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Allopolyploidy is an evolutionary and mechanisticaly intriguing process involving the
reconciliation of two or more sets of diverged genomes and regulatory interactions,
resulting in new phenotypes. In this study, we explored the small RNA changes of eight F2
synthetic B. napus using small RNA sequencing. We found that a part of miRNAs and
SiRNAs were non-additively expressed in the synthesized B. napus allotetraploid.
Differentially expressed miRNAs and siRNAs differed among eight F2 individuals, and the
differential expression of miR159 and miR172 was consistent with that of flowering time
trait. The GO enrichment analysis of differential expression miRNA target genes found that
most of them were concentrated in ATP-related pathways, which might be a potential
regulatory process contributing to heterosis. In addition, the number of siRNAs present in
the offspring was significantly higher than that of the parent, and the number of high
parents was significantly higher than the number of low parents. The results have shown
that the differential expression of miRNA lays the foundation for solving the trait
separation phenomenon, and the significant increase of siRNA alleviates the shock of the
newly synthesized allopolyploidy. It provides a new perspective of small RNA changes and
trait separation in the early stages of allopolyploid polyploid formation.
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Abstract

Allopolyploidy is an evolutionary and mechanisticaly intriguing process involving the reconciliation of two or
more sets of diverged genomes and regulatory interactions, resulting in new phenotypes. In this study, we
explored the small RNA changes of eight F2 synthetic B. napus using small RNA sequencing. We found that a
part of miRNAs and siRNAs were non-additively expressed in the synthesized B. mrapus allotetraploid.
Differentially expressed miRNAs and siRNAs differed among eight F2 individuals, and the differential
expression of miR159 and miR172 was consistent with that of flowering time trait. The GO enrichment analysis
of differential expression miRNA target genes found that most of them were concentrated in ATP-related
pathways, which might be a potential regulatory process contributing to heterosis. In addition, the number of
siRNAs present in the offspring was significantly higher than that of the parent, and the number of high parents
was significantly higher than the number of low parents. The results have shown that the differential expression
of miRNA lays the foundation for explaining the trait separation phenomenon, and the significant increase of
siRNA alleviates the shock of the newly synthesized allopolyploidy. It provides a new perspective between small

RNA changes and trait separation in the early stages of allopolyploid polyploid formation.
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Introduction

Polyploidy, or whole-genome duplication (WGD), is prevalent in nature and is particularly common in
angiosperms, increasing biodiversity and providing new genetic material for evolution (Wendel 2000). Synthetic
polyploidy is often associated with novel and presumably advantageous ecological attributes such as range
expansion (Hijmans et al. 2007), novel secondary chemistry and morphology (Leitch and Leitch 2008), and
increased pathogen resistance (Nuismer and Thompson 2001). Previous studies have investigated synthetic
allopolyploids and show that various genetic (Song et al. 1995; Xiong et al. 2011) and epigenetic (Adams et al.
2003; Cui et al. 2013; Ge et al. 2013) changes, as well as alterations in gene expression levels (Wang et al. 2006;
Chelaifa et al. 2010; Yoo et al. 2013) occur at the initial stage of allopolyploidization. At the genetic level, loss
of parental and/or appearance of novel sequences at the initial stage of allopolyploidization are common events.
Non-homologous chromosome exchanges occur in synthetic B. napus, resulting in the addition and/or deletion
of sequences (Gaeta et al. 2007). At the epigenetic level, changes in small RNA and DNA methylation patterns
occur at the initial stage of allopolyploidization. Shen et al. reported higher siRNA and DNA methylation levels
in F1 hybrids (Shen et al. 2017). The role of heredity and epigenetics leads to changes in gene expression, which
in turn leads to novel phenotypes (Chen 2007).

Non-coding small RNAs are widely found in eukaryotes, which are endogenous with a length of about 20-24 nt.
Many studies have shown that small RNAs play an important role in gene expression regulation through
transcriptional level gene silencing, or post-transcriptional level gene silencing (Baumberger and Baulcombe
2005). Their first report was the phenomenon of RNA interference in nematodes (Lee et al. 1993), and later the
phenomenon of gene silencing or inhibition was discovered (Napoli et al. 1990; Carvalho et al. 1992; Hannon
2002). Shortly after these studies, the researchers confirmed that post-transcriptional gene silencing in plants is
associated with small RNA activity (Hamilton and Baulcombe 1999). These small RNAs regulate various
biological processes by interfering with the translation of mRNA. In plants, small RNAs can be divided into two
major categories depending on their synthesis and function: miRNA and siRNA. miRNAs and siRNAs are
considered to be highly conserved and are important gene expression regulators in plants (Jones-Rhoades et al.
2006; Axtell and Bowman 2008). This small RNA has been used as a means of molecular biology to control
gene expression at the transcriptional and post-transcriptional levels.

Oilseed rape (B. napus, AACC, 2n = 38), which is generally thought to be naturally crossed and doubled between
B. rapa (AA, 2n = 20) and B. oleracea (CC, 2n = 18), was formed 7500 years ago and is a good model for
exploring allopolyploids (U 1935; Chalhoub et al. 2014). In addition, oilseed rape is now one of the most
important oilseed crops in the world and is inseparable from people's lives. However, due to the short history of
domestication between 300 and 400 years ago, the genetic basis of oilseed rape was narrower than that of the
parental species (Go'mez-Campo C 1999), which further led to the restriction of oilseed rape breeding and
utilization of heterosis. Therefore, it is necessary to explore the molecular mechanism of the distant hybridization
between B. rapa and B. oleracea in order to obtain stable synthesis B. napus and to expand the germplasm
resources of B. napus.

Previous studies have explored SRNA changes and regulatory patterns in different generations of resynthesized
B. napus (Fu et al. 2016b). However, these patterns in allopolyploids with different traits are not been fully
examined. The present study analyzed small RNA changes of eight F2 synthetic B. napus. We found that a part
of miRNAs and siRNAs were non-additively expressed in the synthesized B. napus allotetraploid. Differentially
expressed miRNAs and siRNAs differed among eight F2 individuals. The differential expression of miR159 and
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miR 172 was consistent with that of flowering time trait, and the number of siRNAs present in the offspring was
significantly higher than that of the parent. It provides a new perspective of small RNA changes and trait
separation in the early stages of allopolyploid polyploid formation.

Materials and methods

Plant materials

For this study, we used 10 accessions, including the female parent Cai-Xin, male parent Chinese kale, and eight
F2 synthetic allopolyploids (Fig. 1). First, by embryo rescuing, F1 haploid (AC) hybridization between Cai-Xin
(P1) and Chinese kale (P2) was performed. Then, F1 allopolyploids (AACC) were obtained by colchicine
doubling (Wei et al. 2017). Seeds were collected by F1 (AACC) budding self-pollination. The eight F2 plants
and the parents were planted in the greenhouse of the Chinese Academy of Agricultural Sciences Institute of
Vegetables and Flowers (Beijing, China). We investigated the field traits during the flowering period: flower

time, flower size.

SRNA library construction and sequencing

Young leaves next to bud (5 cm in length) were collected, frozen in liquid nitrogen, and stored at -80°C until
extraction. RNA was extracted from three biological replicates using TRIzol reagent (Invitrogen, Life
Technologies) following standard protocols. The quality and quantity of the extracted RNA were assessed using
the agarose gel electrophoresis, NanoPhotometer® spectrophotometer, Qubit and Agilent 2100. Then a linker
was added to both ends of the small RNA and reverse transcription to synthesize cDNA. Subsequently, after
PCR amplification, the target DNA fragment was separated by PAGE gel electrophoresis, and the cDNA library
was recovered by gelatinization. The final PCR products were sequenced using Hiseq 2500 at Nuohe company
(Beijing, China).

Identification of miRNAs and siRNA clusters

After trimming adaptor sequences at the 5’ and 3’ ends of the sequenced reads, the cellular structural RNAs
(e.g., IRNAs, snoRNAs, snRNAs) were removed using in-house Perl scripts. Clean reads of 18 to 30 nt were
aligned to the B. rapa (Wang et al. 2011) and B. olearea (Liu et al. 2014) genome by the bowtie2 software
(Langmead and Salzberg 2012) with parameter setting for a perfect match. The sequences of P1 were aligned to
the B. rapa (Wang et al. 2011), the sequenses of P2 were aligned to B. oleracea (Liu et al. 2014), and the
sequences of F2 were aligned to the merge genome of B. rapa and B. olearea (Wang et al. 2011; Liu et al. 2014).
A miRNA was considered as conserved if its mature sequence had two or fewer nucleotide mismatches compared
with the miRNAs in miRBase (http://www.mirbase.org, release 21) (Meyers et al. 2008).

After removing sRNAs aligned to MIRNAs, the remaining SRNA reads were then used to identify siRNA
clusters. Only reads mapped to unique loci were counted for subsequent analyses. A siRNA cluster or locus was
defined as a genomic region matched by at least three SRNA reads. If one cluster resided within 200 nt of another,
they were merged and regarded as a single cluster.

Differential expression analysis of miRNA and siRNA
sRNAs were counted as miRNA reads when they were fully or partly (= 1 nt) overlapping with the mature
miRNA sequence. The expression levels of miRNAs were normalized to reads per million (RPM) that was
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calculated using the formula RPM = number of miRNA reads /total number of clean reads x 10°.

The expression level of a siRNA cluster was estimated by uniquely mapped reads. Only reads with a full-length
perfect match were accepted as hits. And the expression levels were normalized to reads per million (RPM) for
further analysis. The expression differences of miRNAs and siRNA clusters were determined by DEGseq (Wang
et al. 2010).

miRNA target prediction and GO enrichment analysis of target genes

The targets of miRNAs in B. rapa and B. olearea were predicted using the psRNATarget (Dai et al. 2018).
Default parameters were used to filter candidates.

GO enrichment analysis was implemented by the GOseq R package
(http://www.bioconductor.org/packages/release/bioc/html/goseq.html) in which gene length bias was corrected.

AgriGO (a Web-based tool and database for gene ontology analysis; http://bioinfo.cau.edu.cn/ agriGO/) (Du et

al. 2010), was also used in this study. GO terms with a corrected FDR < 0.05 were considered to be significantly
enriched.

Results

SRNAs of resynthesized B. napus and its parents

The reads obtained by parental sequencing were 16.1 million and 14.0 million, respectively. The reads of eight
F2 plants were 15.3 million, 15.2 million, 15.8 million, 13.2 million, 16.0 million, 18.3 million, 14.5 million,
11.0 million (Fig. 2a). After removing low quality reads, we got 10.6 — 15.7 million clean reads (96.79% -
98.97% of total reads). Among them, 21-24nt reads account for the largest proportion, which was 15% - 16% in
the ten samples (Fig. 2b). The reads size distribution is not consistent with that of previous reports (Fu et al.
2016b). It may be due to different materials used in the experiment.

On average, average 93.69% of the total reads in the eight F2 samples, 96% and 70% of two parents samples,
could be perfectly mapped to the B. rapa genome and B. olearea genome with no mismatch (Fig. 2¢). The
alignment ratio of the eight F2 samples was relatively high, which was inconsistent with previous research results
(Shen et al. 2017). May be because the method of comparison was different. The high ratio indicates that our
method was reasonable and the utilization of reads was relatively high. In addition, the perfectly mapped reads
consisted of various types of sSRNAs, including miRNA, rRNAs, tRNAs, snoRNAs, snRNAs, and unannotated
sRNAs (Fig. 2d). A large fraction of perfectly mapped unique reads (approximately 88.58 %) was not annotated
and probably includes new siRNA candidates (Fig. 2d).

Identification and comparison of miRNAs in eight synthetic B. napus and its parents

We identify known miRNAs by aligning clean reads with miRBase databases 22.1. 72050 — 173239 known
miRNAs of eight F2 samples, 22208 and 1410 know miRNAs of two parent samples were detected. The number
of miRNAs found in F2 was much higher than that of the parent, indicating that hybridization and
polyploidization caused changes in the number of miRNAs (Additional table 1).
To further explore the changes in miRNAs caused by hybridization and doubling, we compared the expression
quantity between eight F2 plants and mid-parent value (MPV). Under the assumption of additive expression,
average expression in each of the eight F2 samples was quite different with the MPV.
A total of 33 conserved bra-miRNAs in the eight F2 samples were found to be non-additvely expressed (P<0.05,
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FDR<0.05). Of the 33 miRNAs, 11, 1, 9, 8, 5, 4, 11 and 6 were non-additively activated in eight F2
allotetraploids, respectively, while 7, 8, 5, 7, 7, 8, 6 and 5 were non-additively repressed in eight F2
allotetraploids, respectively (Fig. 3a). A total of 13 conserved bol-miRNAs in the eight F2 samples were found
to be non-additvely expressed (P<0.05, FDR<0.05). Of the 13 miRNAs, 5, 5, 2, 3, 3, 4, 4 and 4 were non-
additively activated in eight F2 allotetraploids, respectively, while 5, 4, 7, 5, 5, 6, 8 and 5 were non-additively
repressed in eight F2 allotetraploids, respectively (Fig. 3b). The target genes of these non-additively expressed
miRNAs were predicted from the gene models in the B. rapa and B. olearea genome annotation via
psRNATarget analysis (Wu et al., 2012). A total of 300 target transcripts were predicted for 33 conserved bra-
miRNAs. A total of 269 target transcripts were predicted for 13 conserved bol-miRNAs.

Compared with all annotated B. rapa genes, these target genes were significantly (P < 0.01) enriched for 16
biological process, 4 cell cellular component and 19 molecular function GO terms, including the ATP
biosynthetic process, phospholipid transport and auxin efflux transmembrane transporter activity (Fig. 3c).
Compared with all annotated B. olearea genes, these target genes were significantly (P < 0.01) enriched for 6
biological process, 1 cell cellular component and 8 molecular function GO terms, including phospholipid
transport, ATP biosynthetic process and ATPase activity, coupled to transmembrane movement of ions,
phosphorylative mechanism (Fig. 3d).

These results suggest that the protein amino acid phosphorylation pathways and miRNA-mediated regulation of
genes of the pathways might be a potential regulatory process contributing to heterosis.

Identification and comparison of siRNAs in eight synthetic B. napus and its parents

To characterize the effects of siRNAs on genome stability and gene expression, we surveyed siRNA density and
expression level in different allotetraploids. In eight F2 samples, about 18744-38962 siRNA clusters were
identified. 19 and 101 siRNA clusters were identified in two parents. To further investigate the expression level
of the siRNA clusters between F2 and the two parents, we found that high parent in the eight F2 samples were
38963, 26014, 27654, 20226, 22592, 37995, 25629, 18746, much higher than low_parent 81, 81, 80, 80, 80, 80,
79, 81 (Fig. 4c). Most of the siRNAs in the progeny showed high parent expression. The results indicat that
hybridization and polyploidization caused a surge in siRNA. siRNA has the effect of mitigating polyploidy
shock, which was consistent with the previous conclusions (Fu et al. 2016b).

In addition, the number of siRNAs in eight F2 plants was 249275 — 516295, which was much higher than the
number of parents (1260) (Fig. 4a). AACC1 had the highest number of siRNAs, AACC6 followed by. The results
showed that there was a difference in number of siRNA clusters in eight F2 plants.

Based on comparison of expression levels, we found that 387 - 679 of the siRNA clusters were differentially
expressed between F2 and its two parents (P<0.05, pairwise Student’s t-test). Interestingly, to AA genome, the
number of siRNA clusters in F2 plants with an expression level higher than the MPV (220, 194, 172, 221, 225,
307, 149, 174 in eight F2 samples respectively) was significantly higher than the number of siRNA clusters with
an expression level lower than the MPV (8, 7, 7, 3, 3, 7, 7, 7 in eight F2 samples respectively). To CC genome,
the number of siRNA clusters in F2 plants with an expression level higher than the MPV (208, 130, 151, 177,
162,242,126, 113 in eight F2 samples respectively) was significantly higher than the number of siRNA clusters
with an expression level lower than the MPV (76, 75, 77, 51, 50, 77, 77, 76 in eight F2 samples respectively)
(Fig. 4b). In both B. rapa and B. olearea genomes, the number of up-regulated siRNAs expression in F2 plants
is much higher than the number of down-regulated expression. The results showed that there are more up-
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regulated expression siRNAs to AA genome, while there are more down-regulated expression siRNAs to CC
genome. Therefore, two genomes (AA\CC genomes) showed significant differences in response to WGD.
Consistent with this observation, the majority of siRNA clusters had a log2(F1/MPV) value of 7 (Fig. 4d),
significantly deviating from the null expectation [log2(F1/MPV) = 0]. This result indicates that the distribution
trend of eight F2 plants was consistent, AACCI1 changed the most, and AACCS8 changed the least. In short, there
was a difference in siRNA differential expression of eight F2 plants.

Flowering trait analysis

Among the differentially expressed miRNAs, we found that bra-miR159 was down-regulated in AACC2 and
up-regulated in other individuals. We used psRNATarget to predict the 14 target genes of bra-miR159 online,
which were MYB101 and MYBG65 transcription factors. These two transcription factors promote the expression
of the LHY gene, which in turn promotes flowering (Liu and Chen 2009; Wu et al. 2009; Anwesha and Thomas
2010) (Fig. 5a). In addition, bol-miR172 was up-regulated in AACC1 and down-regulated in other individuals.
It was predicted that bol-miR172a has 6 target genes, which were AP2-like and AP2 transcription factors. These
two transcription factors inhibit the expression of FT (Wu et al. 2009; Wollmann et al. 2010; Zhu and Helliwell
2011), which in turn delays flowering (Fig. 5b). The results of field traits showed that AACC1 flowered at the
earliest and AACC?2 flowered earlier. The results show that small RNA could affect the trait by regulating the
expression of the target gene.

Discussion

Changes in miRNA in the eight synthetic B. napus allopolyploids

Small RNA plays an important role in polyploid inheritance and gene expression by altering chromatin structure
and regulating gene expression. Therefore, studying the expression level of small RNA is helpful to study the
regulation mechanism of polyploid gene expression (Yao et al. 2007; Ng et al. 2012; Xie and Zhang 2015).
Studies have analyzed the expression and distribution of miRNAs and siRNAs in allotetraploids of 4. thaliana
and found that small RNAs act as a buffer to buffer the genomic shocks of Arabidopsis polyploids (Ha et al.
2009). Xie et al. studied G. hirsutum (genomic AADD) and found that cotton has an increased miRNA relative
to its two diploid ancestors (Xie and Zhang 2015). In addition, in the Brassica, Fu et al. found that the number
and expression levels of miRNAs in the newly synthesized B. napus from different generations increased
compared with the parents (Fu et al. 2016a). These conclusions are consistent with our findings, indicating that
the process of hybridization and doubling of the multiploidization results in a general increase in miRNAs. In
addition, we found that the number of miRNAs in the newly synthesized B. napus was much higher than that of
the parents. Loss of miRNAs and new phenomena also exist (Additional Table 1). Our results are inconsistent
with the results of Fu's research, possibly due to material differences: the parent we use was the follower Chinese
cabbage, and the parent used by Fu was B. campestris. It is speculated that due to genetic differences among
different subspecies, the number of differentially expressed miRNAs in newly synthesized B. napus is
inconsistent.

Besides, there are few reports on the changes in SRNAs between different traits in allopolyploid. We found that
the number of miRNAs differed between different individuals. Some miRNAs are expressed much higher in one
F2 plant than orther F2 plants. Some miRNAs are expressed in one F2 plant and are not expressed in another F2
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plant. This result indicates that the initial genome of allopolyploid formation was unstable, and there are
differences in miRNA expression in self-crossing progeny.

All of these results suggest that miRNAs play important roles in the regulation of interspecific hybridisation and
polyploidization processes, and hence in subsequent evolution of polyploidy crops.

Insights into non-additive miRNA regulation in the synthetic B. napus allopolyploids

Non-additive gene expression occurs during polyploidization, which results in the complexity of gene expression
and phenotye. The miRNA sequence regulates its target sites. Therefore, the miRNA gene is non-additively
expressed or is itself mutagenized to form a base mutation, resulting in the generation of a new target site or the
loss of the old target site, which is easy to generate new phenotype. The comparative analysis of microRNAs
and siRNAs between Arabidopsis 4. thaliana and its relatives 4. arenosa and their parents showed that the
expression patterns were highly variable between tetraploids and diploids, and most miRNAs were non-additive
(Ha et al. 2009). Li et al. simulated the early generations of common wheat by using new synthetic wheat derived
from crossing between Triticum turgidum (AABB) and Agilops tauschii (DD) and chromosome doubling. It was
found that a high proportion of miRNAs were non-additively expression, which resulted in differential
expression of important target genes. Dynamic regulation of some homologous genes mediated by small RNA
may be responsible for the heterosis of new hexaploid wheat (Li et al. 2014). In our study, high-throughput
sequencing was used to compare miRNA expression between eight F2 plants and their parents. Our results show
that 48.9% of miRNAs are not-additively expressed in the synthetic B. napus. Fu et al. found that approximately
86.6% of miRNAs were non-expressively expressed in different generations of synthetic B. napus (Fu et al.
2016a).The reason for this difference may be the different materials used in the experiment. Fu's experimental
materials were different plants of different generations, and our materials were different plants of the same
generation. The experimental results show that the differences between generations may be greater than the
differences between the same generation.

In addition, small RNA affects the performance of field traits by regulating the expression of target genes. Guan
et al. found miR828 and miR858 regulate homoeologous MYB2 gene in polyploidy cotton, which in turn affects
the fabric trait (Guan et al. 2014). In allopolyploid Arabidopsis, target genes of miR163 encode a family of small
molecule methyltransferases involved in secondary metabolite biosynthetic pathways (Ng et al. 2011). In our
experiment, non-additively expression differs among eight plants. The differential expression of bra-miR159
and bol-miR172 in eight F2 plants was consistent with the field traits, which further explained the differences in
flowering traits among eight individuals. The results further indicate that epigenetic variation is widespread in
the early stage of allopolyploid formation and could explain the phenomenon of trait separation.

The non-additively expression of miRNAs in synthetic heteropolyploids may increase polyploid fitness. In
Arabidopsis allotetraploids, non-additively expressed genes are involved in multiple biological processes, which
may provide an evolutionary mechanism for heterologous polyploid selection and adaptability (Wang et al.
2006). In our experiments, the relevant target genes of non-additively expressed miRNAs were significantly
enriched in ATP-related pathways. These findings suggest that non-additive mRNA/miRNA may play an
important role in the growth and non-additive phenotypes of polyploids.

Changes in siRNA in the eight synthetic B. napus allopolyploids

siRNA is generally produced by endogenous transposons and repetitive sequences in plants. Generally, siRNA
induces epigenetic modification by RNA-directed DNA methylation. Similar to miRNAs, siRNA is non-additive
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in newly synthesized allopolyploids, which may promote the variation and adaptability of polyploids (Shen et
al. 2017). In this study, we studied the relationship of the siRNA clusters expression levels between eight F2
plants and parents. The number of up-regulated expression of siRNA cluster between eight F2 plants and the
parents was found to be greater than the number of down-regulated expression. Ha et al. found that the newly
synthesized Arabidopsis allopolyploid siRNA clusters were reduced (Ha et al. 2009). This indicates that the
expression patterns of siRNA among different species are inconsistent, and the expression of siRNA of other
allopolyploids needs further investigation.Moreover, it may be due to different analysis methods. Predecessors
generally use allopolyploid genomes for data comparison, such as rapeseed, Arabidopsis, and cotton. Our
experimental method is to compare with the B. rapa and B. olearea genomes respectively. In the early stage of
allopolyploid formation, genomic information of synthetic allopolyploid was closer to the parent than to the
allopolyploid after evolution, so our method could identify more differences. In addition, the number of non-
additively expressed siRNAs in eight F2 plants was inconsistent, AACCI had the largest variation and AACCS8
had the smallest variation. The experimental results further indicated that the siRNA increased significantly in
the early stage of allopolyploid formation to alleviate the genome shock, and there was a difference between the
different allopolyploids, which may be related to the trait separation.

Auther Contribution statement

R.S. and Y.W designed the experimental design and wrote the article. FL, SJZ, SZ, and HZ contributed to
the contributed to the interpretation of the results and coordinated the study. Y.W. performed the experiment.
All the authors read and approved the final manuscript.

Acknowledgments

This research was funded by the National Key Research and Development Program of China (grant number
2017YFDO0101802) and the Fundamental Research Funds for Central Non-profit Scientific Institution (grant
number [VF-BRF2018003). The experiment was performed at the Key Laboratory of Biology and Genetic
Improvement of Horticultural Crops, Ministry of Agriculture, Beijing, China. We would like to thank Accdon
for providing linguistic assistance during the preparation of this manuscript.

Compliance with ethical standards

Competing interests

The authors declare that they have no conflict of interest.

Data Accessibility Statement
The small RNA data we sequenced would be uploaded to genebank database after the article is published.

References

Adams KL, Cronn R, Percifield R, Wendel JF. 2003. Genes duplicated by polyploidy show unequal contributions to
the transcriptome and organ-specific reciprocal silencing. Proceedings of the National Academy of Sciences
100: 4649-4654.

Anwesha N, Thomas J. 2010. Chapter Twelve - Sculpting the Flower; the Role of microRNAs in Flower Development.
Current Topics in Developmental Biology 91.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27632v1 | CC BY 4.0 Open Access | rec: 4 Apr 2019, publ: 4 Apr 2019



327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

Axtell MJ, Bowman JL. 2008. Evolution of plant miRNAs and their targets Trands Plant Sci 13.

Baumberger N, Baulcombe DC. 2005. Arabibopsis ARGONAUTE] is an RNA slicer that selectively recruits miRNAs
and short interfering RNAs Proc Natl Acad Sci U S A 102.

Carvalho F, Gheysen G, Kushnir S, M.M. V, Inze D, Castresana C. 1992. Suppression of beta-1,-3-glucanase
transgene expression homozygous plants. EMBO J 11.

Chalhoub B, Denoeud F, Liu S, Parkin IAP, Tang H, Wang X, Chiquet J, Belcram H, Tong C, Samans B et al. 2014.
Early allopolyploid evolution in the post-Neolithic <em>Brassica napus</em> oilseed genome. Science 345:
950-953.

Chelaifa H, Monnier A, Ainouche M. 2010. Transcriptomic changes following recent natural hybridization and
allopolyploidy in the salt marsh species Spartina x townsendii and Spartina anglica (Poaceae). New Phytol
186: 161-174.

Chen ZJ. 2007. Genetic and epigenetic mechanisms for gene expression and phenotypic variation in plant polyploids.
Annu Rev Plant Biol 58: 377-406.

Cui C, Ge X, Zhou Y, Li M, Li Z. 2013. Cytoplasmic and genomic effects on non-meiosis-driven genetic changes in
Brassica hybrids and allotetraploids from pairwise crosses of three cultivated diploids. PLoS One 8: €65078.

Dai X, Zhuang Z, Zhao PX. 2018. psRNATarget: a plant small RNA target analysis server (2017 release). Nucleic
Acids Res 46: W49-W54,

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. 2010. agriGO: a GO analysis toolkit for the agricultural community. Nucleic
acids research: gkq310.

Fu D-h, Jiang L-y, Mason AS, Xiao M-I, Zhu L-r, Li L-z, Zhou Q-h, Shen C-j, Huang C-h. 2016a. Research progress
and strategies for multifunctional rapeseed: A case study of China. Journal of Integrative Agriculture 15:
1673-1684.

FuY, Xiao M, Yu H, Mason AS, Yin J, Li J, Zhang D, Fu D. 2016b. Small RNA changes in synthetic Brassica napus.
Planta 244: 607-622.

Gaeta RT, Pires JC, Iniguez-Luy F, Leon E, Osborn TC. 2007. Genomic changes in resynthesized Brassica napus and
their effect on gene expression and phenotype. Plant Cell 19: 3403-3417.

Ge XH, Ding L, Li ZY. 2013. Nucleolar dominance and different genome behaviors in hybrids and allopolyploids.
Plant Cell Rep 32: 1661-1673.

Go'mez-Campo C PS. 1999. Origin and domestication. In: Go'mez-Campo C (ed) Biology of Brassica coenospecies.
Elsevier, The Netherlands, pp.

Guan X, Pang M, Nah G, Shi X, Ye W, Stelly DM, Chen ZJ. 2014. miR828 and miR858 regulate homoeologous
MYB2 gene functions in Arabidopsis trichome and cotton fibre development. Nat Commun 5: 3050.

Ha M, Lu J, Tian L, Ramachandran V, Kasschau KD, Chapman EJ, Carrington JC, Chen X, Wang X-J, Chen ZJ.
2009. Small RNAs serve as a genetic buffer against genomic shock in Arabidopsis interspecific hybrids and
allopolyploids. Proceedings of the National Academy of Sciences: pnas.0907003106.

Hamilton AJ, Baulcombe DC. 1999. A species of small antisense RNA in post-transcriptional gene silencing in plants.
Science 286.

Hannon GJ. 2002. RNA interference Nature 418.

Hijmans RJ, Gavrilenko T, Stephenson S, Bamberg J, Salas A, Spooner DM. 2007. Geographical and environmental
range expansion through polyploidy in wild potatoes (Solanum section Petota). Global Ecology and
Biogeography 16: 485-495.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27632v1 | CC BY 4.0 Open Access | rec: 4 Apr 2019, publ: 4 Apr 2019




368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

Jones-Rhoades MW, Bartel DP, Bartel B. 2006. MicroRNAs and their regulatory roles in plants. Annu Rev Plant Biol
57.

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie 2. Nat Methods 9: 357-359.

Lee RC, Feinbaum RL, Ambros V. 1993. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14. Cell 75.

Leitch AR, Leitch 1J. 2008. Genomic Plasticity and the Diversity of Polyploid Plants. Science 320: 481-483.

Li A, Liu D, Wu J, Zhao X, Hao M, Geng S, Yan J, Jiang X, Zhang L, Wu J et al. 2014. mRNA and Small RNA
Transcriptomes Reveal Insights into Dynamic Homoeolog Regulation of Allopolyploid Heterosis in Nascent
Hexaploid Wheat. Plant Cell 26: 1878-1900.

Liu Q, Chen YQ. 2009. Insights into the mechanism of plant development: interactions of miRNAs pathway with
phytohormone response. Biochem Biophys Res Commun 384: 1-5.

Liu S, Liu Y, Yang X, Tong C, Edwards D, Parkin IA, Zhao M, Ma J, Yu J, Huang S et al. 2014. The Brassica oleracea
genome reveals the asymmetrical evolution of polyploid genomes. Nat Commun 5: 3930.

Meyers BC, Axtell MJ, Bartel B, Bartel DP, Baulcombe D, Bowman JL, Cao X, Carrington JC, Chen X, Green PJ.
2008. Criteria for annotation of plant MicroRNAs. The plant cell 20: 3186-3190.

Napoli C, Lemieux C, Jorgensen R. 1990. Introduction of a chimeric chalcone synthase gene into petunia results in
reversible co-suppression of homologous genes in trans[]. Plant Cell 2.

Ng DW, Lu J, Chen ZJ. 2012. Big roles for small RNAs in polyploidy, hybrid vigor, and hybrid incompatibility. Curr
Opin Plant Biol 15: 154-161.

Ng DW, Zhang C, Miller M, Palmer G, Whiteley M, Tholl D, Chen ZJ. 2011. cis- and trans-Regulation of miR163
and target genes confers natural variation of secondary metabolites in two Arabidopsis species and their
allopolyploids. Plant Cell 23: 1729-1740.

Nuismer SL, Thompson JN. 2001. Plant polyploidy and non-uniform effects on insect herbivores. Proc Biol Sci 268:
1937-1940.

Shen Y, Sun S, Hua S, Shen E, Ye CY, Cai D, Timko MP, Zhu QH, Fan L. 2017. Analysis of transcriptional and
epigenetic changes in hybrid vigor of allopolyploid Brassica napus uncovers key roles for small RNAs. Plant
J91: 874-893.

Song K, Lu P, Tang K, Osborn TC. 1995. Rapid genome change in synthetic polyploids of Brassica and its
implications for polyploid evolution. Proceedings of the National Academy of Sciences 92: 7719.

U. 1935. Genomic analysis in Brassica with special reference to the experimental formation of B. napus and peculiar
bode of fertilization. Jpn J Bot 7.

Wang J, Tian L, Lee HS, Wei NE, Jiang H, Watson B, Madlung A, Osborn TC, Doerge RW, Comai L et al. 2006.
Genomewide nonadditive gene regulation in Arabidopsis allotetraploids. Genetics 172: 507-517.

Wang L, Feng Z, Wang X, Wang X, Zhang X. 2010. DEGseq: an R package for identifying differentially expressed
genes from RNA-seq data. Bioinformatics 26: 136-138.

Wang X Wang H Wang J Sun R Wu J Liu S Bai Y Mun JH Bancroft I Cheng F et al. 2011. The genome of the
mesopolyploid crop species Brassica rapa. Nat Genet 43: 1035-1039.

Wei YX, Li F, Zhang SJ, Zhang SF, Zhang H, Sun RF. 2017. Analysis on Interspecific Hybridization Compatibility
and Progeny Characteristics of Flowering Chinese Cabbage and Chinese Kale. CHINA VEGETABLES 11.

Wendel JF. 2000. Genome evolution in polyploids. in Plant Molecular Evolution (eds. JJ Doyle, BS Gaut), pp. 225-
249. Springer Netherlands, Dordrecht %@ 978-94-011-4221-2.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27632v1 | CC BY 4.0 Open Access | rec: 4 Apr 2019, publ: 4 Apr 2019




409
410
411
412
413
414
415
416
417
418
419
420
421
422

Wollmann H, Mica E, Todesco M, Long JA, Weigel D. 2010. On reconciling the interactions between APETALA2,
miR172 and AGAMOUS with the ABC model of flower development. Development 137: 3633-3642.

Wu G, Park MY, Conway SR, Wang JW, Weigel D, Poethig RS. 2009. The sequential action of miR156 and miR172
regulates developmental timing in Arabidopsis. Cell 138: 750-759.

Xie F, Zhang B. 2015. microRNA evolution and expression analysis in polyploidized cotton genome. Plant Biotechnol
J13:421-434.

Xiong Z, Gaeta RT, Pires JC. 2011. Homoeologous shuffling and chromosome compensation maintain genome
balance in resynthesized allopolyploid Brassica napus. Proc Natl Acad Sci U S A 108: 7908-7913.

Yao Y, Guo G, Ni Z, Sunkar R, Du J, Zhu JK, Sun Q. 2007. Cloning and characterization of microRNAs from wheat
(Triticum aestivum L.). Genome Biol 8: R96.

Yoo MJ, Szadkowski E, Wendel JF. 2013. Homoeolog expression bias and expression level dominance in
allopolyploid cotton. Heredity (Edinb) 110: 171-180.

Zhu QH, Helliwell CA. 2011. Regulation of flowering time and floral patterning by miR172. J Exp Bot 62.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27632v1 | CC BY 4.0 Open Access | rec: 4 Apr 2019, publ: 4 Apr 2019




Figure 1

Fig. 1. Plant materials
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Figure 2

Fig. 2. Small RNA sequencing quality analysis and length distribution

a: Number of clean reads for small RNA sequencing in each sample; b: Distribution of small
RNA in each sample; c: Ratio of all SRNAs in each sample to the genome (B. rapa and B.
olearea); d: Annotated information of small RNA in each sample and its proportion to total
small RNA.
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Figure 3

Fig. 3. Changes of miRNAs and their targets in the F2 hybrids.

a: Expression changes of the differentially expressed conserved miRNAs in the F2 hybrids
compared with the MPV when alignmenting B. rapa genome; b: Expression changes of the
differentially expressed conserved miRNAs in the F2 hybrid compared with the MPV when
alignmenting B. olearea genome; c: Gene Ontology terms of the differentially expressed
mMiRNAs targets in F2 hybrids when alignmenting B. rapa genome; d: Gene Ontology terms of
the differentially expressed miRNAs targets in F2 hybrids when alignmenting B. rapa

genome.
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Figure 4

Fig. 4. Expression patterns of the siRNA clusters in F2 hybrids

a: Number of the siRNA clusters in F2 hybrids and MPV; b: Number of siRNA clusters that
were up- or down-regulated in F2 hybrids compared with MPV; c: Number of siRNA clusters
that were high- or low-parent in F2 hybrids; d: Distribution of the number of the siRNA

clusters based on their expression level changes between F2 hybrids and MPV.
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Figure 5

Fig. 5. miR159 and miR172 difference analysis of in F2 hybrids

a: miR159 difference analysis in the F2 hybrids; b: miR172 difference analysis in the F2
hybrids.
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