped to combined genome of C. aur-
atus red var. (https://www.ncbi.nlm.nih.gov/genome/?
term=goldfish) and C. carpio. Next, the duplication, trans-
location, deletion, and insertion events were detected based
on the bam file of the two triploid fish using Manta (v 1.5.0)
(Chen et al., 2015). Default parameters were used in this
analysis. Furthermore, HRs were obtained from inter-chro-
mosomal translocations in the homoeologs between the C.
auratus red var. and C. carpio L. subgenomes. Circos was
used as a visualization tool for the recombination events in
chromosomes (Krzywinski et al., 2009).

Expressed HRs detected by Illumina sequencing

The short-read RNA-seq data of four species, including C.
auratus red var., C. carpio L., and two triploids, were
downloaded from the NCBI Short Read Archive database
(accession Nos.: SRS4475349, SRS4475350, SRS4475351,
SRS4475352, SRS4475353, and SRS4475354). The samples
from which the C. auratus red var. andC. carpio L. data were
obtained were fed under the same conditions as the two tri-
ploids. These transcriptomes were based on three biological
replicates and were paired-end (2×150 bp) sequenced using
the Illumina HiSeq X Ten system. Then, we quality checked
the data with FastQC (Andrews, 2010) and adapter trimmed
with Trimmomatic (Bolger et al., 2014).

Recombinant transcript was detected by Illumina sequen-
cing using a few methods (Piferrer et al., 2009; Sabio and
Davis, 2010; Liu et al., 2016). Because of a lack of reference
genomes of the two triploids, the high-quality reads of hy-
brids were mapped to the combined genome of C. auratus
red var. and C. carpio L. using Star (v 2.4.0) with the para-
meters “–outFilterMismatchNoverReadLmax 0.01/0.02/0.03
–chimSegmentMin 50/70/90/105” (Bennett et al., 2001).
Based on the mapping files, pairwise alignments of homo-
eologs were used to assess the differences between each
hybrid. The parameter “–outFilterMismatchNoverRead-
Lmax 0.02” was selected based on low mutation rates and
sequencing errors. The parameter “–chimSegmentMin 70”
was selected to detect the recombinant reads in hybrids.
Then, only the reads distributed in homoeologs of both C.
auratus red var. and C. carpio L. were considered re-
combinant reads. The gene distributions of recombinant
reads were depicted at the chromosome level with shiny-
Circos (Yu et al., 2017). Additionally, the transcription of
recombinant genes was calculated based on the average of
three biological replicates using custom perl scripts.

Library construction and PacBio sequencing

To obtain the full-length transcripts of the two triploids, we
extracted the total RNA from three tissues, including liver,
muscle, and gonad; these were treated with DNase I (In-
vitrogen, USA) to remove any contaminating genomic DNA.
RNA concentration was measured using Nanodrop technol-
ogy, and the purified RNA was quantified using a 2100
Bioanalyzer system (Agilent, USA). After mixing the three
tissue samples in equal amounts, the mixture was then reverse-
transcribed using the SMARTer PCR cDNA synthesis kit
and PCR-amplified using KAPA HiFi PCR kits (KAPA
Biosystems, USA). The PCR product (size=0.5–6 kb and >6 kb)
was selected using agarose gel electrophoresis. Then, the
libraries were constructed from these cDNA products using a
SMRTbell template prep kit 1.0 (Pacific Biosciences, USA).
After library preparation, the library template and enzyme
mixture were used to perform sequencing with the PacBio
Sequel™ system.

PacBio-detected recombinant transcripts

After PacBio sequencing, the adapter sequences and low-
quality sequences (subread length <50 bp, accuracy
rate<0.75) were removed. Then, the sequences were pro-
cessed through PacBio’s SMRT-Portal analysis suite to
generate circular consensus sequences (CCSs). The high-
quality sequences were obtained based on the threshold of
the number of CCS cycles>1 and accuracy>0.8, and full-
length sequences were obtained based on threshold
lengths>300 bp, poly (A) tails, 5′ primers and 3′ primers
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using the SMRT Iso-Seq analysis pipeline (http://www.pacb.
com/products-and-services/analytical-software/smrt-analy-
sis/).
To distinguish RCC and CC homoeolog transcripts and

their recombinant transcripts in the two triploids, the above
high-quality sequences were aligned to the combined RCC
and CC genome using GMAP with the following parameters:
identity>90%, coverage>90% (Wu andWatanabe, 2005). All
mapped sequences were classified into three patterns: un-
iquely mapped to the RCC subgenome, uniquely mapped to
the CC subgenome, or mapped to both subgenomes. Then,
the RCC and CC species-specific SNPs were predicted from
the transcriptome data of C. auratus red var. and C. carpio L.
using Genome Analysis Toolkit (GATK) with default para-
meters (McKenna et al., 2010). These RCC and CC species-
specific SNPs were used to check the sequences that mapped
to the genomes of both inbred parents using the PacBio data.
Using custom python scripts, only the sequences mapped to
both genomes (>95% sequence similarity ratio) were se-
lected in our analyses. Recombinant transcripts were con-
sidered sequences that were mapped to each subgenome and
that were >500 bp. In addition, some transcripts uniquely
mapped to the RCC and CC subgenomes were considered
recombinant transcripts if the five continuous RCC or CC
species-specific SNPs coexisted in one transcript.Declara-
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