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Abstract
Key message  We report rampant homoeologous exchanges in progenies of a newly synthesized rice segmental allo-
tetraploid and demonstrate their consequences to changes of gene expression and alternative splicing.
Abstract  Allopolyploidization is recurrent across the tree of angiosperms and known as a driving evolutionary force in 
both plants and animals. A salient feature of allopolyploidization is the induction of homoeologous exchange (HE) events 
between the constituent subgenomes, which may in turn cause changes in gene expression, transcript alternative splicing, 
and phenotypic novelty. However, this issue has been poorly studied, largely because lack of a system in which the exact 
parentage donating the subgenomes is known and the HE events are occurring in real time. Here, we employed whole-genome 
re-sequencing and RNA-seq-based transcriptome profiling in four randomly chosen progeny individuals (at the 10th-selfed 
generation) of segmental allotetraploids that were constructed by colchicine-mediated whole-genome doubling of F1 hybrids 
between the two subspecies (japonica and indica) of Asian cultivated Oryza sativa. We show that rampant HE events occurred 
in these tetraploid individuals, which converted most of the otherwise heterozygous genomic regions into a homogenized 
state of one parental subgenome. We demonstrate that genes within these homogenized genomic regions in the tetraploids 
showed high frequencies of altered expression and enhanced alternative splicing relative to their counterparts in the corre-
sponding diploid parents in the embryo tissue. Intriguingly, limited overlaps between the differentially expressed genes and 
the differential alternative spliced genes were identified, which were partitioned to distinctly enriched gene ontology terms. 
Together, our results indicate that HE is a major mechanism to rapidly generate novelty in gene expression and transcriptome 
diversity, which may facilitate phenotypic innovation in nascent allopolyploids and relevant to allopolyploid crop breeding.

Introduction

Polyploidization or whole-genome duplication (WGD) is a 
prominent driving force in evolution and speciation of eukar-
yotic organisms, especially in higher plants (Renny-Byfield 
and Wendel 2014; Soltis et al. 2015; Van de Peer et al. 
2017). All flowering plants have experienced at least one 
round of polyploidization in their evolutionary history (Jiao 
et al. 2011). Based on the formation mode, polyploidy can be 
categorized into two major types, autopolyploids (WGD of 
one species’ genome) and allopolyploids (WGD of merged 
genomes from two or more species) (Stebbins 1947; Doyle 
et al. 2003). However, under natural settings, this distinc-
tion can be blurred, with many intermediates between the 
two extremes. Thus, the term segmental allopolyploid refers 
to polyploidy formed between genetically distinct parental 
populations (e.g., subspecies) but within a given species 
(Stebbins 1947). In allo- and segmental allopolyploids, 
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concomitant merging and doubling of related but divergent 
genomes in a common nucleus and cytoplasm often catalyze 
chromosomal changes (Szadkowski et al. 2011; Zhang et al. 
2013), accompanied with genomic changes and epigenetic 
modifications at the molecular level (Kraitshtein et al. 2010; 
Madlung and Wendel 2013; Chalhoub et al. 2014; Guo and 
Han 2014; Song and Chen 2015).

Among the various alterations in allopolyploids, homoe-
ologous recombination appears ubiquitous (Gaeta and Pires 
2010). Thus, chimeric or mosaic homogenized chromosomal 
regions from respective parents could result from nested and 
accumulated homoeologous recombination, causing replace-
ment of homoeologous regions from one parent and elimina-
tion of the other (Gaeta and Pires 2010). This phenomenon 
has been termed homoeologous exchange (HE) (Salmon 
et al. 2010). HEs, as large-scale structural chromosome 
variations, occur frequently in both natural and synthesized 
allopolyploids (Flagel et al. 2012; Kovarik et al. 2012; Henry 
et al. 2014; Lashermes et al. 2014; Soltis et al. 2016; Lloyd 
et al. 2017). Most HE-related studies were performed in 
Brassica species which contain several allotetraploid crops, 
such as oilseed rape and mustard rape (He et al. 2016). HEs 
have been shown to cause aberrant meiotic behavior (Gaeta 
and Pires 2010), novel genetic variation such as gene pres-
ence/absence variations (PAVs) (Lashermes et al. 2014; 
Hurgobin et al. 2017) and are causal for many important 
phenotypic changes in Brassica polyploids (Zhao et al. 2006; 
Liu et al. 2012; Chalhoub et al. 2014). Recently, it has been 
reported that HEs can sustain and amplify the changes of 
DNA methylation and gene expression that can be decoupled 
from hybridity in earlier generations of the rice segmental 
allotetraploids (Li et al. 2019). Collectively, the importance 
of HEs in generating rapid genetic and phenotypic diversity, 
regulating gene expression, promoting adaptive genomic 
evolution and speciation of allopolyploids, has been increas-
ingly recognized (Gaeta and Pires 2010; Szadkowski et al. 
2011; Henry et al. 2014).

Analyses of gene expression alterations due to allopol-
yploidy have been focused on total gene expression and/
or homoeologous expression, including non-additive gene 
expression, homoeologous expression bias, expression level 
dominance by using natural or newly synthetic allopolyploid 
systems (Buggs et al. 2011; Grover et al. 2012; Xu et al. 
2014). However, transcriptomic consequence induced by 
HEs in allopolyploids is still poorly understood. Lloyd and 
colleagues have found that HEs caused extensive dosage-
dependent gene expression changes in B. napus and also 
proposed the effects of HEs could be mitigated over time 
(Lloyd et al. 2017).

Compared with the known homogenized genomic land-
scape caused by HEs in allopolyploids, the issue of whether 
there are transcriptional expression changes of genes resid-
ing at the homogenized genomic regions relative to their 

homologous counterparts in the corresponding diploid par-
ents is not yet investigated. It is largely due to the lack of 
appropriate allopolyploidy systems, in which the exact par-
entage donating the subgenomes is known and the HEs are 
newly occurred or still ongoing.

Alternative splicing (AS) is an important post-transcrip-
tional process for regulating gene expression and generates 
transcriptome and proteome diversity in eukaryotes (Sultan 
et al. 2008; Syed et al. 2012; Kornblihtt et al. 2013). AS 
events are classified into six major types, including intron 
retention (IR), exon skipping (ES), alternative donor (AltD), 
alternative acceptor (AltA), alternative first exon (AltFE) 
and alternative last exon (AltLE) (Sturgill et al. 2013). In 
plants, AS presents many remarkable cases of functional 
consequences in developmental processes and environmen-
tal fitness, such as regulation of vernalization-mediated 
flowering (Rosloski et al. 2013; Marquardt et al. 2014), 
normal functioning of the circadian clock (Seo et al. 2012; 
Filichkin et al. 2015) and biotic immune and abiotic stress 
responses (Xu et al. 2012; Feng et al. 2014; Ling et al. 2015; 
Liu et al. 2017). Furthermore, AS alterations induced by 
polyploidization are an important aspect of adaptation and 
evolution since such events could generate immediate and 
dramatic changes in stoichiometry and activity of splicing 
factors which in turn regulate AS profiling at the whole-
genome level (Syed et al. 2012). Accordingly, AS changes 
have been widely studied in natural and synthetic polyploids 
recently (Zhou et al. 2011; Saminathan et al. 2015; Wang 
et al. 2018b). For instance, by using RT-PCR and sequenc-
ing of 82 AS events, Zhou and colleagues found that many 
homoeologous pairs showed different AS patterns in natural 
allotetraploid B. napus and high proportion of AS event loss 
was identified in resynthesized allotetraploids compared to 
the parents (Zhou et al. 2011). Conversely, researchers have 
reported that the level of AS increased in tetraploid water-
melon vegetative tissues compared with the corresponding 
diploid parent (Saminathan et al. 2015). A recent study 
uncovered that more than half of homoeologous genes pro-
duced divergent transcriptional isoforms in each subgenome 
of natural allotetraploid cotton (Wang et al. 2018b). How-
ever, ploidy-dependent AS regulation at the whole-genome 
level in allopolyploids remains scarcely studied, especially 
for genes mapped to the HEs-mediated homogenized 
genomic regions relative to their homologous counterparts 
in the respective parents.

Here, we employed whole-genome re-sequencing and an 
RNA-seq platform to trace the expression and alternative 
splicing patterns in embryonic tissue of four randomly cho-
sen individual progeny of a segmental rice allotetraploid (at 
the 10th-selfed generation, S10) constructed by colchicine-
mediated WGD of an F1 hybrid between the two subspecies, 
japonica (cv. Nipponbare) and indica (cv. 9311), of Asian 
cultivated rice (Oryza sativa L.). In the present study, we 
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found that extensive HEs have homogenized homoeologous 
genomic regions. In addition to detecting extensive variation 
in the transcriptome profile induced by segmental allopoly-
ploidization, we also found novel transcriptional changes 
(differentially expressed genes) and differential alternative 
splicing (AS) established within the homogenized genomic 
regions relative to their homologs in the respective parents. 
Finally, our results also implicate independent regulation of 
transcriptional gene expression and post-transcriptional AS 
in response to HEs within rice segmental allotetraploids. 
Taken together, our results suggest that HE represents a 
major mechanism to rapidly generate novelty in genomic 
composition, gene expression and transcript diversity, and 
hence, phenotypic innovation in nascent allopolyploid 
plants.

Materials and methods

Plant materials and growth conditions

F1 hybrids were produced by crossing two standard labora-
tory cultivars, Nipponbare (as the maternal parent) and 9311 
(as the paternal parent), that represent the two subspecies, 
japonica and indica, respectively, of Asian cultivated rice 
(Oryza sativa L.). The segmental allotetraploid rice was gen-
erated by colchicine treatment on tillers of the F1 hybrid and 
was then self-pollinated consecutively for 10 generations 
(Xu et al. 2014). Four randomly selected 10th-selfed genera-
tion (S10)-old tetraploids were used in this study, together 
with the two parental rice cultivars and the F1 hybrid. All 
plant materials were grown in a standard long-day green-
house conditions.

Sample preparation and sequencing

Leaves were harvested when the tetraploid seedlings reached 
the four-leaf stage and were then stored at − 20 °C. Genomic 
DNA of four rice tetraploids was isolated from leaf tissue 
mentioned above by using a modified CTAB method (Allen 
et al. 2006) and phenol extractions. DNA quality was deter-
mined by a ND-2000 NanoDrop spectrophotometer (Ther-
moFisher Scientific, Inc., USA). The four tetraploid rice 
genomes were sequenced independently using the Illumina 
HiSeq 2500 platform. The 150 bp paired-end method was 
used for library construction with 300 bp as the average 
insert size, and for each sample, 43 gigabase (Gb) clean 
reads were obtained.

For each genotype (Nipponbare, 9311, F1 hybrid and four 
tetraploids), embryos were collected at 15 days after pollina-
tion (DAP), immediately frozen in liquid nitrogen and stored 
at  − 80 °C until used. Two biological replicates of independ-
ent individuals were used for all the diploid plant materials 

(Nipponbare, 9311 and F1 hybrid); thus 10 samples in total 
were used in the RNA-seq analysis. Total RNA of each sam-
ple was extracted using TRIzol reagent (Invitrogen) based 
on the manufacturer’s protocol. The 150 bp paired-end 
RNA-seq libraries with average insert size of 300 bp were 
constructed with TruSeq RNA Sample Preparation Kit v2 
and sequenced on the Illumina HiSeq 2500 platform, and 
112 gigabase (Gb) clean reads have been obtained for each 
sample.

All the clean data included both re-sequencing data and 
RNA-seq data have been deposited at the SRA database 
http://www.ncbi.nlm.nih.gov/sra/ under accession numbers 
PRJNA540689.

Re‑sequencing data processing and HE regions 
determining

The clean data of each rice tetraploid DNA were mapped 
against the MSU7.0 Nipponbare genome sequence (http://
rice.plant​biolo​gy.msu.edu/pub/data/Eukar​yotic​_Proje​cts/o_
sativ​a/annot​ation​_dbs/pseud​omole​cules​/versi​on_7.0/) by the 
BWA program (-n 5) (Li and Durbin 2009). A list of SNPs 
between each of the four tetraploids and Nipponbare genome 
DNA sequences were generated by the pileup module of 
Samtools (Li et al. 2009). Here, we also employed a SNPs 
list between 9311 and Nipponbare genomes we generated 
previously according to the simulated 9311 DNA sequencing 
data as the SNPs reference (hereafter referred to as SNPs-
ref) (Xu et al. 2014). For each tetraploid, only the SNPs 
located in the SNPs-ref were marked as the reliable SNPs 
in the tetraploidy and were kept for further analysis, and 
all the genomic regions that didn’t host SNPs that existed 
in SNPs-ref were Nipponbare-homogenized regions. Based 
on the reliable SNPs information of each tetraploid, the 
reads showing maternal and paternal origins within each 
10 kb genomic window were counted (only the reads with 
> 5 depth were used), respectively, by using a serious of 
custom Perl scripts. Considering the parentage and the fre-
quent homoeologous chromosome recombination events in 
the segmental rice tetraploids, there were only five possi-
ble parental original reads ratio/types of parental original 
genomic composition (i.e., Nipponbare:9311) for a given 
locus, and they were 0:4, 1:3, 2:2, 3:1 and 4:0. Then, for each 
10 kb genomic window, the differences in parental original 
read ratio between each tetraploid (an actual ratio) and each 
of the five theoretical ratios above was detected by bino-
mial distribution test followed by FDR corrections, and the 
exact criteria for identifying homogenized and heterozygous 
regions were listed below: (1) windows showing the propor-
tion of Nipponbare-original reads > 90% were defined as 
Nipponbare-homogenized windows (or NPB-HG, for short); 
(2) windows with the proportion of Nipponbare-original 
reads < 10% were defined as 9311-homogenized windows 

http://www.ncbi.nlm.nih.gov/sra/
http://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/
http://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/
http://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/
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(or 9311-HG, for short); (3) windows with q-value > 0.05 
compared with theoretical ratios of 1:3, 2:2 or 3:1 were 
accepted as the heterozygous windows; (4) windows show-
ing different parental original genomic composition type 
compared with their adjacent 5 windows (i.e., 50 kb genomic 
region) were removed, and then the adjacent windows were 
merged to form large homogenized or heterozygous regions 
by Perl scripts if they showed the identical type of parental 
original genomic composition. Thereafter, homogenized 
and heterozygous genes were identified according to their 
genomic locations.

Identification of conservative gene models 
between Nipponbare and 9311

To obtain shared gene models between Nipponbare and 
9311, the 9311 genome sequence was obtained from RISe 
(Rice Information System, http://rice.genom​ics.org.cn) and 
was used to simulate 50 million 150 bp paired-end genomic 
reads by using DWGSIM (http://davet​ang.org/wiki/tiki-
index​.php?page=DWGSI​M). All simulated 9311 genomic 
DNA reads were mapped against the MSU7.0 Nipponbare 
genome by the BWA program (-n 5). Bedtools (Quinlan 
and Hall 2010) was used to calculate the coverage of 9311 
reads to the exons with flanking upstream and downstream 
50 bp regions of each Nipponbare reference non-transposon-
related gene model. Only the gene models with > 95% con-
sistency/coverage of 9311 DNA reads to the reference gene 
models from Nipponbare were reserved for subsequent gene 
expression and alternative splicing analysis.

Gene expression analysis

Clean RNA-Seq reads from each library were aligned to 
the MSU7.0 Nipponbare rice genome reference using 
TopHat v2.0.11 (segment mismatches 1, read-mismatches 
2, max-multihits 20 and -r 0) (Trapnell et al. 2014). Proper 
aligned reads were counted by HTSeq software (Anders 
et al. 2015) for each sample. Normalization of library size 
for each sample was performed by DESeq v1.30.0 (Anders 
and Huber 2010). Only the homogenized genes specific for 
each tetraploid were reserved for further analysis, and based 
on their genomic compositions and locations, the homog-
enized genes were categorized into two groups of NPB-HG 
and 9311-HG genes. For a given tetraploid, differentially 
expressed homogenized genes between the tetraploid and 
each of the three diploids (Nipponbare, 9311 and F1 hybrid) 
were detected using DESeq v1.30.0 (Anders and Huber 
2010), respectively. Genes showing significant differential 
expression level between tetraploids and the correspond-
ing parent (i.e., FDR-adjusted p value (q value) < 0.05 with 
fold change > 2 when NPB-HG genes compared with the 
counterparts in Nipponbare and 9311-HG genes compared 

with the counterparts of 9311) were defined as differentially 
expressed genes (DEGs) between the tetraploids and the cor-
responding parent, and the remaining genes were termed 
corresponding-parent-like genes (or cor-like genes, for 
short). Then, the DEGs were divided into two categories: 
(a) other-diploid-like DEGs (other-like DEGs, for short), 
those showed non-differential expression level compared 
with those in at least one of the alternative parents and F1 
hybrid (i.e., q value ≥ 0.05 or q value < 0.05 but fold change 
≤ 2 in tetraploids vs. the alternative parent or q value ≥ 0.05 
or q value < 0.05 but fold change ≤ 2 in tetraploids vs. F1 
hybrid); and (b) Tetraploid-novelty DEGs (tetra-novelty 
DEGs, for short) that showed significant differential expres-
sion between tetraploids and both the alternative parent and 
F1 hybrid (i.e., q value < 0.05 with fold change > 2 in tetra-
ploids vs. the alternative parent and q value < 0.05 with fold 
change > 2 in tetraploids vs. F1 hybrid).

Annotation reconstruction and alternative splicing 
(AS) analysis

Complete transcript structures from each individual were 
assembled separately and all predicted transcript isoforms 
were merged using a Stringtie (Pertea et al. 2016) pipeline 
without any gene model annotations. The de novo annota-
tion file (GTF format) was then compared with the MSU7.0 
Nipponbare rice genome annotation file (GFF3 file from 
ftp://ftp.plant​biolo​gy.msu.edu/pub/data/Eukar​yotic​_Proje​
cts/o_sativ​a/annot​ation​_dbs/pseud​omole​cules​/versi​on_7.0/
all.dir/) using Cuffcompare (Trapnell et al. 2014). Next, 
only the isoforms with the class code information of “j” 
and “=” were kept to generate the reconstructed annotation 
information. Finally, the expression levels of each isoform 
in all samples were calculated and tabulated according to the 
reconstructed annotation and isoforms which possessed an 
FPKM value > 1 in at least one sample that were reserved 
to format the final curated annotation file.

The Spankijunc module in the Spanki pipeline (Sturgill 
et al. 2013) and ASTALAVISTA program (Foissac and Sam-
meth 2007) were used to detect confident splicing junctions 
and AS events, respectively, as previously reported with 
some modifications (Wang et al. 2016). Only splice junc-
tions with corresponding RPM (Reads per Million) value 
> 0.1 and entropy value > 2 were kept for downstream 
analysis. After merging the information for splice junctions 
from all samples, each AS event involved corresponding AS 
junctions was quantified with the definition of PSI (Percent 
Spliced Index = inclusion reads/(inclusion reads + exclu-
sion reads)) using the Spankisplicing module and reli-
able AS events were defined based on the criteria that the 
number of reads supporting junction in inclusion path ≥ 5 
and the PSI value > 0.05. To confirm that the identified IR 
(Intron Retention) events were not resulted by sequencing 

http://rice.genomics.org.cn
http://davetang.org/wiki/tiki-index.php%3fpage%3dDWGSIM
http://davetang.org/wiki/tiki-index.php%3fpage%3dDWGSIM
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/
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of immature pre-mRNAs, Transdecoder (Haas et al. 2013) 
was utilized to estimate and compare the ratios of novel tran-
scripts harboring complete ORFs in IR versus that of all 
background novel transcripts hosting other AS events (Wang 
et al. 2018a). Ultimately, reliable AS events were compared 
between tetraploids and three diploids (Nipponbare, 9311 
and F1 hybrid) using the Splicingcomp module. DAS (dif-
ferential alternative splicing) events between two compared 
samples were defined when the FDR-corrected q value of 
Fisher’s exact test with correction was smaller than 0.05 
and the absolute value of ∆PSI > 0.1 (Wang et al. 2016). 
All steps of intermediate conversion of files during the AS 
analyses were performed with custom Perl scripts.

Similar to DEG, DAS (differential alternative splicing) 
was also defined. Two groups of DAS events were then 
defined as other-diploid-like DAS (other-like DAS, for short) 
and tetraploid-novelty DAS (tetra-novelty DAS), based on 
the q-value of Fisher’s exact test with correction and ∆PSI 
value. Other-like DAS events met the criteria that: (i) 
∆PSI > 0.1 and q value < 0.05 between AS event belonged 
to homogenized regions in the tetraploid and the counter-
part in the corresponding parent and (ii) ∆PSI < 0.1 or FDR-
corrected q value < 0.05 between AS events belonged to 
homogenized regions in the tetraploid and the counterpart 
in the alternative parent or F1 hybrid, whereas tetra-nov-
elty DAS events met the criteria that ∆PSI > 0.1 and FDR-
corrected q value < 0.05 between AS events belonging to 
homogenized regions in the tetraploid and the counterparts 
in all three diploids. Genes harboring any DAS events were 
defined as DSGs (DAS-related genes).

Gene ontology (GO) analysis for both DEG and DSG

Blast2GO v2.5.0 (https​://www.blast​2go.com/) was per-
formed to assign gene ontology (GO) terms. Further, anno-
tation of the genes for GO mapping was restricted by GO 
Slim assignment. GO terms with FDR-corrected q value 
< 0.05 were considered significantly overrepresented by 
hypergeometric tests in the R packages of ClusterProfiler 
(Yu et al. 2012).

Validation of DAS events using reverse‑transcription 
(RT) PCR analysis

The total embryonic RNA samples of all tested plant mate-
rials were treated with DNaseI (Invitrogen), reverse-tran-
scribed by the SuperScript-TM-RNase H-Reverse Tran-
scriptase (Invitrogen), and subjected to RT-PCR analysis 
using gene-specific primers. We randomly selected 10 DAS 
events (six events for IR and four events for ES, respectively) 
to verify the DAS events happened between the tetraploids 
and their diploid parents. The PCR primers of successful 
validation are listed in Table S7.

Statistics

All Statistical tests in this paper were performed using basic 
packages in R (Version 3.3.1, https​://www.r-proje​ct.org/).

Results

Using the synthetic rice segmental allotetraploids generated 
by inter-subspecies hybridization and colchicine-mediated 
whole-genome duplication (WGD) between rice subspecies, 
japonica (cv. Nipponbare) and indica (cv. 9311) (Xu et al. 
2014; Sun et al. 2017), we characterized, compared, and 
correlated the inter-subgenomic homoeologous exchanges, 
changes in gene expression, and alternative splicing profiles 
in individual progeny of the rice segmental allotetraploids.

Extensive genomic homogenization 
via homoeologous exchanges in the rice segmental 
allotetraploids

Inspired by the fact that vast genomic variation could be 
induced by allopolyploidization in plants (Doyle et al. 2008), 
we initially characterized the genomic DNA composition 
of rice segmental allotetraploid individuals (designated 
Tetra 1 through Tetra 4) relative to their diploid parents. 
The re-sequencing results showed that sequencing depth was 
uniformly distributed among all reference chromosomes in 
each tetraploid individual (Figure S1), indicating all four rice 
segmental allotetraploid individuals were euploids, which 
eliminated the potential confounding effects of aneuploidy 
on subsequent analyses (Wu et al. 2018).

We characterized the inter-subgenome homoeologous 
exchanges (abbreviated as HEs) via comparing the genomic 
compositions in each of the four tetraploid individuals 
relative to their diploid parental genomes (“Materials and 
methods”). Accordingly, as illustrated and summarized in 
Fig. 1a, b, approximately 70–82% of genomic regions in 
the S10 tetraploid individuals were homogenized, includ-
ing 29–34% Nipponbare-homogenized regions (abbrevi-
ated as NPB-HG regions) and 40–48% 9311-homogenized 
regions (abbreviated as 9311-HG regions; Fig. 1a, b); the 
rest 18–30% genomic regions were still in a heterozygous 
state with biparental contributions (Fig. 1a, b). Notably, the 
average proportion of NPB-HG regions was significantly 
lower than that of 9311 across all four tetraploids (p value 
< 0.01, by Paired t test, Fig. 1b).

Further analysis of genomic composition of the tetra-
ploids revealed the following interesting features. First, 
different chromosomes harbored different proportions 
of homogenized and heterozygous regions (Fig. 1a). For 
example, Chr 10 maintained almost complete biparental het-
erozygosity over its entire length across all four tetraploids, 

https://www.blast2go.com/
https://www.r-project.org/
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while Chr 8, Chr 11 and Chr 12 and part of Chr 4 showed 
near complete homozygosity to either NPB (NPB-HG) or 
9311 (9311-HG), across all four tetraploids. Second, paren-
tal homogeneities were largely conserved among the Tetra 
2 through Tetra 4 tetraploids in terms of their distribution 
patterns; however, Tetra 1 was always the outlier, in which 
almost each chromosome frequently displayed inconsistent 
homogenization patterns from the other three tetraploids. 
For example, Chr 09 in Tetra 1 mainly harbored homog-
enized regions from 9311, whereas such regions in Tetra 2 
through Tetra 4 showed 9311-HG and NPB-HG over approx-
imately half of the chromosome.

To investigate whether the extensive HEs could affect 
the homoeologous gene composition in the tetraploids, 
we categorized the genes into groups in terms of their 
genomic locations within homogenized and heterozygous 
regions. Regarding the variable gene models for each gene, 
we focused on 26,529 non-transposon-related gene models 
with significant sequence conservation in their genic exons 
between NPB and 9311 in categorization and following anal-
yses (“Materials and methods”). Notably, the relative genic 
proportions of 9311-HG, NPB-HG and heterozygous genes 
were similar to the corresponding genomic proportions of 
parental homogeneity and heterozygosity in the respective 
tetraploid individuals (Fig. 1c).

Majority of the homogenized genes 
in the tetraploids showed similar expression as their 
diploid parental counterparts but some manifested 
novel expression

In addition to the extensive genomic homogenization 
induced by HEs in the tetraploids, we next analyzed the 
expression of genes within the homogenized genomic 
regions relative to the expression of their counterparts in 
the corresponding parent (NPB-HG regions vs. counter-
part homologs in NPB and 9311-HG regions vs. counter-
part homologs in 9311). Specifically, we employed RNA-
sequencing to characterize the transcriptome profiles in the 
embryos tissue of the four tetraploids as mentioned in the 
previous sections. Within each tetraploid individual, expres-
sion of the genes residing within the NPB-HG and 9311-
HG regions was quantified and compared with those of their 
homologs in parental NPB and 9311, respectively. Accord-
ingly, the genes with significantly altered expression levels 
relative to their corresponding diploid parental homologs 
in each tetraploid individual (revealed by tetraploid vs. cor-
responding parent) were defined as differentially expressed 
genes (DEGs; detailed in “Materials and methods”), whereas 
the remaining genes were defined as non-DEGs (Fig. 2a). 
For non-DEGs, regardless of their expression levels being 

Fig. 1   Genomic constitution of rice tetraploid individuals. a Circus 
plots depicting the genomic constitution of four tetraploid individuals 
along each of the 12 rice chromosomes. Blue, red and green represent 
Nipponbare-homogenized (NPB-HG), 9311-homogenized (9311-HG) 
and heterozygous regions, respectively. From the outer circle to the 

inner circle represent Tetra 1 to Tetra 4, respectively. b Pie charts 
showing genotypes of each tetraploid individual. c Distribution of 
26,529 high-confidence genes in different types of genomic regions 
for downstream analysis. Representation of different colors in both 
(b) and (c) were same as those in (a) (color figure online)
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similar to or different from the alternative parent and/or 
F1 hybrid, they were generally characterized as the genes 
with “corresponding-parent-like” genes (abbreviated as cor-
like genes; categories I-IV in Fig. 2a); for DEG genes, two 
distinct groups were partitioned: (i) DEGs showed similar 
expression level with either alternative parent or F1 hybrid 
were defined as “other-diploid-like” DEGs (abbreviated as 
others-like DEGs; categories V-VII in Fig. 2a; Figure S2) 
and (ii) the remaining DEGs were defined as “tetraploid-
novelty” DEGs (abbreviated as tetra-novelty DEGs), which 
were differently expressed when compared with both the 
alternative parent and the F1 hybrid (Fig. 2a, category VIII 
and Figure S2).

We found that only 916-2566 (9.4–28.9%) of the genes 
located in homogenized regions became DEGs in the tetra-
ploids compared with their parental counterparts (Table S1), 
implicating that most homogenized genes maintained the 
expression levels similar to their respective diploid parents 
despite the change in ploidy, suggesting they were largely 
under cis-regulation. When the DEGs were divided based 

on their parental origins, we found that different tetraploid 
individuals represented inconsistent parental-biased DEGs 
(Table S2, Exact binomial test, p value < 0.05), which means 
no parental bias for DEGs was found. Intriguingly, the 
majority of the DEGs (66.9–86.8%) belonged to the tetra-
novelty group (Fig. 2b, Figure S1 and Table S1). To explore 
the expression consistency of “tetra-novelty DEGs” across 
tetraploids, we took the combined set of all “tetra-novelty 
DEGs” from each tetraploid individual and calculated the 
fold changes in expression relative to their diploid parents 
and F1 hybrids. As Fig. 2c illustrates, the total tetra-novelty 
DEGs were mostly clustered into two distinct groups involv-
ing concordant up- and down-regulated gene sets, whereas 
only 0.5% tetra-novelty DEGs (17 out of 3772) showed 
inconsistent expression patterns among the tetraploids, i.e., 
up-regulated in some individuals and down-regulated in oth-
ers and vice versa. This implicates that the expression pat-
terns of tetra-novelty DEGs were controlled by conserved 
trans-acting factors and may have occurred non-randomly 
across tetraploid individuals.

Fig. 2   Expression profile of genes located in homogenized regions 
(NIP-HG and 9311-HG regions) in rice segmental allotetraploids. 
a The eight possible genes expression/alternative splicing (AS) pat-
terns in homogenized regions of segmental allotetraploids relative to 
their corresponding diploid parent were divided into three groups: 
corresponding parent like genes/AS events (I–IV, denoted as cor-like 
genes/ASs), other-diploid-like DEGs/DASs (V–VII, denoted as other-
like DEGs/DASs) and tetraploid-novelty DEGs/DASs (VIII, denoted 
as tetra-novelty DEGs/DASs). Circles with different colors represent 
different comparisons between tetraploid and diploid. The dashed line 

in each state represents the cutoff of comparisons: Circles above the 
dashed lines means significant differences in a certain comparison, 
and circles below the dashed lines mean no difference in a certain 
comparison. b Proportion of genes in homogenized regions (NPB-
HG and 9311-HG genes) belonged to cor-like, other-like and tetra-
novelty groups in tetraploid individuals. c Hierarchical clustering of 
merged tetra-novelty genes in all four tetraploids based on expression 
changes between tetraploids and diploids, red and purple represent 
up- and down-regulated expression changes, respectively (color figure 
online)
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Furthermore, to explore the potential functional rel-
evance of the tetra-novelty genes, we performed gene 
ontology (GO) analysis for all tetra-novelty genes that 
showed such expression in at least one of the tetraploid 
individuals. We found these genes were enriched in path-
ways related to abiotic stresses (for both up-regulated and 
down-regulated tetra-novelty genes) and metabolic pro-
cesses (mainly consists of down-regulated tetra-novelty 
genes) (Figure S3). Notably, the biological processes such 
as mRNA splicing (19 genes), RNA secondary structure 
unwinding (18 genes) and mRNA catabolic process (5 
genes) were also enriched by the up-regulated tetra-nov-
elty genes, which indicates a possible connection between 
up-regulated tetra-novelty genes and post-transcriptional 
alternative splicing processes (Kornblihtt et  al. 2013; 
Smith and Baker 2015).

Enhanced alternative splicing was associated 
with the homogenized genes in the tetraploids 
relative to their diploid parental counterparts

Given that polyploidy can result in changes in alternative 
splicing (AS) events (Zhou et al. 2011), we analyzed AS 
in the rice tetraploids. Based on the same RNA-sequencing 
data used for expression analysis, we surveyed AS patterns 
of all homogenized genes in the rice tetraploids and their 
counterparts in the corresponding diploid parent. Based on 
the pipeline reported by Wang (Wang et al. 2016) with sev-
eral modifications, 9,467 curated AS events derived from 
5,373 genes were identified in all assayed samples, which 
can be classified into four categories: intron retention (IR), 
exon skipping (ES), alternative donor (AltD), and alternative 
acceptor (AltA) (Fig. 3a and Table S3; detailed in “Materials 

Fig. 3   Changes in AS events in homogenized genes relative to cor-
responding diploid parents. a Different types of AS events and their 
occurrence in diploids and tetraploids. b Comparisons of PSI values 
of intron retention (IR) and exon skipping (ES) events among homog-
enized regions of tetraploids (purple) and their counterparts in cor-
responding parents (NPB in red, 9311 in green and the F1 hybrid 
in blue, respectively). For each small panel, the left part represents 
NPB-HG regions, whereas the right part represents 9311-HG regions. 
Letters above each box represent statistically different PSI distribu-

tions in each comparison. The numbers under each box represent the 
relevant number of AS events. c Proportion of AS events in homog-
enized regions (NPB-HG and 9311-HG AS events) belonged to cor-
like (blue), other-like (yellow) and tetra-novelty (green) groups. d 
Hierarchical clustering of all merged tetra-novelty AS events in dif-
ferent tetraploids based on changes in AS expression level between 
tetraploids and diploids, red and blue represents AS with up- and 
down-regulated changes, respectively (color figure online)
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and methods”). Similar to previous studies in other plant spe-
cies (Li et al. 2014; Liu et al. 2017), IR was the most com-
mon AS events (36%), followed by ES (26%), AltA (24%) 
and AltD (14%) (Tables S3). Authenticity of these identified 
IRs (not due to sequencing of immature pre-mRNA (Wang 
et al. 2018a) was supported by the significant higher ratio 
of complete ORFs in IR-related novel transcripts (3089 in 
3871) than that in all background novel transcripts harbor-
ing other AS events (8661 in 11557) (p value = 5.872e−10 by 
Fisher’s exact test, “Materials and methods”). Intriguingly, 
more AS events were found in the homogenized genes in 
the tetraploids than their counterparts in the diploid parents 
and F1 hybrid (Fig. 3a). To explore whether the strength of 
splicing signal was also elevated after WGD and HEs, the 
Percentage of Splicing Index (PSI, the ratio between reads 
including or excluding exons, indicating the efficiency of 
splicing a given exon into all transcripts of a gene) (Schafer 
et al. 2015) of AS events occurred in the homogenized genes 
in each tetraploid individual and diploids are tabulated in 
Fig. 3b and Figure S4. Notably, for all types of AS events 
that occurred in homogenized genes, the tetraploids showed 
larger PSI values (p values < 0.01 by Kruskal–Wallis post 
hoc test) and increased AS (p values < 0.05 by Permutation 
test) compared to their corresponding parent (Fig. 3b and 
Figure S4). However, taking AS in the alternative parent 
and F1 hybrid into account, AltD and AltA mostly showed 
higher PSI than those in the alternative parent but similar 
with those in the F1 hybrid, whereas IR and ES remained the 
highest in the tetraploids. Furthermore, both the AS numbers 
and PSI values of splicing-related genes, including Serine/
Arginine-rich (SR), heterogeneous nuclear RNP (hnRNP) 
genes and other splicing-related factors were significantly 
higher in tetraploids than those in diploids (Figure S5), prob-
ably due to an enriched repository of trans-acting splicing 
factors in rice tetraploids after WGD and HEs. 

To characterize the altered AS profiles of the homog-
enized genes in tetraploids, we adopted similar categoriz-
ing methods utilized in gene expression analysis. AS events 
that showed significant differences (detailed in “Materials 
and methods”) in homogenized genes relative to their cor-
responding diploid parental counterparts were defined as 
the Differential AS events (DAS). Likewise, corresponding-
parent-like AS events (abbreviated as cor-like AS), other-
diploid-like DAS events (abbreviated as other-like DAS) 
and tetraploid-novelty DAS events (abbreviated as tetra-
novelty DAS) were defined similarly as the aforementioned 
gene expression (Fig. 2a). In tetraploids, most homogenized 
genes exhibited similar AS patterns to their corresponding 
diploid counterparts (71.2–92.4% ASs in NPB-HG regions 
and 75.6–91.1% ASs in 9311-HG regions). However, there 
were 368-1,543 DAS (7.6–28.8% DAS in NPB-HG regions 
and 8.9–24.3% DAS in 9311-HG regions, respectively) that 
occurred in the tetraploids only (Fig. 3c, Figure S6 and 

Table S4). Analogous to DEGs, no bias was detected for 
DAS between NPB-HG and 9311-HG regions (Table S5). 
Notably, tetra-novelty DAS also had the highest percentage 
class for all DAS (Fig. 3c) and which clustered into two 
distinct groups (up- and down-regulated DAS events) with 
more up-regulated DAS across all tetraploids (Fig. 3d).

We further dissected the tetra-novelty DAS into two 
subsets including up-regulated and down-regulated AS by 
comparing tetraploids with the corresponding diploid par-
ents. For IR, ES, and AltA, tetra-novelty DAS harbored 
more up-regulated DAS than down-regulated DAS among 
all tetraploids, whereas those belonging to AltD showed 
the opposite trend (Figure S7 and Table S6). With dramatic 
changes in AS, IR and ES showed two interesting sequence 
characteristics: (i) introns involved up-regulated IR events 
were shorter and had higher GC contents than all IRs and 
constitutive introns; and (ii) exons involved up-regulated 
ES events were shorter than all ESs and constitutive exons, 
whereas the GC contents were higher than constitutive exons 
but identical with all ESs (Figure S8). Furthermore, we per-
formed AS-specific RT-PCR by using six randomly chosen 
up-regulated tetra-novelty DAS transcripts for IR and ES 
classes. We found that in two IR and four ES genes, the AS 
events (isoform 2) either occurred exclusively or more abun-
dantly in the tetraploids compared with the diploid parents 
and the F1 hybrid, thus validating our RNA-seq analysis 
results (Figure S9).

Expression change and alternative splicing 
of the homogenized genes in the tetraploids are 
modulated independently

Previous studies in diploid plant species have indicated that 
there were no obvious associations between changes in AS 
signaling and transcriptional activity in response to biotic 
and abiotic stresses (Chang et al. 2012; Ling et al. 2015). 
To test whether this also applies to the rice tetraploids, we 
examined the relationship between DEGs and DAS-related 
genes (DSGs). Initially, all interested DSGs located on homog-
enized regions (5,373 homogenized genes) in each tetraploid 
individual were assigned into specific groups based on their 
gene expression and AS patterns, including the DEG-DSG 
group (genes both exhibiting differential expression patterns 
[DE] and meanwhile displaying DAS), DEG-only (genes only 
exhibiting DE), DSG-only (genes only showing DAS), and 
neither group (genes neither exhibiting DE nor showing DAS). 
Genes belonging to each group are tabulated in Fig. 4a. There 
were a limited number of genes (27-238) categorized into the 
DEG-DSG group in the tetraploids (Fig. 4). Additionally, it 
was reported that the transcript abundance of pre-mRNA may 
affect splicing processes (Kornblihtt et al. 2013; Liu et al. 
2017). To test this, we compared the proportions of DSGs in 
both DEGs and non-DEGs. We found that DSGs were mainly 
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enriched in non-DEGs rather than DEGs (Fisher’s exact test, 
p value < 0.01; Fig. 4b), suggesting there is no association 
between transcript abundance and AS.

The functional relationship between DEGs and DSGs was 
also explored based on GO enrichment analysis. We found 
that DEGs were mainly associated with biological processes 
involved in biotic and abiotic stresses, whereas DSGs were 
enriched in more specific GO terms such as protein autophos-
phorylation and regulation of seed germination (Fig. 4c). Col-
lectively, the limited number of DEG-DSG group along with 
very little commonality in enriched GO terms between DEGs 
and DSGs strongly suggest independent modulation of gene 
expression and AS of homogenized genes after WGD and HEs 
in rice segmental allopolyploids.

Discussion

Allopolyploidy or segmental allopolyploidy, involving the 
merger and doubling of diverged genomes, can result in 
various types of extensive genomic variation (Szadkowski 
et al. 2011; Chalhoub et al. 2014; Li et al. 2015). Among 
these, homoeologous exchanges (HEs), featured as mutual 
exchanges of genomic sequences via meiotic homoeolo-
gous recombination, have been well-characterized in sev-
eral different allopolyploid plant systems (Kovarik et al. 
2012; Henry et al. 2014; Soltis et al. 2016; Lloyd et al. 
2017). In allopolyploid plants, most research on the poten-
tial effects of HEs on genomic composition mainly focused 

Fig. 4   Relationship between DEGs and DSGs (DAS-related genes) in 
homogenized regions of the four tetraploids. a Scatter plots depict the 
gene categories of DEG-only (orange), DSG-only (green), both DEG 
and DSG (black) and neither DEG nor DSG (gray) in each tetraploid. 
The x-axis represents log2 transformed fold change of gene expres-
sion, and the y-axis represents ∆PSI between tetraploids versus cor-
responding diploids, respectively (for genes possessing multiple DAS 
transcripts, the maximum of ∆PSI is used as the agent; for genes 
without any DAS, the minimum of ∆PSI is used as the agent). Blue 

line represents the liner regression between the delta of DEG and 
DSG with respective correlation coefficient r values denoted. b Com-
parison of DSG ratio between DEGs and non-DEGs. Asterisks repre-
sent significant differences by Fisher’s exact test (p value < 0.01). c 
GO analysis of both DEGs and DSGs in tetraploids. The color scale 
represents FDR-corrected p values derived from hypergeometric 
distribution tests, and the size scale of dots symbolizes the ratio of 
enriched genes in all DEGs or DSGs (color figure online)
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on exploring the relative dosages of subgenomic and/or 
genic sequences (Chalhoub et al. 2014; Li et al. 2015). 
Other studies focused on alternations in gene expression 
caused by allopolyploidy and mainly explored the non-
additive and/or biased expression of homoeologous genes 
at the transcriptional level (Buggs et al. 2011; Grover 
et al. 2012; Xu et al. 2014) and alternative splicing (AS) 
changes at the post-transcriptional level (Zhou et al. 2011; 
Liu et al. 2017) resulting from WGD. However, the effects 
of HEs on gene expression and AS are still poorly under-
stood. In this study, we used selfed progeny of a synthetic 
segmental allotetraploid rice system to explore the asso-
ciation between HEs, gene expression and AS with a focus 
on homogenized genic regions.

Frequently, HEs within the homologous genomic regions 
of allopolyploids were reported in allotetraploid species of 
Brassica and Tragopogon (Chester et al. 2012; Chalhoub 
et al. 2014; He et al. 2016). In fact, when parental genomic 
divergence is low, there is an increase in HEs in similar 
subgenomic regions in B. napus allopolyploids generated 
by meiotic homoeologous recombination (Gaeta and Pires 
2010). In our S10 rice tetraploids, between 70%-82% of the 
genome was converted to homogeneity from heterozygous 
regions through the occurrence of extensive HEs, while on 
average ca. 50% were homozygous in S5 (Li et al. 2019), 
suggesting rapid generational increment of genome-wide 
homozygosity. The strikingly vast and widespread HEs in 
these rice segmental allotetraploids are probably due to the 
occurrence of more crossing-overs between homoeologous 
chromosomes and the accumulation of HEs in advanced 
generations. These results are consistent with high genomic 
similarity between the two parental rice subspecies, japonica 
and indica (Tsunematsu et al. 1996; Yang et al. 2012). The 
remnant of heterozygous regions in the 10th-generation 
tetraploids implicates that HE is a still ongoing process in 
our rice segmental tetraploid system. However, it is difficult 
to anticipate how many more generations are required to ren-
der all genomic regions homogenized or fixed with certain 
homoeologous subgenomes.

The regulation of gene expression involves both cis regu-
lators (i.e., the promoter, enhancer, insulator, etc.) and trans 
factors (i.e., the transcriptional factor, etc.) in eukaryotic 
cells (Lienert et al. 2011; Shi et al. 2012; Wittkopp and 
Kalay 2012). In our case of segmental allotetraploid rice, 
especially for homogenized genes, the cis-regulation (paren-
tal legacy) was determined to be dominant since the majority 
of genes were categorized into the corresponding-diploid-
like group. Notably, there were instances where despite 
genic regions retaining the same homogenized genomic con-
stitution as their parent, a subset of genes was not expressed 
as in the corresponding diploid parent. One explanation may 
be that allopolyploidization could aggregate diverged trans-
acting regulatory elements and eventually lead to the novel 

patterns of gene activation or repression in novel regula-
tory environments as has been documented in other systems 
(Grover et al. 2012; Shi et al. 2012; Combes et al. 2013). The 
vast majority of differentially expressed genes occurred in 
tetraploids, which implicates that differential expression pat-
terns were established over the course of genome doubling 
during allopolyploidization and subsequent HEs rather than 
in the genome hybridization process. In addition, conserved 
expression remodeling of tetra-novelty DEGs across four 
tetraploid individuals also supports the assertion that novel 
trans-regulators were conservatively controlled by certain 
molecular mechanisms rather than mediated by stochastic 
effects. Taken together, we found that homogenized gene 
homoeologous within rice segmental allotetraploids mostly 
retained cis-regulatory elements to maintain the original 
parental expression pattern; however, the whole genome 
duplication and subsequent genomic rearrangements were 
capable of changing the stability of the transcriptome via 
inducing variation in trans-regulatory factors. In addition, 
the extensive regional repatterning of DNA methylation in 
earlier generations of these tetraploids (Li et al. 2019) should 
also be an important contributing factor to changes of gene 
expression.

Previous studies showed that AS events were obviously 
induced in response to abiotic/biotic stresses in plants (Feng 
et al. 2014; Vitulo et al. 2014; Ling et al. 2015; Liu et al. 
2017). Polyploidization could also promote the change 
of AS events and signals as the responses to the changed 
nuclear environment involving whole-genome duplication 
(Zhou et al. 2011; Saminathan et al. 2015). Our results pro-
vided solid evidence that segmental allopolyploidy and sub-
sequent HEs could not only inherit the AS events generated 
by hybridization (AltD and AltA events) but also induce 
more novel AS events and enhanced AS signals within 
the homogenized regions of tetraploids (novel IR and ES 
events). Interestingly, we found that exon skipping was the 
second most common type of AS in our rice polyploids, 
which was consistent with previous studies in rice and wheat 
(Li et al. 2014; Liu et al. 2017). Accordingly, potential vari-
able genic features in respective species, such as transcrip-
tional level and exon–intron architecture, may affect the 
composite profile of the AS events (Keren et al. 2010). The 
increase in AS events and enhanced AS signals were prob-
ably due to the altered AS of the pre-mRNA of SRs, hnRNPs 
and other splicing-related genes, whose activity and abun-
dance was previously proposed to determine the AS profiles 
of their target genes (Syed et al. 2012; Reddy et al. 2013). As 
expected, splicing-related genes indeed showed significant 
AS changes in the tetraploids relative to the diploid parents, 
which may play important roles for transcript diversification 
in our rice tetraploids.

Furthermore, most AS isoforms of homogenized genes 
in tetraploids were corresponded to the parental AS 
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isoforms, which implicates that some potential cis-acting 
elements such as splicing enhancers (SEs), splicing silenc-
ers (SSs) (Kornblihtt et al. 2013) and even the intrinsic 
genic structural features (i.e., the length and GC content of 
genic introns and exons) were able to maintain the overall 
parental AS profiles. Moreover, certain cis-acting intrin-
sic genic structural features, such as the length and GC 
content of genic introns and exons, could also contribute 
to the AS remodeling in rice allotetraploids. In addition, 
trans-acting factors also participated in the remodeling of 
post-transcriptional AS profiles even within those homog-
enized genes since there was still a nonnegligible propor-
tion of differential alternative splicing events that mainly 
arise in the tetraploids.

Moreover, since a limited number of differentially 
expressed genes and differential alternatively spliced genes 
share commonality in enriched GO terms in our rice allo-
tetraploids, it implicates that transcriptional regulation and 
AS are modulated independently in response to whole-
genome doubling and further homogenization via HEs. 
This result is consistent with the conclusions from previ-
ous studies that focused on differences in AS in response 
to heat stress, high salinity and insect herbivory (Chang 
et al. 2012; Feng et al. 2014; Ling et al. 2015). In this 
aspect, it is interesting to note that both gene expression 
and AS can be impacted by changes of DNA methylation 
(Wang et al. 2016).

Collectively, HE represents a major mechanism to 
induce phenotypic innovation in nascent allopolyploid 
plants via generating novel genomic composition, tran-
scriptional variation in gene expression, and alternative 
spliced transcripts, which may provide new insights into 
allopolyploid crop breeding.
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