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Abstract

Key message Homoeolog expression bias and the gene dosage effect induce downregulation of genes on chromosome 

A7, causing a significant increase in the plant height of resynthesized allopolyploid Brassica napus.

Abstract Gene expression levels in allopolyploid plants are not equivalent to the simple average of the expression levels in the 

parents and are associated with several non-additive expression phenomena, including homoeolog expression bias. However, 

hardly any information is available on the effect of homoeolog expression bias on traits. Here, we studied the effects of gene 

expression-related characteristics on agronomic traits using six isogenic resynthesized Brassica napus lines across the first 

ten generations. We found a group of genes located on chromosome A7 whose expression levels were significantly nega-

tively correlated with plant height. They were expressed at significantly lower levels than their homoeologous genes, owing 

to allopolyploidy rather than inheritance from parents. Homoeolog expression bias resulted in resynthesized allopolyploids 

with a plant height similar to their female Brassica oleracea parent, but significantly higher than that of the male Brassica 

rapa parent. Notably, aneuploid lines carrying monosomic and trisomic chromosome A7 had the highest and lowest plant 

heights, respectively, due to changes in the expression bias of homoeologous genes because of alterations in the gene dosage. 

These findings suggest that the downregulation of the expression of homoeologous genes on a single chromosome can result 

in the partial improvement of traits to a significant extent in the nascent allopolyploid B. napus.

Introduction

Polyploids are organisms that contain three or more sets 

of chromosomes. They are mainly grouped as autopoly-

ploid and allopolyploid organisms, depending on whether 

the multiple chromosome sets are identical or divergent 

(Comai 2005; Otto 2007; Zhao et al. 2022). The success-

ful cultivation of allopolyploids indicates that they have 

an evolutionary advantage owing to their increased diver-

sity and plasticity (Chen 2007; Levin 1983; Ramsey and 

Schemske 1998). Allopolyploids, especially important 

crops such as wheat, cotton, and oilseed rape, have been 

studied extensively to understand their genetics, evolution, 

genomics, and gene functions (Li et al. 2022). As a young 

allotetraploid species, B. napus has shown great potential 

for phenotypic variation and phenological adaptation in 

the past 400–500 years (Bus et al. 2011; Lu et al. 2019). 

A recent study helped identify 628 associated loci-related 

causative candidate genes for 56 agronomically important 

traits, including plant architecture and yield-related traits, 
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which provides insights into the genomic basis for improv-

ing rapeseed varieties and a valuable genomic resource for 

genome-assisted rapeseed breeding (Hu et al. 2022).

When two diverged genomes merge into a single cell, 

duplicate copies of genes with similar or redundant func-

tions might result in altered their gene expression pat-

terns (Doyle et al. 2008; Li et al. 2014; Yoo et al. 2013). 

Allopolyploids may undergo genetic changes, epigenetic 

changes, dosage regulation, and orthologous/homoeolo-

gous protein interactions, leading to non-additive (devi-

ated from the mid-parent value) gene expression. These 

changes could result in homoeolog expression bias, 

expression-level dominance, and transgressive expression, 

and the dosage balance could affect gene expression (Cao 

et al. 2023; Li et al. 2021, 2023; Song and Chen 2015). 

Homoeolog expression bias is defined as the unequal rela-

tive expression of homoeologs in progeny (Grover et al. 

2012; Li et al. 2014). For example, approximately 36.5 

and 78.1% of gene pairs showed expression bias with a 

preference towards the A-genome in resynthesized (Wu 

et al. 2018) and natural (Li et al. 2020) allopolyploid B. 

napus, respectively. However, the mechanism by which 

homoeolog expression bias affects complex regulatory 

hierarchies and biological pathways that lead to hetero-

sis and adaptive traits in allopolyploids remains unknown 

(Leitch and Leitch 2008).

The development of various aneuploid plants has facil-

itated the study of the effects of genomic changes, chro-

mosomal variations, and gene dosages on gene expression 

levels and phenotypes (Gaeta et al. 2007; Zhu et al. 2015). 

The genomically imbalanced nature of whole-chromosome 

aneuploidy often has severe phenotypic consequences in all 

studied organisms (Birchler 2014; Henry et al. 2010; Wil-

liams and Amon 2009). Although plants with many types of 

aneuploidies are viable and fertile, they exhibit pleiotropic 

developmental defects and impaired fitness levels. In ane-

uploid wheat, the expression level of most genes is positively 

correlated with the chromosome dosage. The loss of a copy 

of chromosome 4B resulted in the formation of a narrow 

third seedling leaf and lowered plant fertility. In contrast, an 

extra copy of this chromosome resulted in a shorter spike 

and fewer spikelets than those observed for the euploid spike 

(Zeng et al. 2020). In B. napus, the comparative analyses 

of global transcript profiles with the euploid donor showed 

the dominant trans-acting effects of one copy of chromo-

some C2 on the majority of differentially expressed genes 

in the aneuploid plant. Monosomic plants lacking a chromo-

some C2 exhibited a similar morphology in euploid plants, 

but they flowered approximately ten days earlier (Zhu et al. 

2015). Although these studies have reported on aneuploidy-

induced genomic expression bias and phenotypic variations, 

as compared with the euploid, the association between them 

is not fully understood.

Due to a lack of integrated genotypic, gene expression, 

and phenotypic data, it is challenging to explain the develop-

mental variation observed in allopolyploids. Allotetraploid 

B. napus, an oilseed crop, is a critical model plant used to 

study scientific problems related to hybridization and poly-

ploidization (Li et al. 2022). Unlike natural B. napus, resyn-

thesized B. napus has specific parents that help to deter-

mine whether the variation is inherited or a byproduct of 

allopolyploidization. In this study, resynthesized B. napus 

was generated using double haploid parents, resulting in 

each independent line starting off as genetically identical, 

thereby eliminating the side effects of allelic variation based 

segregation between different lines. We analysed the first ten 

generations of inbred B. napus lines and observed the emer-

gence of diverse phenotypes. Previous studies confirmed 

the dominance of the C subgenome in these resynthesized 

lines (Bird et al. 2020), but the effect of non-additive gene 

expression on phenotypes has not been analysed. Therefore, 

this study aims to study the effect of gene expression-related 

characteristics on traits and the distribution of genes control-

ling target traits in the nascent allopolyploid B. napus.

Materials and methods

Plant materials, phenotype measurement, 
and sequencing data

Resynthesized Brassica napus allopolyploid lines (CCAA; 

2n = 38) EL100, EL200, EL300, EL400, EL600, and 

EL1100 were developed by hybridizing the double haploid 

(DH) Brassica oleracea line TO1000 (egg donor; C genome) 

with the DH Brassica rapa line IMB218 (pollen donor; 

A-genome) as described previously (Gaeta et al. 2007). 

Then, allotetraploid B. napus  (S0 generation) was self-fer-

tilized to produce seeds. Three fertile seeds were randomly 

chosen from self-fertilized  S0 lines and planted for the phe-

notypic analysis of the next generation. All the plants were 

grown in a greenhouse under a 16 h-light/8 h-dark photoper-

iod. Fully grown plants were randomly selected from each 

line to determine the flowering time (day), pollen activity 

(%) (Peterson et al. 2010), plant height at the mature stage 

(cm), and seed number (Henry et al. 2009) using standard 

methods. Leaves were collected and split in half for DNA 

and RNA isolation. A library was constructed for Illumina 

sequencing and sequenced with paired-end 150 bp reads on 

a HiSeq 4000 platform (Novogene, Beijing, China). Genome 

and transcriptome sequencing data were obtained from a 

previous study (Bird et al. 2020).
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Weighted gene co-expression network analysis 
and functional enrichment

B. napus reference genome (Chalhoub et al. 2014) and anno-

tation files were downloaded from Ensembl Plants (http:// 

plants. ensem bl. org/ index. html). Adaptor sequences and 

low-quality reads were filtered using fastp with default set-

tings (Chen et al. 2018). The remaining sequences, known 

as clean reads, and the FPKM (fragments per kilobase of 

exon model per million mapped fragments) expression 

matrix were obtained by performing RNA-seq analysis using 

HISAT2, StringTie, and Ballgown (Pertea et al. 2016).

Samples in which genes exhibited an FPKM mean 

value ≥ 2 were retained, and logarithm-transformed values 

 (log2(FPKM + 1)) were used to generate co-expression net-

works using the weighted gene co-expression network analy-

sis (WGCNA) package in R-3.6.3 (Langfelder and Horvath 

2008). In short, if a group of genes has the same expression 

change (such as first up-regulated and then down-regulated) 

in samples from different backgrounds, these genes may be 

co-regulated, functionally related, or on the same pathway, 

and they will be divided into the same module via WGCNA. 

Samples were clustered using the hclust function with “aver-

age” parameter in R-3.6.3 to detect whether they were abnor-

mal samples. Independent networks were constructed from 

the retained samples. An adjacency matrix was constructed 

using a soft threshold power of 16. Network interconnect-

edness was measured by calculating the topological over-

lap using the TOMdist function with a signed TOMType. 

Average hierarchical clustering using the hclust function 

was performed to group the genes based on the topological 

overlap dissimilarity measure (1-TOM) of their connection 

strengths. Network modules were identified using a dynamic 

tree cut algorithm with a minimum cluster size of 30 and a 

merging threshold function of 0.25. To visualize the expres-

sion trend of the module, the module eigengene (ME, first 

principal component) was plotted using ggplot2 in R-3.6.3. 

The module membership (MM) for each gene was calculated 

based on the Pearson correlation between the expression 

level and the ME, to identify hub genes within the module. 

Genes within the module with the highest MM were highly 

connected within that module. To relate the trait measure-

ments with the module, the ME was correlated with the trait 

data. To associate individual genes with traits, we calculated 

the gene significance as the absolute value of the correla-

tion between gene expression and trait data. Networks were 

visualized using Cytoscape 3.7.1 (https:// cytos cape. org/).

Subsequently, GO functional enrichment (http:// geneo 

ntolo gy. org/) analysis was performed using the clusterPro-

filer package in R-3.6.3 (Yu et al. 2012). The terms were 

considered to be significantly enriched if the false discovery 

rate was ≤ 0.05.

Homoeolog expression bias

Homoeologous gene pairs were obtained from Ensembl 

Plants, and their expression values were extracted from the 

expression matrix. Then, statistical methods were used to 

analyse the homoeolog expression bias. Statistical analyses 

were performed with one-way ANOVA analyses, followed 

by the LSD test at the 0.05 level using R-3.6.3.

Copy number variations and karyotyping

Clean reads obtained after whole genome resequencing were 

aligned to the reference genome using BWA software (Li and 

Durbin 2009). Alignment files were converted to BAM files 

using SAMtools (Li et al. 2009), and used for copy number 

variation (CNV) analysis with Control-FREEC. All the set-

tings were set to default, except for ExpectedGC, which was 

set at 0.3–0.5 (Boeva et al. 2012; Cao et al. 2023). All the 

figures were plotted using ggplot2 in R-3.6.3 (Zhao et al. 

2023). Fluorescence in situ hybridization (FISH) was per-

formed on pollen mother cells during the metaphase stage of 

mitosis to verify the results of sequencing analysis. Probes 

used for FISH, tissue preparation, hybridization, karyotyp-

ing, and imaging have been described previously (Xiong 

et al. 2021, 2011; Xiong and Pires 2011).

Results

Diverse phenotypes of resynthesized B. napus

The growth and development of 18 resynthesized allopoly-

ploid B. napus individuals (six lines and three generations) 

were different, and a variety of phenotypes with different 

characteristics, including flower time, pollen activity, plant 

height, and seed number, were observed (Table S1). To 

study the causes of phenotypic diversity, the gene expression 

levels of 18 individuals were surveyed using RNA-seq analy-

sis, but libraries could not be generated for two individuals. 

However, representative generations from all six lines were 

included in these analyses.

Sixteen samples were examined, and genes with a mean 

FPKM < 2 were filtered. A total of 16008 genes were thus 

selected for subsequent WGCNA analyses. Because the 

samples analysed in this study exhibited a parallel curve 

for FPKM distribution (Fig. 1a), we hypothesized that they 

should show perfect homogeneity. Interestingly, the sample 

clustering tree was divided into three clades, i.e.  S1,  S5, and 

 S10, according to generations but not lines, indicating that 

generations had a greater effect on expression than lines 

(Fig. 1b). The trait heatmap showed that traits of the  S1 gen-

eration were relatively stable, but the increase in the number 

http://plants.ensembl.org/index.html
http://plants.ensembl.org/index.html
https://cytoscape.org/
http://geneontology.org/
http://geneontology.org/
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of generations led to diverse phenotypes, especially in the 

 S10 generation (Fig. 1b; Table S1).

Expression of a set of genes on chromosome A7 
is significantly negatively correlated with plant 
height

A co-expression network was built to identify 49 distinct 

functional modules (Fig. 1c). Module–trait relationships 

showed that the darkturquoise module (including 212 genes; 

Supplemental Excel sheet) was significantly negatively cor-

related with plant height (Fig. 2a, highlighted by the red 

box). We then found that genes of the darkturquoise module 

were of high significance measures with plant height and 

the high module membership with the module eigengene 

(Fig. 2b). Besides, the line chart of the darkturquoise mod-

ule eigengene (MEdarkturquoise) shows an overall trend of 

expression of genes in the darkturquoise module (Fig. 2c). 

Fig. 1  B. napus samples clustering and traits heatmap. For the sam-

ples, six lines include EL100, EL200, EL300, EL400, EL600, and 

EL1100 and three generations include  S1,  S5, and  S10 generations. a 

The original FPKM is logarithm-transformed  (log2(FPKM + 1)) for 

the density distribution curve. b In the heatmap, the trait values from 

high to low corresponded to the heatmap’s colour from red to white. 

c Genes clustering to divide modules and different colours represent 

different modules (color figure online)
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In this module, the expression levels of EL100S10 and 

EL200S5 were the highest and lowest, respectively, and the 

corresponding plant heights were the lowest and highest, 

respectively (negative correlation; Table S1). Genes within 

the darkturquoise module were significantly enriched in 

biological processes such as cell redox homoeostasis and 

phosphorelay signal transduction (Fig. 2d; Supplemental 

Excel sheet), suggesting that it might have affected the plant 

height, as previous studies confirmed that these pathways are 

associated with plant height (Duy et al. 2011; Li et al. 2016).

Then, we attempted to determine the gene location to 

identify whether the 212 genes within the darkturquoise 

module were skewed towards specific regions in the genome. 

A total of 201 genes were located on chromosomes, and 

among these, 116 genes were scattered on chromosome A7 

rather than concentrated at one location. In comparison, 12 

Fig. 2  WGCNA of the B. napus samples. a The relationship of mod-

ules and traits. Each square shows the correlation (P-value). The red 

and blue backgrounds are positive and negative correlations, respec-

tively. A strong negative correlation is detected between plant height 

and MEdarkturquoise which is highlighted by the red box. b Scat-

terplots of gene significance versus module membership for the plant 

height with MEdarkturquoise. Significant correlations imply that hub 

genes within the modules are also highly correlated with the plant 

height. c Expression trend of overall genes within the darkturquoise 

module in different individuals. d GO enrichment analysis of genes 

within the darkturquoise module (color figure online)
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and 10 genes were located on chromosomes C3 and A8, 

respectively (Fig. 3a; Supplemental Excel sheet). Finally, 

this study helped to identify a total of 50 genes with an aver-

age gene connection degree of five in the co-expression net-

work (only edge weight ≥ 0.10 were retained) of the darktur-

quoise module (Fig. 3b). We screened the hub genes based 

on the degree of connection. We found that all the hub genes 

were located on chromosome A7. For example, one hub gene 

BnaA07g03840D on this chromosome is homologous to the 

gene AT2G15290 (PIC1) of Arabidopsis, which previously 

was shown to regulate plant growth and development (Duy 

et al. 2011).

Effect of homoeolog expression bias on plant height

It was confirmed that almost all the key genes contributing 

to plant height were distributed in subgenomic chromosome 

A7 of the newly developed allopolyploid B. napus (Bn), but 

their homoeologous genes from C subgenome were not 

associated with plant height. Therefore, we hypothesized 

that this “lopsided” phenomenon was caused by homoeolog 

expression bias. Then, genes homoeologous to 116 genes on 

chromosome A7 with identity > 80% were retained (Sup-

plemental Excel sheet). Finally, the expression matrix of 87 

pairs of homoeologous genes was evaluated.

For the 87 pairs of homoeologous genes, the gene expres-

sion level of B. rapa (Br) was not significantly different from 

that of B. oleracea (Bo), A subgenome of B. napus (BnA), 

and C subgenome of B. napus (BnC), but the gene expres-

sion level of BnA was significantly lower than that of BnC 

and Bo (Fig. 4a). These results indicate that these homoeolo-

gous genes in C subgenome were dominantly expressed and 

this homoeolog expression bias in B. napus was generated 

after hybridization rather than inherited from the parents. 

Notably, the average plant height of Bn was close to that 

of Bo, but significantly higher than that of Br (Fig. 4b). In 

addition, an independent analysis of 16 B. napus individuals 

showed that the gene expression level in BnA was generally 

lower than that in BnC (Fig. 4c). Particularly, in plants of 

EL200S5 and EL300S10, the expression level of these genes 

in BnA was significantly lower than that in homoeologous 

BnC genes, and interestingly these two plants had the first 

(EL200S5, 140 cm, Fig. 4e) and the second (EL300S10, 

121 cm) highest plant height (Table S1). These results indi-

cated that downregulation of the expression of subgenomic 

chromosome A7 genes promotes plant height in the allopoly-

ploid Brassica napus.

However, one exception among 16 individuals was plant 

EL100S10, in which the expression level of these 87 genes 

in C subgenome was not dominantly expressed. On the 

contrary, EL100S10 showed that the expression of these 

genes of BnA was significantly higher than that of BnC 

(Fig. 4c), suggesting a transcriptome bias towards the A 

subgenome. This plant had a dwarf phenotype with delayed 

plant development and its height was much lower than that 

of parental B. rapa at the stage of material collections for 

Fig. 3  Genes location and co-expression network of the darkturquoise 

module. a Two hundred and one genes are located on chromosomes. 

The grey lines show the co-expression of gene pairs. b In the co-

expression network, edge weight ≥ 0.10, and the higher the connec-

tion degree is, the deeper the colour and the bigger the dot. The top 

five dots (hub genes) show their names in red (color figure online)
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RNA sequencing (Fig. 4d). At the mature stage, the height 

of this plant was the lowest among 16 individuals (38 cm; 

Table S1). This suggests that dominantly expressed in A 

subgenome of these genes may decrease plant height in 

resynthesized B. napus.

Gene dosage effect promotes plant height 
to the maximum extent

We have demonstrated that the homoeolog expression bias of 

a single chromosome substantially affected plant height. To 

further understand why different resynthesized individuals 

had different levels of bias gene expression on subgenomic 

chromosome A7, and why plant EL100S10 had a reverse 

subgenomic bias gene expression on the same chromosome, 

we analysed the genome sequences including gene dosages 

of the three resynthesized plants (EL100S10, EL200S5, and 

EL300S10). Since extensive chromosomal variations includ-

ing aneuploids had been reported in the self-fertilized prog-

eny of resynthesized B. napus (Cao et al. 2023; Xiong et al. 

2011), we speculated that the extreme phenotypic changes in 

plant height might be attributable to the gene dosage changes 

by chromosome number variations.

We extracted the dosages of 87 pairs of homoeologous 

genes and found that EL100S10 had two copies of the genes 

from C subgenome and three copies of genes from A sub-

genome. But EL200S5 and EL300S10 just had one copy 

of these genes from A subgenome and two copies from C 

subgenome (Fig. 5a). In combination with the expression 

profiles of these three samples (Fig. 4c, circled by the grey 

Fig. 4  Expression of genes on chromosome A7 within the darktur-

quoise module and their homoeologous genes, and the effect on plant 

height. a Comparison of the gene expression level of the 87 pairs of 

homoeologous genes in parental B. rapa IMB218 (Br), parental B. 

oleracea TO1000 (Bo), A subgenome of all resynthesized B. napus 

(BnA), and C subgenome of all resynthesized B. napus (BnC). b The 

plant heights (cm) of parents Br and Bo, and the average plant height 

of 16 resynthesized B. napus (Bn). Data as means ± SD (n ≥ 3). c 

The gene expression level of the 87 pairs of homoeologous genes in 

BnA and BnC of each resynthesized B. napus individual. The num-

bers in the boxplots represent plant height (cm). Statistical analyses 

were completed with a one-way ANOVA test. Asterisks represent sta-

tistically significant differences (*P < 0.05, **P < 0.01) between the 

indicated groups. d Phenotypes of the resynthesized line EL100 and 

their parents. From left to right are natural Bn, Bo, Br, and EL100 

at  S1,  S5, and  S10 generations. e Phenotypes of the resynthesized line 

EL200. From left to right are Bn, Bo, Br, and EL200 at  S1,  S5, and 

 S10 generations (color figure online)
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dotted line), we found that the increase or decrease in gene 

copy number in the A subgenome resulted in a correspond-

ing increase or decrease in the gene expression level. This 

result demonstrated that gene dosage impacted the gene 

expression from different subgenomes and the alterations in 

the gene dosages changed the direction of expression bias 

to BnA or BnC, which might lead to the plant height being 

the lowest or highest.

To verify whether the gene dosage alterations from differ-

ent subgenomes were induced by chromosome number vari-

ations, we did the molecular and cytogenetic karyotyping of 

the three plants (Cao et al. 2023). The results of molecular 

karyotyping analyses revealed that EL100S10 gained one 

extra chromosome A7, while both EL200S5 and EL300S10 

lost one chromosome A7 (Fig. 5b, highlighted by the red 

box). Cytogenetic karyotyping by multicolour FISH showed 

that all of the three plants were aneuploidies (Fig. S1). 

EL100S10 had three A7, one homoeologous C6, and two 

homoeologous C7 chromosomes, which made it have a 3/1 

(or 3/2) ratio of homoeologous chromosomes from A and C 

subgenomes. EL200S5 and EL300S10 had one A7 and two 

corresponding homoeologous C chromosomes, indicating 

having a 1/2 ratio of homoeologous chromosomes from A 

and C subgenomes. These results demonstrated that homoe-

ologous chromosome number variations of A7/C6C7 broke 

the balance of homoeologous gene copy number, which 

might further change the direction of expression bias to A or 

C subgenomes. Cytogenetic karyotypes were also performed 

Fig. 5  Copy number variation and karyotyping in the three resynthe-

sized B. napus individuals showing abnormal plant height. a Dos-

age variations of the 87 pairs of homoeologous genes from A and C 

subgenomes. The dotted line is the median. Density means propor-

tion. b Molecular karyotyping and chromosome number of the three 

resynthesized B. napus individuals. The scatter represents Ratio * 

2 (expected ploidy), and the levels of the black line show the copy 

number of chromosomes. Chromosomes in the red box are A7 from 

A subgenome
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on other resynthesized B. napus with similar heights to B. 

oleracea and found that they had two normal A7 and two 

corresponding homoeologous C chromosomes (Fig. S2).

Discussion

Plant height is an important trait affecting plant reproductive 

success, as taller plants have been predicted to disperse their 

seed further (Thomson et al. 2011; Zu and Schiestl 2017). 

Plant height is often controlled by pollinator-mediated selec-

tion and is correlated with various other traits, such as flower 

number, flower size, and plant phenology (Zu and Schiestl 

2017). The choice of plant height can contribute to plant trait 

evolution (Endler 1986). In rapeseed, plant height is one of 

the key factors of plant architecture that affect plant density 

and lodging, which are crucial for achieving a yield (Fan 

et al. 2021). Asymmetric epigenetic modifications contribute 

to homoeolog expression bias (Li et al. 2021). In a previous 

study, DNA methylation differences between subgenomes 

mirrored the observed gene expression bias towards the 

dominant C subgenome in all lines and generations based on 

the same experimental materials as the present study (Bird 

et al. 2020). Homoeolog expression biases have been shown 

to affect plant growth, development, and stress responses in 

several polyploid species (Powell et al. 2017), but their effect 

on plant height in B. napus has remained unknown.

In this study, the resynthesized B. napus tended to 

express homoeologous genes from Bo (BnC) at high levels 

and maintained the same expression level as the parent. In 

contrast, the expression of homoeologous genes from Br 

(BnA) was significantly down-regulated (Fig. 4a), leading to 

a significant increase in plant height (Fig. 4b). Interestingly, 

the genes related to plant height were almost all located on 

chromosome A7. Especially, the hub genes in the co-expres-

sion network were also located on this chromosome (Fig. 3). 

This result was consistent with many previous studies, in 

which the candidate genes for plant height were located 

on chromosome A7 by quantitative trait loci (QTLs) and 

genome-wide association study techniques (Li et al. 2016; 

Shen et al. 2018; Shi et al. 2009; Sun et al. 2016; Udall 

et al. 2006; Zheng et al. 2017). To verify that our results are 

independent of genome quality and transcriptome quantita-

tive methods, we obtained the TPM (transcripts per million) 

expression matrix using Salmon software (Patro et al. 2017) 

and a newly improved assembled genome of B. napus ZS11 

(Song et al. 2020). In summary, we obtained similar results 

from WGCNA using this and our aforementioned approach.

The hub genes impacted the plant height, including 

BnaA07g03840D, and its Arabidopsis homologous gene 

AT2G15290 (PIC1)-overexpressing lines (PIC1ox), resulted 

in high phenotypic variation and were affected by oxidative 

stress and leaf chlorosis. PIC1ox plants were characterized 

by reduced biomass and severely defective flower and seed 

development (Duy et al. 2011). The expression level of Bna-

A07g03840D in EL100S10 (FPKM = 22.8) was twice that of 

the average expression level in all samples (FPKM = 11.7). 

Characteristics such as severe dwarfness, delayed flowering 

time, and seedlessness in EL100S10 (Table S1) were con-

sistent with those in PIC1ox, indicating a significant nega-

tive correlation between the gene expression level of BnA 

and plant height.

However, we do not believe that a single gene solely is 

responsible for differences in plant height variation observed 

in these resynthesized B. napus. First, the results of WGCNA 

showed that multiple genes were simultaneously up/down-

regulated that are correlated with plant height (Fig. 2c), and 

previous studies have shown that plant height is controlled 

by multiple QTLs (Li et al. 2016). Second, the plant height 

of the hybrid Bn (CCAA) plant was the median of the height 

of the parents, assuming that Bo (CC) and Br (AA) carried a 

single gene for long and short stems, respectively, according 

to the parental phenotype. However, the results of karyotyp-

ing analysis showed that the highest (CCAA-A7) and short-

est (CCAA + A7) plants lost and gained one chromosome 

A7, respectively. The plant height order was CCAA-A7 

(140 cm) > CC (88.7 cm) > CCAA (85.2 cm) > CCAA + A7 

(38 cm) > AA (30.8 cm) and did not conform to the theo-

retical single gene-associated plant order, i.e. CC > CCAA-

A7 > CCAA > CCAA + A7 > AA. In conclusion, we believe 

that interactions between multiple genes cause variations in 

plant height.

Many homoeologous exchanges (HEs) in nascent allopol-

yploids (Hurgobin et al. 2018; Wu et al. 2020) increase the 

difficulty associated with karyotyping via whole genome 

resequencing, as HEs could result in a large number of 

CNVs. For example, CNV analysis of chromosome num-

bers showed that one copy of chromosome A1 and four cop-

ies of partial chromosome fragments of C1 could be found 

in EL100S10 and EL200S5 (Fig. 5b). In contrast, FISH 

results showed that there were four copies of C1 without 

A1 (Fig. S1). Genetic variation does cause expression bias 

and thus affects clustering of samples, and the variation 

accumulates with generations, showing significant genera-

tion dependence (Fig. 1b). But WGCNA is able to simul-

taneously analyse samples (no less than 15) with genetic 

variation to uncover which variation has the greatest impact 

on the target trait (height), even if the sample is aneuploid. 

Besides, the accumulation of variations in high-generation 

nascent allopolyploids seems conducive to breaking the 

genetic bottleneck (Wu et al. 2020), thus promoting exten-

sive phenotypic diversity (Fig. 1b; Table S1).

In comparison, all aneuploid wheat strains of chromo-

somes 1 and 2, including those exhibiting nullisomy, mono-

somy, trisomy, and tetrasomy, had a significantly lower plant 

height (Zhang et al. 2017). Nevertheless, wheat 4A and 4D 
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monosomics are tall (Worland and Law 1985). The height 

of the diploid aneuploid (2n = 2x + 2) variety was signifi-

cantly higher than that of the wild-type variety of the ‘Red 

Flash’ Caladium (Zhang et al. 2020). However, in this study, 

the plant height increased and decreased significantly in A7 

monosomic and trisomic B. napus, respectively. Moreover, 

other chromosomal variations also affected phenotypes and 

might have no effect or hardly any effect on the plant height. 

This is consistent with the plant height of EL200S5 being 

substantially taller because of the loss of chromosome A7; 

however, its poor seed yield could be attributable to other 

chromosomal variations (Fig. 1b; Table S1). In conclusion, 

our results suggest that homoeolog expression bias in a sin-

gle chromosome, especially dosage changes in the chromo-

some, considerably affected the plant height of newly devel-

oped allopolyploids (Fig. 6).

Due to the high stability of the natural B. napus, it is 

rare to gain or lose a whole chromosome. Nevertheless, 

homoeolog expression bias is commonly observed (Chal-

houb et al. 2014; Li et al. 2020), and our findings confirmed 

that genomic expression bias causes phenotypic variations. 

Therefore, we hypothesized that the conclusion of this 

study is also applicable to natural B. napus. Our findings 

shed new light on the genetic regulation of homoeologs and 

have implications for understanding allopolyploid genome 

evolution and crop breeding. These variants, including the 

allotetraploids and aneuploids, exhibit great potential for 

the cultivar development, genetic study, and chromosome 

engineering of B. napus.
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