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Abstract. The aneuploidy chromosome addition lines with individual chromosomes of one species into the whole genome of another
species developed from interspeciﬁc or intergeneric crosses are ideal for studying the gene expression regulation under asymmetrical
genome interactions. Here, we chose two rapeseed-radish addition lines (2n=40, AACC?2R) with all chromosomes of rapeseed and one
pair of radish chromosomes carrying 25S rDNA loci and both 5S and 25S rDNA loci, respectively. Transcriptome sequencing of these two
rapeseed-radish addition lines, together with two parents (Brassica napus, 2n=38, AACC; Raphanus sativus, 2n=18, RR), was performed to
assess gene expression changes due to the aneuploidy effect. Our results showed that the global gene expression perturbations in two
addition lines showed asymmetric distributions between A and C subgenomes, for more downregulated genes located in the C subgenome.
Moreover, several dysregulated domains occurred in the addition lines and majority of them were clustered in C subgenome, further
revealing that C subgenome was more inclined to be repressed by the aneuploidy. Homoeolog expression was slightly biased toward C
subgenome in the parent B. napus, but had no preference to either of A or C subgenome in the addition lines. The total number of biased
genes increased sharply and most of them were shared only by two addition lines, indicating that aneuploidy could change the extent and
direction of homoeolog expression. The triplicated subgenomes which were orthologs to the chromosomes of Arabidopsis thaliana also
exhibited dramatic alternations in two additions. Together, our results revealed that the addition of individual radish chromosomes could
induce dramatically transcriptomic disturbances and those expression changes gave asymmetric distributions between two subgenomes in
B. napus. The possible mechanisms including the uniparental expression of rRNA genes in the allopolyploids and additions for the ﬁndings
are discussed.
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Introduction
The cultivated radish (Raphanus sativus L., 2n=18, genomes
RR) is one of the major vegetables, which is widely used for
nutritional and medicinal values, especially in Asia (Wang
et al. 2002; Yamasaki et al. 2009). Raphanus and Brassica
DZ and ZL conceived the study. YS, LK prepared plant materials and
samples for RNA-seq. DZ, YS and QP analysed the data and wrote the
manuscript. All authors have read and approved the ﬁnal manuscript.

both included in the Brassiceae tribe share a close phylogenetic relationship (Warwick and Black 1991), for Raphanus belongs to the rapa/oleracea lineage and not to the nigra
lineage (Inaba and Nishio 2002; Yang et al. 2002). Radish
and turnip (Brassica rapa, 2n=20, AA) are highly similar in
morphology to each other as vegetables, such as their edible
and expanded roots. However, besides the different chromosome numbers, highly complicated genome synteny
between three Brassica diploids and R. sativus are detected
(Li et al. 2011; Jeong et al. 2016), suggesting that the
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genomes of these species have experienced extensive rearrangements after the divergence from the common ancestor.
Thus it is difﬁcult to determine the radish genome sequences
by using the sequence data of B. rapa and B. oleracea
(2n=18, CC) as references (Wang et al. 2011; Liu et al.
2014). Further, the R. sativus draft genome sequences were
obtained (Mitsui et al. 2015), which revealed detailed synteny with those of B. rapa. The genome of wild radish
(Raphanus raphanistrum, 2n=18), a close relative of the
cultivated radish was also sequenced and compared with
those of other Brassicaceae species (Moghe et al. 2014),
providing the new insights into the consequences of whole
genome triplication which occurred recently in the common
ancestor of Brassica and Raphanus (Chalhoub et al. 2014).
The transcriptome sequencing data of leaves and roots for R.
sativus were obtained and compared for functional genomic
investigations (Wang et al. 2013; Zhang et al. 2013; Wu
et al. 2015; Gu and Lu 2016). The availability of genomic
and transcriptomic resources for Raphanus species enhanced
our understanding of their genetic and evolutionary characteristics and also the related studies.
The radish genome has been dissected by the development
of alien chromosome addition lines with its each chromosome added to the recipient genome of rapeseed, the
allotetraploid Brassica napus L. (2n=38, AACC), following
the intergeneric hybridization and backcrossing (Budahn
et al., 2007). The complete set of addition lines should be
valuable for studying the radish genome structure, genetic
mapping and for transferring target genes and traits to the
Brassica crops in breeding programme, as widely practiced
in many other researches (see Chang and Jong 2005; Prakash
et al. 2009; Kang et al. 2014). The transcriptome sequencing
and analysis of the rapeseed–radish additions would reveal
the effects of individual radish chromosomes on the gene
expression disturbance of rapeseed and give the insights into
genome interplay, as the genome sequences published of
these two species can be used as references to distinguish
their transcripts (Chalhoub et al. 2014; Mitsui et al. 2015).
Alien chromosome addition lines that contain a complete
set of uniparental chromosomes with one or more pairs of
chromosomes from the alien parent are interspeciﬁc aneuploids. While intraspeciﬁc aneuploids refer to those with the
gain or loss of single chromosome on the normal complement of one species. These two types of aneuploids contain
the unbalanced genome structure and produce the abnormal
individuals associated with the disturbed gene expressions.
The intraspeciﬁc aneuploidy has been shown to perturb the
genomewide gene expression of plants and animals including human (Huettel et al. 2008; Zhang et al. 2010, 2017;
Letourneau et al. 2014; Zhu et al. 2015; Rey et al. 2018),
which is likely responsible for the detrimental effects on
various aspects of growth and developments in all studied
organisms (see Siegel and Amon 2012). But plants, especially allopolyploids with the genomes from two or more
ancestral diploids appear to be much more tolerant to the
adverse effects of aneuploidy and show high viability. The

alien addition lines provide the ideal system for studying the
asymmetrical genome interactions between two species at
various levels, including phenotype, genome instability,
gene expression and epigenetics, etc. (Dong et al. 2018; Zhu
et al. 2018, 2019), because the complexity of possible
genomic interactions is reduced, in comparison with
allopolyploids where the two parental genomes interact.
Although addition lines have been developed from many
plant species (for review see Chang and Jong 2005; Prakash
et al. 2009; Kang et al. 2014; Zhu et al. 2016), the investigations of their genomewide gene expressions, particularly
the chromosome-wide gene expressions related to the alien
chromosomes, are possible only recently with the aid of
next-generation sequencing (Cho et al. 2006; Fu et al. 2014;
Dong et al. 2018; Zhu et al. 2019). In this study, the transcriptome sequencing data of two rapeseed-radish additions
were obtained and analysed in comparison with two parental
species, to reveal the effects of different radish chromosomes
on the gene expression disturbances of rapeseed. These
results should provide new clues for the impact of single
alien chromosome on genomewide transcriptomic changes
and complement the knowledge of symmetrical genome
interplay extensively investigated in synthetic and natural
allopolyploids (Chen 2007; Soltis and Soltis 2012; Chalhoub
et al. 2014; Zhang et al. 2016, 2018).

Materials and methods
Plant materials

A complete set of nine rapeseed–radish alien chromosome
addition lines (2n=40, AACC?2R) with each radish chromosome pair added to rapeseed was obtained from intergeneric hybridization between Brassica napus (2n=38,
AACC) and Raphanus sativus (2n=18, RR) (Budahn et al.,
2007). After Prof. H. Budahn kindly provided us the seeds of
these additional lines and two parents, we identiﬁed two
speciﬁc lines, the ﬁrst one with one pair of radish chromosomes carrying 25S rDNA locus (coded as BNR1, and B.
napus as BN, R. sativus as R), the second one with one pair
of radish chromosomes carrying both 5S and 25S rDNA loci
(BNR2). BNR1, BNR2 and two parents were used in this
study to reveal the impact of single alien chromosome on
genomewide transcriptomic changes. From the relationship
between the cytology and genetic linkages of R. sativus, the
additional radish chromosomes in BNR1 and BNR2 were
found to correspond to R1 and R4 linkage groups of radish
genome, respectively (Mun et al. 2015). These plants were
grown in greenhouse under the same conditions to minimize
the developmental or environmental effects. At three-leaf
stage, the third newly expanded leaves without petioles were
collected and immediately stored in liquid nitrogen for RNA
extraction, until the chromosome number of additional
plants were determined. When the plants of the addition
lines ﬂowered, the chromosome complements were
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determined by cytological observations of mitotic cells of
young ovaries and meiotic pairing and segregation in pollen
mother cells and, following our previous procedure (Li et al.
1995). Only the stored leaves of the plants with 2n=40
(AACC?2R) of BNR1 and BNR2 were used for RNA
extraction. The three-leaf stage plants of BNR1, BNR2 and
parental B. napus were similar in morphology, but some
minor differences in leaf phenotype were discernible each
other.

RNA extraction and library preparation

RNA isolations were made from the leaves stored at –80°C
of those plants of two addition lines with the chromosome
complement determined above (three biological replicates)
and parents (two biological replicates) using TRIzol
reagent (Invitrogen, Life Technologies) following standard
protocol. The quality and quantity of the RNA was analysed by agarose gel (1.5%) electrophoresis and the total
RNA content was assessed by spectroscopy at 260/280 nm
(GeneQuant II; Pharmacia Biotech). Moreover, their RNA
integrity number (RIN) values were also checked on the
Agilent Technologies 2100 Bioanalyzer (Agilent) to further
conﬁrm the integrity. RNA-Seq library construction was
processed following TruSeq RNA Sample Prep v2 protocol. The libraries were subsequently sequenced on Illumina
HiSeq 2000 with 100 bp paired-end reads at Huazhong
Agricultural University (Wuhan, Hubei Province, China).

Reads ﬁltering and mapping

After the high-throughput sequencing, the raw data which
contained adapters, ploy-N and low quality reads were
trimmed using Trimmomatic. Then the clean reads from 10
libraries, including two replicates for each of BN and R,
and three replicates for BNR1 and BNR2 were mapped to
B. napus and R. sativus reference genomes using STAR (v.
2.5) with the default parameters, respectively. Compared
with the draft R. sativus genome which was only assembled
into scaffolds (Mitsui et al. 2015), the B. napus reference
genome provided chromosome information and details to
distinguish the homoeologous gene pairs (Chalhoub et al.
2014). As to genes in triplicated subgenomes of B. napus,
they were differentiated enough to avoid the generation of
false variants through cross mapping (Cheng et al. 2016).
Differential expression analysis was performed between
pairwise samples using read counts in edgeR package of R
software. Genes with fold change C2 and false discover
rates (FDR)B0.05 were considered as signiﬁcant difference. Besides that, the expression level of each gene was
evaluated using fragments per kilobase per million (FPKM)
method.
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Function enrichment analysis

For a given set of genes, the signiﬁcantly enriched GO
categories (BH method, FDR-adjusted P\0.05) were annotated using the clusterProﬁler R package.
Data archiving

Short reads supporting the results of this article are available
in SRA under accession ID PRJNA526400. Other supporting data are included within the article and its additional
ﬁles.

Results
Differential gene expressions between addition lines
and parents

To investigate the gene expression changes in the addition
lines, 10 RNA-seq libraries were constructed, including three
biological replicates for each addition line (BNR1 and BNR2),
and two replicates for each parent (BN, R). Brieﬂy, an average
of 60,335,333 clean reads was obtained from raw reads and of
them, 25,958,818 (43.0%) were mapped to unique genomic
locations. On a average, 54,903 and 13,098 genes were
expressed in B. napus and R. sativus genomes, respectively
(table 1). And the similarities and diversities between each
sample were also checked (ﬁgure 1 in electronic supplementary material at http://www.ias.ac.in/jgenet/).
To reveal the effects of different radish chromosomes on
the transcriptomic disturbances of rapeseed, we ﬁrst performed pairwise comparisons on genome-speciﬁc genes
across addition lines and their parents. As shown in

Table 1. Summary of RNA-seq data in addition lines and parental
species.
Expressed gene
(read count[0)
Sample

Clean read

Unique read B. napus

BN-1
BN-2
R-1
R-2
BNR1-1
BNR1-2
BNR1-3
BNR2-1
BNR2-2
BNR2-3
Average

51,723,050
44,173,142
63,317,936
67,449,628
65,297,604
50,691,812
58,384,864
65,361,224
65,664,022
71,290,044
60,335,333

21,940,216
18,485,355
27,373,222
27,707,885
28,497,755
22,147,986
25,289,175
28,323,380
28,654,532
31,168,678
25,958,818

55,218
55,724
–
–
55,184
54,054
55,174
54,807
54,507
54,553
54,903

R. sativus
–
–
30,145
30,196
8549
7960
8596
6504
6487
6348
13,098
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(a)

(b)

BN
1507
2.5%

R
4919
8.3%

2349
3.9%

14437
46.8%
9354
15.8%

842
1.4%

BNR1

5855
9.8%

13076
21.9%

7721
12.9%

7255
23.6%

16700
54.1%
4435
7.5%

2263
7.3%

BNR2

BNR1

(c)

8246
26.8%
991
3.2%

2137
20.2%

2788
26.4%

651
6.2%

BNR2

(d)

P< 2.2e-16

P< 2.2e-16

0.6

Density

Density

0.09

0.4

0.2

0.06
BNR1
BNR2

0.03

0.0

0.00
−10

−5

0

5

10

Log2BNR/BN

−10

0

10

Log2BNR/R

Figure 1. DEGs between two addition lines and their parents. (a) DEGs between two addition lines and B. napus. The total number of
DEGs is indicated in the middle and numbers close to the species represent upregulated compared with the adjacent species. (b) DEGs
between two addition lines and radish. The total number of DEGs is indicated in the middle and numbers close to the species represent
upregulated compared with the adjacent species. (c) Density distributions of expression fold changes between two addition lines and B.
napus. The horizontal axis represents the Log2 (fold-change) in gene expression levels between the BNRand BN (red line, Log2 BNR1/BN;
green line, Log2 BNR2/BN). The vertical axis represents density distribution of Log2 (fold-change). Wilcoxon signed-rank test is performed
between these two groups and the P value is indicated. (d) Density distributions of expression fold changes between two addition lines and
radish. The horizontal axis represents the Log2(fold-change) in gene expression levels between the BNRand BN (red line, Log2 BNR1/BN;
green line, Log2 BNR2/BN). The Vertical axis represents density distribution of Log2(fold-change). Wilcoxon signed-rank test is performed
between these two groups and the P value is indicated.

ﬁgure 1a, signiﬁcantly fewer genes showed differential
expressions between BNR1 and BN than between BNR2
and BN (2349 vs 9354, P\0.05, v2 test, exp. 1:1). But
reversely, more differentially expressed genes (DEGs)
were observed between BNR1 and R than between BNR2
and R (ﬁgure 1b, 16700 vs 8246; P\0.05, v2 test, exp.
1:1). From the comparison of the distribution of the gene
expression fold changes between two addition lines and
rapeseed, respectively (ﬁgure 1, c&d), the overall distribution of fold changes in both addition lines was symmetrical, and the expression level of majority of genes
remained unchanged (ﬁgure 1c; -1\Log2BNR/BN\1).
However, the difference between two comparisons of two
additions with rapeseed was signiﬁcant, indicating that the

addition of different radish chromosomes might have differential effects on the B. napus gene expression (Wilcoxon signed-rank test, P\2.2e-16). When compared with
another parent R. sativus, the distribution of expression
fold changes was largely skewed, for the most values
were concentrated at the left side of the horizontal axis
(ﬁgure 1d; Log2BNR/BN\0). The prevalence of downregulated genes was attributed to the fact that only individual and not all radish chromosomes were included in
both addition lines. Considering the above situation and
incompleteness of R. sativus reference genome, we mainly
focussed on the effects of different radish chromosomes
on the transcriptomic disturbances of rapeseed in subsequent analyses below.

Global gene expression perturbations in rapeseed
B. napus transcriptomic disturbance by single radish
chromosome

As compared with the R. sativus (Mitsui et al. 2015), the B.
napus reference genome provided complete information
which allowed us to analyse the overall distribution of gene
expression changes along with all the chromosomes (Chalhoub et al. 2014). Therefore, we allocated DEGs to each
chromosome according to their information in reference
genome of B. napus (table 2). The numbers of upregulated
and downregulated genes in A-subgenome were not significantly different in both comparisons (BNR1 vs BN and
BNR2 vs BN, t-test, P[0.05), whereas more downregulated
genes than upregulated genes were detected in C-subgenome, especially on every chromosome from BNR1 vs
BN comparison (t-test, P \0.05). Although another comparison (BNR2 vs BN) gave no obvious difference between
total number of upregulated and downregulated genes (t-test,
P[0.05), some C-subgenome chromosomes had signiﬁcantly more downregulated genes (C2, 145 upregulation vs
529 downregulation; C3, 287 upregulation vs 495 downregulation; P\0.01, v2 test, exp. 1:1) . The results revealed
that different B. napus subgenomes and chromosomes might
be impacted differently by radish chromosomes.
We further plotted these DEGs between B. napus and
addition lines to detect whether these expression changes
were randomly organized, or clustered into some speciﬁc
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regions across all chromosomes. The overall distribution of
most DEGs along the chromosomes seemed to be completely random, especially in A subgenome. However, large
regions of upregulated or downregulated genes were
observed (ﬁgure 2) in some C-subgenome chromosomes
(C1, 2, 3, 5, 6). Interestingly, a commonly downregulated
region in both addition lines was found in C3, indicating that
these genes were more susceptible to aneuploidy.
Co-DEGs between both additions and B. napus

To further ascertain genes which were inﬂuenced by aneuploidy, we investigated the co-DEGs between both addition
lines and B. napus. As illustrated in ﬁgure 3a, about one half
of the DEGs (1103/ 2349) between BNR1 and BN were also
shared in the other comparison (BNR2 vs BN), indicating
that these genes were particularly inﬂuenced by aneuploidy.
GO enrichment analysis showed that these common
response genes (1103) were signiﬁcantly enriched in
cytosolic ribosome, cellular cation homeostasis, cellular
cation homeostasis, chlorophyll biosynthetic process and so
on (ﬁgure 3b). Among them, 269 genes were co-upregulated
in both addition lines as compared with B. napus, and GO
analysis revealed that some of those genes were involved in
cytosolic ribosome, stomatal closure, response to virus / iron
ion / sulphur starvation (ﬁgure 2 in electronic supplementary

Table 2. Genomic and chromosomal distributions of DEGs.
BNR1 vs BN
Chro.

BNR2 vs BN

Expressed genes

Upregulation

%

Downregulation

%

Upregulation

%

Downregulation

%

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
Ann
A genome
C1
C2
C3
C4
C5
C6
C7
C8
C9
Cnn
C genome
Unn

2361
2181
3909
1737
2449
2771
2576
2020
3660
2068
2257
27989
2474
2386
4395
2962
3064
2418
2860
2855
3024
3764
30202
161

120
17
67
43
20
39
72
19
52
23
47
519
16
37
58
28
37
10
14
37
20
60
317
6

5.08
0.78
1.71
2.48
0.82
1.41
2.80
0.94
1.42
1.11
2.08
1.85
0.65
1.55
1.32
0.95
1.21
0.41
0.49
1.30
0.66
1.59
1.05
3.73

38
39
79
39
38
39
39
41
83
29
81
545
140
51
263
45
44
198
37
68
36
71
953
9

1.61
1.79
2.02
2.25
1.55
1.41
1.51
2.03
2.27
1.40
3.59
1.95
5.66
2.14
5.98
1.52
1.44
8.19
1.29
2.38
1.19
1.89
3.16
5.59

265
234
321
138
206
181
246
122
267
186
238
2404
187
145
287
224
215
146
208
139
196
280
2027
4

11.22
10.73
8.21
7.94
8.41
6.53
9.55
6.04
7.30
8.99
10.54
8.59
7.56
6.08
6.53
7.56
7.02
6.04
7.27
4.87
6.48
7.44
6.71
2.48

166
190
330
123
198
205
171
169
261
141
164
2118
279
529
495
176
224
181
171
239
189
300
2783
18

7.03
8.71
8.44
7.08
8.08
7.40
6.64
8.37
7.13
6.82
7.27
7.57
11.28
22.17
11.26
5.94
7.31
7.49
5.98
8.37
6.25
7.97
9.21
11.18

Total

58352

842

1.44

1507

2.58

4435

7.60

4919

8.43
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Figure 2. Gene expression fold changes between two addition lines and B. napus on each chromosome. Vertical axis indicates the Log2
(fold change) of each gene between BN/BNR and horizontal axis represents the sorted positions of genes on these chromosomes in B.
napus. The physical length of each chromosome is indicated in horizontal axis. BN vs BNR1 is shown in red and BN vs BNR2 in blue.

material). On the other hand, 693 genes showing co-downregulation were associated with cellular cation homeostasis,
divalent metal ion transport and photosynthesis, light reaction (ﬁgure 3 in electronic supplementary material). Moreover, 141 genes showed the expression changes in the
opposite direction, as 93 genes were upregulated in BNR1
but downregulated in BNR2, and 43 genes were downregulated in BNR1 but upregulated in BNR2, which were
related to cytoskeleton organization, proteasomal protein
catabolic process, plastid organization and so on (ﬁgure 4 in
electronic supplementary material). GO enrichment analysis
showed that some DEGs were related to stomatal closure,
chlorophyll biosynthetic process, anthocyanin-containing
compound biosynthetic process (ﬁgure 3; ﬁgure 4 in electronic supplementary material). These DEGs might contribute to the slight differences in leaf phenotype.

Homoeolog expression bias in additions and B. napus

Beyond the examination of DEGs, we also compared the
expression levels of homoeologous gene pairs between A
and C subgenomes in both addition lines and B. napus, to
estimate the extent of homoeolog expression bias as well as
the effect of aneuploidy on homoeolog expression. As
shown in table 3, all samples exhibited substantial numbers
of gene pairs with both A and C subgenome bias. For
example, 3867 gene pairs showed homoeolog expression
bias (1846 A-bias and 2021 C-bias) with a slight favour to
the C-subgenome in natural B. napus (v2=7.9; P\0.05, exp.
1:1). However, no signiﬁcant bias toward either subgenome
occurred in two addition lines (v2=1.3 in BNR1 and v2=3.8
in BNR2, P\0.05). Notably, both addition lines showed
more biases than the parent B. napus (v2, P\0.05),

Global gene expression perturbations in rapeseed

(a)

(b)

BNR1-DOWN-BN

BNR2-UP-BN

721

BNR1-UP-BN

4073

25

cytosolic ribosome

cellular cation homeostasis
divalent metal ion transport

BNR2-DOWN-BN

93

cytoskeleton organization
0

0
0

chlorophyll biosynthetic process

0

525

4178

proteasomal protein catabolic process
p.adjust

photosynthesis, light reaction

0
693

269
0
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0.005

hydrogen peroxide catabolic process

0.010

negative regulation of seed germination
0.015

stomatal closure

48

0.020

response to iron ion

Count

oxalate oxidase activity

5
10

protein stabilization

15

protease binding

20

extracellular matrix
cellular lipid catabolic process
glyceraldehyde−3−phosphate dehydrogenase (NADP+) (non−phosphorylating) activity
cellular response to calcium ion
glyceraldehyde−3−phosphate dehydrogenase (NAD+) (phosphorylating) activity
response to redox state
0.005

0.010 0.015
GeneRatio

0.020

Figure 3. Comparison and functional annotation of differential expressed genes between two addition lines and B. napus. (a) Comparison
of differential expressed genes between two addition lines and B. napus. BNR1-UP-BN, BNR1-DOWN-BN, BNR2-UP-BN, BNR1DOWN-BN indicate the number of genes upregulated, downregulated in BNR1 and upregulated, downregulated in BNR2 as compared
with B. napus, respectively. (b) Functional annotation of co-differential expressed genes (1103) between two addition lines and B. napus.
The x-axis indicates the ratio of DEGs/background gene numbers in each GO term. The size of circle represents the numbers of DEGs,
while the colour of circle indicates P adjust value which enriched in each GO term.
Table 3. Homoeolog expression bias in B. napus and addition
lines.

BN
BNR1
BNR2
Average

A-bias

C-bias

Total

1846
3980
4492
3439

2021*
3880
4309
3403

3867
7860
8801
6842

v test with expected ration of 1:1, P\0.05.

* 2

especially in the BNR2 with greatest level of homoeolog
expression bias (8801 in BNR2 vs 3867 in BN), suggesting
that the addition of radish chromosome could alter the
direction and extent of homoeolog expression bias.
Cross comparisons of these gene pairs showing A-subgenome or C-subgenome bias demonstrated that most
expression bias in B. napus was maintained in both addition
lines, including 77.1% of A-bias and 73.3% of C-bias
expressions (ﬁgure 4). Also, a large number of gene pairs
(1274 A-bias and 1223 C-bias) were only shared between
the two addition lines, likely owing to the aneuploidy. GO

analysis of those gene pairs which were speciﬁcally
expressed or shared between addition lines and B. napus was
also performed and the details are provided (ﬁgure 5). In
general, the GO items of A-bias were mainly involved in
sister chromatid cohesion, response to zinc ion, meiotic
chromosome segregation and meiotic DNA double-strand
break formation (ﬁgure 5a). While C-bias genes were signiﬁcantly enriched in transferase activity, response to
absence of light, L-ascorbic acid biosynthetic process and
ribonuclease III activity (ﬁgure 5b).
Gene expression at triplicated subgenome levels in additions
and B. napus

Brassica and Raphanus have undergone a whole genome
triplication event since their divergence from the Arabidopsis thaliana lineage, so the genomes of B. napus and A.
thaliana were highly collinear in triplicated segments
(Chalhoub et al. 2014; Mitsui et al. 2015). We further
anchored those orthologs to the chromosomes of A. thaliana
to investigate the inﬂuence of additional radish chromosomes on gene expression in triplicated subgenomes (referred to as ‘subgenome’ to distinguish A and C
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Figure 4. Comparison of gene pairs showing homoeolog expression bias in addition lines and B. napus. BN-A-bias, BNR1-A-bias, BNR2A-bias indicate these homoeolog genes from A subgenome are upregulated in B. napus and two addition lines, respectively; BN-C-bias,
BNR1-C-bias, BNR2-C-bias indicates these homoeolog genes from C subgenome are upregulated in B. napus and two addition lines,
respectively.
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Figure 5. Functional annotation of gene pairs showing homoeolog expression bias. (a) Functional annotation of 12,743 gene pairs
showing A-Bias in both addition lines and B. napus. The x-axis indicates the ratio of DEGs/background gene numbers in each GO term.
The size of circle represents the numbers of DEGs, while the colour of circle indicates P adjust value which is enriched in each GO term.
(b) Functional annotation of 1223 gene pairs showing A-Bias only in two addition lines.

‘subgenome’) in B. napus (ﬁgure 6). Although no signiﬁcant difference was observed in few segments (such as
A-MF2, Chr2; Wilcoxon signed-rank test, P[0.01), the
overall gene expressions in triplicated subgenomes were
signiﬁcantly different between B. napus and addition lines
(Wilcoxon signed-rank test, P\0.01, details in table 1 in
electronic supplementary material).

Discussion
Intraspeciﬁc and interspeciﬁc aneuploidy leads to an
unbalanced genome with gene dosage imbalances and
abnormal numbers of chromosomes. Excess or deﬁcit of
gene products in aneuploidy could disturb the gene expression and resulted in lower ﬁtness as well as poor tolerance,

Global gene expression perturbations in rapeseed

which was considered to be a burden of aneuploidy (Siegel
and Amon 2012). Several studies have shown that different
species responded differently to aneuploidy. In human,
aneuploidy was frequently lethal early in development and
those survivors were associated with various diseases,
including cancer, Down’s syndrome and other developmental defects (Letourneau et al. 2014), whereas plants
appeared to be much more tolerant to the adverse effects of
aneuploidy and showed high viability (Sears 1954; Du et al.
2009; Kang et al. 2014).
Although previous studies in plants found that aneuploidy
could cause genetic, epigenetic changes, as well as mitochondria genome recombination, the consequences of global
gene expression were only documented in a handful of
researches (Huettel et al. 2008; Zhu et al. 2015, 2018, 2019;
Dong et al. 2018). In A. thaliana trisomics with the triplicated chromosome 5, transcriptomic analysis revealed that
substantial changes in gene expression occurred not only on
chromosome 5, but also on the other four nontriplicated
chromosomes (Huettel et al. 2008). Similarly, in the B.
napus monosomic and nullisomic plants, loss of one or two
copies of C2 chromosome could induce genomewide alteration in gene expression (Zhu et al. 2015). In accordance
with the above results, our study demonstrated that the
addition of radish chromosomes could induce dramatically
transcriptomic disturbances in B. napus and those expression
changes had asymmetric distribution between A and C
subgenomes (ﬁgure 1). In general, the genes in the C subgenome of addition lines preferred to be more downregulated than upregulated, especially in BNR1 where more
genes showed downregulation across all C-subgenome
chromosomes. Moreover, both addition lines exhibited signiﬁcantly more downregulated genes than upregulated genes
in C2 and C3 chromosomes, indicating that the gene
expressions of these chromosomes were more prone to
alterations under the aneuploidy situation (table 2). In one
aspect, such different responses of two subgenomes might be
related to their differences in genome structures, as genome
sequencing of B. napus and its progenitors revealed that A
and C subgenomes had undergone asymmetrical ampliﬁcation of transposable elements, DNA methylation and variation in gene expression, as greater transposon density and
higher methylation occurred in C subgenome (Chalhoub
et al. 2014; Liu et al. 2014). In another aspect, we speculated
that the aneuploidy might generate asymmetrical methylation between B. napus A and C subgenomes, higher in C
subgenome. A recent study in wheat proved that aneuploidy
induced DNA methylation alterations and such methylation
patterns were inherited by euploid progenies derived and
caused gene expression changes (Gao et al. 2016).
The transcriptomic analysis of monozygotic twins discordant for trisomy 21 revealed that the differential expressions had nonrandom distributions and were organized in
domains along all chromosomes (Letourneau et al. 2014). In
the B. napus monosomics and nullisomics related to the C2
chromosome, several dysregulated domains in which
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upregulated or downregulated genes were obviously clustered were identiﬁable and most of those domains (six of
nine) were located in C subgenome (Zhu et al. 2015).
Similarly, the dysregulated domains also appeared in the
addition lines, and most of them were clustered in C subgenome (C1, C2, C3, C5, C6), further conﬁrming that C
subgenome showed higher susceptibility to aneuploidy
(ﬁgure 2). Intriguingly, the dysregulated domains were
mainly organized into two terminals in both B. napus
addition lines and nullisomics (Zhu et al. 2015), suggesting
that there might exist some common mechanisms responding to aneuploidy in B. napus.
A slightly C-subgenome biased expression of homoeologs
occurred in our parental B. napus (v2=7.9; P\0.05), but the
genome equivalence for homoeolog gene expression without
signiﬁcant bias toward either subgenome presented in other
genotypes (Chalhoub et al. 2014; Zhang et al. 2016). Perhaps these different results originated from different tissue
types, environmental conditions, even genetic divergence
between genotypes, for homoeolog expressions were proved
to be tissue-speciﬁc and environmental-dependent (Yoo
et al. 2013). No signiﬁcant bias toward either subgenome
was observed in the addition lines, possibly due to the biased
repression of gene expression in C-subgenome as mentioned
above (table 3). Although the genome balance was maintained in addition lines, the total number of biased genes
increased and the large proportion was only shared by two
additions, indicating that these genes were particularly
affected by aneuploidy (ﬁgure 4). On the whole, the addition
of radish chromosomes could alter the direction and extent
of homoeolog expression bias.
In chromosome addition lines and allopolyploids, the
widespread gene expression changes resulted from the
interaction between transcriptional regulatory mechanisms
from two genomic backgrounds. The addition lines with
only one or a few chromosomes of donor species in the
recipient genome should facilitate more precise regulation
studies and reveal the chromosome-speciﬁc effect, compared
with the allopolyploids (Dong et al. 2018; Zhu et al. 2019).
The whole set of monosomic alien addition lines (MAALs)
with each of the nine C-subgenome chromosomes added to
the A subgenome was developed in the context of one natural B. napus donor, by the extraction of the A subgenome
from B. napus and restitution of the B. rapa progenitor (Zhu
et al. 2016). This set of additions was unique for elucidating
the asymmetric interplay on the gene expressions between
two subgenomes of the naturally evolved allotetraploids, by
the pairwise comparisons of each MAAL and the restituted
B. rapa. Compared with the restituted B. rapa, DEGs of both
upregulations and downregulations in the A subgenome
varied signiﬁcantly among nine MAALs, highest for the
MAAL with C1 chromosome but lowest for the MAAL with
C8 chromosome, which hinted that DEGs in MAALs
increased with higher levels of homology between the A
subgenome and additional C-subgenome chromosomes (Zhu
et al. 2019). Accordingly, the addition of different radish
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b Figure 6. Gene expression at triplicated subgenome level in B.

napus and addition lines. The horizontal axis represents the
physical location of homoeologous genes in each A. thaliana
chromosome. The vertical axis represents the relative gene
expression level in BNR1, BNR2 and BN at triplicated subgenome
level. A window of 50 genes with a step of one gene sliding is used
through the 1675 A. thaliana genes that have three retained syntenic
orthologs in B. napus. For each window, the average of FPKM is
calculated and then normalized by Log2.

chromosomes had different impacts on the gene expressions
in B. napus. A substantial portion of DEGs existed between
the two addition lines and more severe perturbation of global
gene expression was detected in BNR2 than BNR1,
including more downregulation in C-subgenome, as well as
more gene pairs with homoelog expression bias.
Cytosolic ribosome related genes were signiﬁcantly
upregulated in both addition lines as compared with B.
napus (ﬁgure 3; ﬁgure 2 in electronic supplementary material). One of the potential mechanisms affecting the differential behaviour of the parental genomes in the interspeciﬁc
hybrids was the uniparental expression of rRNA genes, an
epigenetic phenomenon referred to as nucleolar dominance
(Pikaard 2000). The cellular phenomenon occurred in many
interspeciﬁc hybrids, allopolyploids and even substitution
and addition lines, and the phenotypic dominance was
coincident with the nucleolar and transcriptome dominance
in some allopolyploids (Chen 2007; Ge et al. 2009). As
rRNAs are involved in translating all mRNA to proteins or
peptides, it was speculated that the ribosomes with rRNAs
transcribed from the rDNA loci on the dominant genome had
some potential impacts on the occurrence of the genomic
expression dominance in some allopolyploids (Ge et al.
2013). The complete transcriptional dominance of rRNA
genes from Orychophragmus violaceus over those from B.
napus occurred in their somatic hybrids (Ge et al. 2009), and
also maintained in one of three B. napus monosomic additional lines with one of three O. violaceus chromosomes
carrying 45S rDNA loci (Ding et al. 2013). Relevantly, the
B. napus-type progenies extracted from these additions
expressing completely and partially nucleolar dominance
tended to have fewer genomic changes, suggesting a role of
the expression levels of alien rRNA genes in genomic stability (Gautam et al. 2016). The allotetraploids between R.
sativus and B. rapa showed the phenotype biased to R.
sativus somehow (Zhang et al. 2019) and also the expression
dominance of rRNA genes from radish (data unshown).The
nucleolar dominance was kept likely by the radish chromosomes in the two additions used in present study but
remained to be detected, as the rRNA genes from B. rapa
was dominant in B. napus but recessive in the allotetraploids
with R. sativus. The comparative transcriptomic analysis
with the remaining additions with other radish chromosomes
should reveal more information about the effect of nucleolar
dominance on the gene expression regulation of B. napus.
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Moreover, aneuploidy could not only produce dosage effects
(cis-effects) but also induce the activation and/or suppression
of cellular pathways through expression of a sizable portion
of genes located on all the aneuploid chromosomes, resulting
in downstream genomewide transcriptional responses
(Zhang et al. 2017; Zhu et al. 2019). Trans-regulatory factors of aneuploid chromosomes from different origins could
bind the regulatory regions of homoeologs differently and
have different effects on gene expression (Zhang et al.
2018). Thus, aneuploid radish chromosomes with different
trans-regulatory factors might also have different effect on
gene expression.
In conclusion, the study of global gene expression regulation in the recipient genome by the addition of alien
individual chromosomes was difﬁcult before due to the lack
of genomic resources for the species involved and the
sequencing technology needed. Here, by transcriptome
sequencing of two rapeseed–radish addition lines and their
parents, it was revealed that genomewide gene expression
perturbation in B. napus was induced by the additional
radish chromosome, which distributed asymmetrically on
two subgenomes. The two radish chromosomes not only
caused different alterations of the whole gene expressions,
but also could alter the direction and extent of homoeolog
expression bias, as well as the gene expression in the triplicated subgenomes. Further studies are needed to elucidate
the epigenetic modulations including the nucleolar dominance on gene expression changes responding to the addition
of alien chromosomes.
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