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Alien chromosome substitution (CS) lines are treated as vital germplasms for breeding
and genetic mapping. Previously, a whole set of nine Brassica rapa-oleracea monosonic
alien addition lines (MAALs, C1-C9) was established in the background of natural
B. napus genotype “Oro,” after the restituted B. rapa (RBR) for Oro was realized.
Herein, a monosomic substitution line with one alien C1 chromosome (Cs1) in the
RBR complement was selected in the progenies of MAAL C1 and RBR, by the
PCR amplification of specific gene markers and fluorescence in situ hybridization.
Cs1 exhibited the whole plant morphology similar to RBR except for the defective
stamens without fertile pollen grains, but it produced some seeds and progeny
plants carrying the C1 chromosome at high rate besides those without the alien
chromosome after pollinated by RBR. The viability of the substitution and its progeny
for the RBR diploid further elucidated the functional compensation between the
chromosome pairs with high homoeology. To reveal the impact of such aneuploidy
on genome-wide gene expression, the transcriptomes of MAAL C1, Cs1 and euploid
RBR were analyzed. Compared to RBR, Cs1 had sharply reduced gene expression
level across chromosome A1, demonstrating the loss of one copy of A1 chromosome.
Both additional chromosome C1 in MAAL and substitutional chromosome C1 in
Cs1 caused not only cis-effect but also prevalent trans-effect differentially expressed
genes. A dominant gene dosage effects prevailed among low expressed genes across
chromosome A1 in Cs1, and moreover, dosage effects for some genes potentially
contributed to the phenotype deviations. Our results provided novel insights into the
transcriptomic perturbation and gene dosage effects on phenotype in CS related to one
naturally evolved allopolyploid.
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INTRODUCTION

Increasing narrow genetic diversity due to selection pressure
excessively focusing on quality and yield in the crop’s breeding
pools has been a big challenge for breeders to enhance current
levels of resistance to biotic and abiotic stresses (Chang and de
Jong, 2005; Gupta et al., 2016). Therefore, plant breeders and
geneticists are greatly interested in enhancing genetic variants
of crops via interspecific and somatic hybridization to transfer
desirable traits from wild species (Quiros et al., 1987; Du et al.,
2009; Heneen et al., 2012; Chen et al., 2014; Kang et al., 2014; Zhu
et al., 2016). As intermediate crossing products of interspecific
hybridization, alien chromosome addition lines, CS lines and
other aneuploidy lines not only offer the ideal opportunity to
produce introgression lines, but provide a unique avenue to check
heterologous gene expression and interaction between recipient
genome and donor chromosome in plants (Barthes and Ricroch,
2001; Zhu et al., 2016). However, few studies referring to gene
expression in these aneuploidy lines have been carried out so far.

Aneuploidy generally manifests itself as impaired fitness,
abnormal development and even lethal to organism due to
the burden of additional or insufficient gene products (Siegel
and Amon, 2012). The typical example in human is Down’s
syndrome, which is arisen from extra copy of entire or partial
chromosome 21, resulting in a cognitive impairment, muscle
hypotonia, as well as dysmorphic features (Letourneau et al.,
2014). The vast majority of human cancers also display various
levels of aneuploidy. Despite the fact that plants have better
tolerance to the aneuploidy than animals, all aneuploid plants
grow more poorly than euploid plants (Singh et al., 1996; Henry
et al., 2010; Zhu et al., 2015). Recently, gene expression patterns
in aneuploidy organisms were gradually noted. With the high-
throughput technologies, studies of global gene expression in
aneuploidy plants and animals (Huettel et al., 2008; Zhang et al.,
2010; Mäder et al., 2011; Letourneau et al., 2014) demonstrated
that the trans-acting effects across remainder genome were found
to be quite prevalent, rather than the cis-acting effects along
altered chromosomes.

Monosomic CS lines generally derived from progenies of alien
addition lines have been believed to enhance homoeologous
chromosomes to pair and synapse (Chang and de Jong, 2005),
making it a powerful genetic resource for transferring desirable
traits and analyzing the contribution of chromosome segments
to phenotypic variations (Saha et al., 2006; Gupta et al., 2016).
However, because of the molecular mechanism of inhibition of
homoeologous recombination existing in allopolyploid (Feldman
and Levy, 2012; Buggs et al., 2014), as well as much more
risk of death in CS lines, it is much more difficult to generate
CS lines than alien additions. Impressively, stocks of addition
lines and viable substitution lines have been developed in a
variety of crop plants. A plenty of chromosomal substitution
lines of common wheat carrying alien chromosomes have been
established to transfer traits like diseases tolerance and superior

Abbreviations: CS, chromosome substitution; DEGs, differentially expressed
genes; FISH, fluorescence in situ hybridization; HE, homoeologous exchanges;
MAAL, monosomic alien addition line; RBR, restituted B. rapa.

environmental adaption into varieties for several decades (Wells
et al., 1982; Du et al., 2015; Pang et al., 2014; Zhu et al., 2017).
Rice carrying the chromosomal segment of common wild rice
has been essential to enhance the tolerance to chilling (Wang
et al., 2017). Some chromosomal segment substitution lines have
also been developed and performed in isolation of alleles of
rice target QTLs (Wan et al., 2006; Yang et al., 2015). The
contribution of alien substituted chromosomes with tolerance to
root-knot nematode has also been documented in upland cotton
(Gossypium hirsutum L) carrying Pima cotton (G. barbadense L)
chromosomes (Ulloa et al., 2016). Recently, C-genome CS lines in
derived B. juncea with the increased genetic diversity and hybrid
performance had been identified by cytogenetic and molecular
methods (Gupta et al., 2016).

The diploids B. rapa L. (2n = 2x = 20, ArAr) and B. oleracea
L. (2n = 2x = 18, CoCo) arising from a common hypothetical
hexaploid ancestor (Cheng et al., 2013) showed closed genome
relatedness and parented the economically valuable allotetraploid
B. napus (2n = 38, AnAnCnCn) (Nagaharu, 1935; Chalhoub
et al., 2014). Compared to B. rapa, B. oleracea shows stronger
resistance to biotic and abiotic stresses. Therefore, interspecific
hybridization between B. rapa and B. oleracea was performed
in many studies, attempting to transfer desirable genes from
B. oleracea to B. rapa (Quiros et al., 1987; McGrath and Quiros,
1990; Prakash et al., 2009; Geleta et al., 2012). Intriguingly, in
our previous study, the restituted B. rapa (RBR, 2n = 20, AnAn)
ancestor was generated from natural B. napus through inducing
the preferential elimination of C-subgenome chromosomes in
intertribal crosses (Tu et al., 2010; Zhu et al., 2016), and
subsequently the whole set of monosonic alien addition lines
(MAALs) was established to in situ dissect C-subgenome
by adding each of its nine chromosomes to the extracted
A-subgenome (Zhu et al., 2016).

In this study, a substituted plant (2n = 20 = 19A+1C1) was
picked out among these progenies of MAAL C1 and RBR, and
RNA-seq analysis indicated that one chromosome of A1 was
replaced in the CS line. Compared to euploid RBR, genome-wide
gene expression revealed both cis-effect and prevalent trans-
effect DEGs in MAAL C1 and CS line. Moreover, a dominant
gene dosage effects prevailing among low expressed genes across
chromosome A1 in Cs1 was also observed. These findings
provided new insights into heterologous gene expression and
interplay between recipient genome and donor chromosome.

MATERIALS AND METHODS

Plant Materials
A complete set of B. rapa-oleracea MAALs with each of nine
C-subgenome chromosomes added to the restituted RBR Oro
was established in the background of natural B. napus genbotype
“Oro” in our previous study (Zhu et al., 2016). A plant with
2n = 20 from the progenies of MAAL C1 after pollinated by RBR
Oro was demonstrated to harbor one chromosome C1 by the
PCR amplification of C1 chromosome specific gene markers and
FISH with the C genome specific probe. This plant showed severe
deficiency on stamen but were female fertile and produced some
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seeds after pollinated by RBR Oro. These plants were grown in
the green house in a control condition in Huazhong Agriculture
University.

Morphology and Cytology Analysis
Morphological characteristics of the substitution line, MAAL
C1 and RBR Oro were documented and compared in pairs. To
determine the chromosome numbers of backcrossing progenies,
ovaries from young flower buds were collected and treated with
2 mM 8-hydroxyquinoline for 3 h at room temperature, then
fixed in Carnoy solution (3:1 ethanol: glacial acetic acid, v/v) and
stored at−20◦ for use.

PCR Amplification of C1 Chromosome
Specific Gene Markers
Total DNA was extracted from young leaves according to the
CTAB method. To confirm whether the backcrossing progenies
harbored the chromosome C1, C1 chromosome specific gene
markers (Zhu et al., 2016) were performed to amplify. The
PCR reactions system was in a volume of 10 µl containing
1 × Taq buffer, 2 mM MgCl2, 2.5 mM dNTPs, 5 µM forward
and reverse primer, 0.35 U Taq DNA polymerase and 50 ng
genomic DNA. DNA fragments were amplified using an initial
5-min denaturation at 94◦ followed by 30 cycles (94◦ for 45 s, 53◦
−57◦ for 30 s, 72◦ for 45 s), and a final 10-min elongation step at
72◦. Finally, PCR products were separated by 1% agarose gels.

Probe Labeling and FISH Analysis
The plasmid DNA of BAC BoB014O06 specific for Brassica
C-genome (provided by Susan J. Armstrong, University of
Birmingham, Birmingham, United Kingdom) was labeled with
biotin-11-dCTP by random priming using the BioPrime DNA
Labeling System kit (Invitrogen, Life Technologies) according to
the manufacturer’s protocol (Invitrogen, Life Technologies). Slide
preparations were carried out mainly according to the methods of
Zhong et al. (1996), and the BAC-FISH analyses was performed
according to the procedure of Cui et al. (2012), with slight
modification to reduce the washing time to 8 min in 0.1× saline
sodium citrate (SSC) with 20% deionized formamide at 40◦.

Images from FISH were captured using a computer-assisted
fluorescence microscope with a CCD camera (Axio Scope A1,
Zeiss, Germany). Photographs were manipulated by the software
of Adobe Photoshop 7.0 (Adobe Systems, Inc.) to adjust the
contrast and brightness and change the background into black.

RNA Extraction and Preparation of cDNA
Libraries
For RBR Oro, MAAL C1 and the substitution line, three
biological replicates were used to prepare a total of nine cDNA
libraries. Briefly, the third leaves from three plants per sample
were pooled equally and ground in the liquid nitrogen. Total
RNA was extracted using commercial RNA kit (Tiangen, China)
according to the manufacturer’s protocol. The quality and
quantity of isolated RNA were assessed by Qubit (Invitrogen,
Life Technologies), and then the RNA Integrity Number (RIN)
value was assessed by Agilent Technologies 2100 Bioanalyzer

(Agilent). 1.5 µg RNA per biological replicate was used to prepare
the c-DNA library following the TruSeq RNA Sample Prep v2
protocol when the RNA Integrity Number value was higher than
8. Subsequently, the nine libraries were sequenced on Illumina
HiSeqTM 3000 platform (Illumina, United States) to generate
150 bp paired-end reads.

Differentially Expressed Genes (DEGs)
Analysis
Trimmomatic software version 0.33 (Bolger et al., 2014) was
used to remove adapters and low quality reads to generate clean
reads with following parameters: LEADING: 3, TRAILING:
3, SLIDINGWINDOW: 4:15, MINLEN: 36, LEADING: 3,
TRAILING: 3, SLIDINGWINDOW: 4:15, MINLEN: 36,
TOPHRED: 33. Then, these clean reads were aligned to the
B. napus reference genome with 101040 predicted genes
(Chalhoub et al., 2014) using Hisat software (version 0.1.6) with
a strict mismatch tolerance according to the follow criterion:
specifying−L, 0,−0.15 (Kim et al., 2015). FPKM (Fragments Per
Kilobase per Million mapped reads) value was calculated using
Cufflinks (version 2.2.1) with default parameters and performed
to calculate gene expressions (Trapnell et al., 2012). To assess
the differences in gene expression level among substitution line,
MAAL C1 and RBR Oro in pairs, the package of DEseq2 with the
cutoff of twofold change in gene expression and false discover
rate with q < 0.05 (Trapnell et al., 2013) was performed to pick
out DEGs. Eventually, the GO annotations and enrichments for
DEGs were determined by Blast2GO (Conesa et al., 2005) and
the R package of GOseq (FDR, p < 0.05), respectively.

Data Statistics
The significance of data statistics, including Wilcoxon signed-
rank test, Pearson Correlation Coefficient as well as chi-square
test (χ2-test) was determined by the data analysis function of
R project. The RNA-seq data for the present study is available
at Gene Expression Ombinus (GEO) with the accession number
GSE108122.

RESULTS

Morphology of Substitution Line
From 52 backcrossing plants between MAAL C1 and RBR as
pollen donor, a substituted plant (1.92%) (2n = 19A + 1C) was
initially picked out via chromosome specific gene markers and
counting chromosome number, while that which chromosome
was substituted was still undetermined. Compared to MAAL C1
and euploid RBR Oro, the substitution plant showed the similar
oval, glabrous, convex and dark green leaves to RBR Oro but
the smallest plant size (Figures 1A–C) and the most delayed
flowering time, about seven and 10 days later than MAAL C1 and
RBR Oro, respectively. It also showed severe defective stamens
(Figure 1D) with no fertile pollen grains but produced 73 seeds
(1.46 seeds per pod) after pollination by RBR Oro. By PCR
amplifications of chromosome C1 specific gene markers, 32 out
of surviving 72 plants (44%) carried the chromosome C1 which
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FIGURE 1 | Morphology of aneuploidy RBR Oro, MAAL C1 and Cs1 at
seedling stage and flower of Cs1. (A–C) Young seedlings for RBR Oro, MAAL
C1 and Cs1, bar: 5 cm. (D) The Cs1 plant shows abnormal flower with
defective stamen, bar: 1 cm.

was transmitted via female gamete, was slight higher than that in
MAAL C1 (0.31, 15/48), but not so significant (χ2-test, P = 0.23).
This indicated that female aneuploidy gamete (9A + 1C) was
also highly viable in the competition with the euploidy gamete
(10A). No fragmental chromosome C1 added was detected in the
offspring.

Identity of the Substituted Chromosome
To detect whether the substitution line harbored one structural
intact C1 chromosome, five C1 chromosome specific gene
markers located on its two arms (Zhu et al., 2016) were amplified
and all the amplification products of these markers were present
(Figure 2C). Then by FISH analyses with BAC BoB014O06
as probe which was specific to C-subgenome chromosome in
Brassica (Cui et al., 2012; Zhu et al., 2015), the chromosomal
constitution of 19 A-subgenome chromosomes and one
C-subgenome chromosome was demonstrated (Figure 2A).

To further determine which chromosome of A genome was
replaced in the substitution line, we performed RNA-seq to check
the gene expression reduction for one particular chromosome.
Because of high homoeology between A1 and C1 chromosomes
(Xiong et al., 2011), the chromosome A1 was most likely the
one being substituted. As expected, compared to MAAL C1 and
euploid RBR Oro, this substitution line showed sharply reduced
gene expression level along chromosome A1, as indicated by their
box plots of expressed genes (FPKM > 0, FPKM, Fragments per
Kilobase of transcript per Million mapped reads) (Figure 2B).

Differentially Expressed Genes in Three
Paired Comparisons
To draw a comprehensive picture of the perturbations of gene
expression in the substitution line, we performed its RNA-seq
data and compared to MAAL C1 and RBR Oro. The substitution

line, MAAL C1 and RBR Oro were abbreviated as Cs1, C1 and
RBR, respectively. After the adapters and the low-quality reads
were removed by Trimmomatic software version 0.33, 7.46–18.43
million clean 150-bp end pair reads per sample were generated.
Then these clean data were mapped to the B. napus genome
with 101040 predicted genes (Chalhoub et al., 2014). Finally,
74.14–77.30% of clean reads per sample, including 15.30–19.00%
multiple mapped reads were aligned to the reference genome
(Table 1).

After that, the values of FPKM per sample were assessed
to determine the gene expression profiling among Cs1, C1
and RBR. And the DEseq2 package software was performed to
determine the DEGs. Compared to euploid RBR, 3331 DEGs
were identified in C1, including 1561 (46.86%) up-regulated
genes and significantly higher down-regulated genes (1770,
53.14%) (χ2-test, P = 2.93e-4). Remarkably, more than double
DEGs (6776), including 3433 (50.66%) up-regulated genes
and comparable down-regulated genes (3343, 49.34%) (χ2-test,
P = 0.27), were detected in the comparison of RBR vs. Cs1,
probably attributing to the simultaneous chromosome loss and
substitution in Cs1. 8994 DEGs, including 4259 (47.35%) down-
regulated genes and a significant bias to up-regulated genes (4735,
52.65%) (χ2-test, P = 5.19e-5) were also found in the comparison
C1 vs. Cs1. The results of Venn diagram supported by the public
webtools (Bioinformatics & Evolutionary Genomics1 ) showed
that 1564 DEGs were identified both in RBR vs. C1 and RBR vs.
Cs1, almost half of total DEGs in RBR vs. C1 (46.95%) and quarter
of DEGs in RBR vs. Cs1 (Figure 3A). Detailed information of
DEGs was summarized in Table 2.

Cis- and Trans-Effects for Transcripts in
Aneuploids C1 and Cs1
Although MAAL C1 had an extra chromosome C1, it showed an
extremely significant bias to down-regulated genes in comparison
with RBR. This suggested not only a strong systemic effect for
the unbalanced chromosome complement (cis-effect), but also a
wide range of trans-effects for transcripts on the other disomic
chromosomes (trans-effects). This result was in accordance with
recent studies of gene expression patterns in aneuploidy (Huettel
et al., 2008; Letourneau et al., 2014; Zhu et al., 2015).

To assess the trans-effects of unbalanced chromosomes
on gene expression, we picked out DEGs along disomic
chromosomes in the comparisons of RBR vs. C1, RBR vs. Cs1
and C1 vs. Cs1. For RBR vs. C1, 2706 (81.24%) DEGs were
on the 20 disomic chromosomes, including 950 (37.36%) up-
regulated genes and 1756 (62.64%) down-regulated genes, with
an extremely significant bias to the latter (χ2-test, P = 2.20e-
16). From the comparison RBR vs. Cs1, after ruling out the
DEGs on extra chromosome C1 and deficient chromosome A01,
5438 (80.25%) DEGs were detected, including 2586 (47.21%) up-
regulated genes and 2852 down-regulated genes (52.79%), with
a significant bias to down-regulation (χ2-test, P = 3.10e-4). The
comparison of C1 vs. Cs1 gave 8122 (90.30%) DEGs belong to
trans-effects (Table 3).

1http://bioinformatics.psb.ugent.be/webtools/Venn/
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FIGURE 2 | Detection of the identity of the substitution line from the backcrossing between MAAL C1 and RBR Oro by FISH, PCR amplification and RNA-seq
analysis. (A) Blue color is for DAPI staining and red signal is from the labeled BAC BoB014O06 probe. The FISH analysis shows a chromosome configuration from
mitotic cell with 19A chromosomes and 1C chromosome in substitution line. Bar: 10 µm. (B) Box plot of Log2(FPKM) of the total expressed genes (FPKM > 0) along
on chromosome A1 indicates one A1 chromosome missing. (C) PCR amplifications of C1 chromosome specific gene markers confirms that the C1 chromosome
retains in the substitution line. The sizes of marker ladder from top to end are 2000, 1000, 750, 500, 250, and 100 bp, respectively.

Whether these trans-effect DEGs presented random
contributions on all disomic chromosomes in the substitution
line? Thus, we assessed the proportion of genome-wide expressed
genes and DEGs of the remainder disomic chromosomes in two
comparisons. Trans-effects did not appeared equally across all
chromosomes in the comparisons of RBR vs. C1 and RBR vs. Cs1.
Intriguingly, chromosome A03 were always most susceptible in
both comparisons, but chromosome A02 and chromosome A04
were most stable (Supplementary Table S1, χ2-test, P < 0.001),
hinting that aneuploidy might impact gene expression distinctly
on some chromosomes.

Only a minor degree of cis-effect genes was observed, with
625 (18.76%) DEGs along on chromosome C1 in the comparison
of RBR vs. C1 and 704 (10.39%) DEGs along on chromosome
C1, as well as 634 (9.36%) DEGs across chromosome A01
in the comparison of RBR vs. Cs1. Interestingly, despite the
reduced gene dosage, 5.19% (194) of genes along chromosome
A01 in Cs1 had significantly higher expression levels than
in the euploid RBR, probably attributing to the genome-wide
dosage-compensation. These up-regulated genes, which were

largely rather well-distributed along chromosome A01, appeared
to have no conspicuous common features. To gain deeper
insights into common patterns of the aneuploidy effect on

TABLE 1 | Summary of clean reads per sample mapped to reference genome of
B. napus ‘Darmor-bzh.’

Sample Clean
reads

Unique
mapped (%)

Multiple
mapped (%)

Total
mapped

(%)

RBR_1 9492588 61.50 15.80 77.30

RBR_2 9217222 59.16 16.25 75.41

RBR_3 7458828 60.73 15.87 76.60

C1_1 9066801 58.97 15.30 74.27

C1_2 10939481 58.82 15.59 74.41

C1_3 10637980 59.21 15.30 74.51

Cs1_1 14850829 56.75 17.39 74.14

Cs1_2 18433830 56.04 18.34 74.38

Cs1_3 14929375 55.88 19.00 74.88
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FIGURE 3 | Total and trans-effected differentially expressed genes (DEGs)
from three comparisons are shown in Venn diagram
(http://bioinformatics.psb.ugent.be/webtools/Venn/). (A) Venn analysis for
total DEGs. (B) Venn analysis for trans-effected DEGs.

gene expression, we performed Venn diagram to pick out
the common-effected DEGs and specific DEGs. The identified
964 common trans-effect DEGs occupied 35.62% trans-effect
DEGs in RBR vs. C1 and 17.72% trans-effect DEGs in RBR
vs. Cs1. The comparisons of RBR vs. C1, RBR vs. Cs1 and
C1 vs. Cs1 resulted in 518, 1239 and 2842 DEGs, respectively
(Figure 3B). Taking into consideration of altered patterns of gene
expressions, 273 down-regulated and 124 up-regulated trans-
effected DEGs were detected both in RBR vs. C1 and RBR vs.
Cs1. The gene ontology analysis revealed that these common
DEGs, especially the reduced expressed genes (Figure 4A)
mainly involved in “photosystem II” (Benjamini–Hochberg FDR,
P = 9.9e-11), “thylakoid” (P = 1.1e-11), “photosynthesis, light
harvesting in photosystem I”(P = 6.5e-13) as well as “pigment
binding” (P = 2.8e-13) and in particular those involved in
“plastid” (P = 4.5e-14) and “chloroplast” (P = 3.8e-19), indicating
that aneuploidy had severe impairment on photosynthesis.
Intriguingly, up-regulated common DEGs were demonstrated
to be associated with the annotation cluster “response to

mannitol” (P = 3.5e-2), “nucleus” (P = 1.6e-2), “phosphoprotein”
(P = 6.6e-3) and “response to water deprivation” (P = 5.2e-3) and
particular in “alternative splicing” (P = 1.8e-3), implying that the
aneuploidy defect also triggered epigenetic alteration on genome-
wide gene expression which needed further study (Figure 4B).

Expression of One-Dose Genes in Cs1
Line
Gene dosage effects have been demonstrated to widely contribute
to the phenotype alterations (Birchler and Veitia, 2007; Huettel
et al., 2008). The substitution line provided an excellent chance
to determine the overall patterns of one-dose genes response
on chromosome A01. According to Malone et al.’s (2012) work,
using t-test (p < 0.05), a null hypothesis, in which the expression
of one-dose genes was twofold reduction in RBR compared to the
Cs1 values for each gene, was tested to classify the expression
of one-dose genes into three groups: anti-compensated, non-
compensated and compensated. Briefly, genes for which the
null hypothesis was not rejected, were stratified into non-
compensated. The genes for which the null hypothesis was
rejected and expression was lower than the expected two-fold
reduction were treated as anti-compensated. And genes for
which the null hypothesis was rejected and the expression was
higher than the expectations were classified as compensation
levels.

Our data showed that non-compensation (1558, 41.66%) class
and non-expressed (1298, 34.71%) genes across chromosome A1
in Cs1 accounted for the most genes, however, 693 (18.53%) genes
belonged to anti-compensated group. And only a minor degree
of compensated genes (191, 5.10%) were observed. Additionally,
we wondered if there was a clear correlation between gene
expression levels and compensation state. Herein, based on the
gene expression in RBR, we classified genes along chromosome
A01 into three categories, according to low (0.1 < RPKM < 10,
1372 genes), medium (10 < RPKM < 100, 751 genes), or high

TABLE 2 | Proportion of up- and down-regulated differentially expressed genes (DEGs) in three comparisons.

RBR vs. C1 C1 vs. Cs1 RBR vs. Cs1

DEGs Ratio (%) DEGs Ratio (%) DEGs Ratio (%)

Up-regulated 1561 46.86 4735∗∗ 52.65 3433 50.66

Down-regulated 1770∗∗ 53.14 4259 47.35 3343 49.34

Total 3331 8994 6776

∗∗Groups extremely significantly different detected by chip-seq, p < 0.01.

TABLE 3 | Summary of trans-effected DEGs in three comparisons.

RBR vs. C1 C1 vs. Cs1 RBR vs. Cs1

DEGs Ratio (%) DEGs Ratio (%) DEGs Ratio (%)

Up-regulated 950 37.36 4480∗∗ 53.41 2586 47.21

Down-regulated 1756∗∗ 62.64 3642 46.59 2852∗∗ 52.79

Total 2706 8122 5438

∗∗Groups extremely significantly different detected by chip-seq, p < 0.01.
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FIGURE 4 | The gene ontology analysis for common trans-effected DEGs in
the comparisons of RBR vs. C1 and RBR vs. Cs1. (A) The gene annotation
terms for down regulated genes. (B) The gene annotation terms for up
regulated genes.

(RPKM > 100, 96 genes) levels. Notably, non-compensation
was more prevalent in low expression genes (918, 66.91%)
and medium (403, 53.66%) groups (χ2-test, P < 0.05), while
compensated genes, including anti-compensated genes were
dominant in high group (49, 51.04%), but not significant (χ2-
test, P = 0.84). However, compared to compensated genes, anti-
compensated genes were prevalent among all expression levels
(Table 4).

GO Annotation of Total and Trans-Effect
DEGs
To further study the biological pathways that probably
contributed to morphology alteration in MAAL C1 and Cs1, the
DEGs were annotated in GO database. Due to insufficient gene
function annotations in B. napus, the DEGs were first annotated
by sequence alignment with homologous gene in TAIR 10 (The
Arabidopsis Information Resources) (E-value cutoff of 1e-5).
Totally, 2903 (87.15%) of 3331 DEGs (1574 down-regulated
and 1329 up-regulated genes) in RBR vs. C1 and 5896 (87.01%)
of 6776 DEGs (2919 down-regulated and 2977 up-regulated
genes) in RBR vs. Cs1 were respectively aligned to their putative

orthologs in Arabidopsis thaliana. Then these genes groups were
assigned to Gene Ontology (GO) category with the three major
terms, cellular component, molecular function and biological
process via the open access functional annotation tool DAVID2

according to Benjamini modified FDR value (P < 0.05).
For the down-regulated genes, the GO terms related to

chloroplast and photosystem were significantly clustered for
both comparisons, indicating aneuploidy generally resulted
in defective photosynthesis. The gene ontology analysis also
revealed that the reduced expressed genes in C1 and Cs1 involved
in “rRNA binding,” “structural constituent of ribosome” and
“large ribosomal subunit” (Figures 5A,B), implying a reduction
in protein synthesis in aneuploidy, consistent with the results of
previous gene expression studies in other aneuploidy organisms
(Torres et al., 2008; Stingele et al., 2012; Sheltzer et al., 2012).
Particularly, sharply reduced GO terms were clustered in up-
regulated genes in both RBR vs. C1 and RBR vs. Cs1, despite
the fact that up-regulated DEGs and down-regulated genes were
comparable in RBR vs. C1 and RBR vs. Cs1 (Figures 5C,D),
indicating that the responses of highly expressed genes to
aneuploidy impact were more random. The terms with “nucleus”
and “positive regulation of transcription, DNA-templated” were
revealed in both comparisons, which implied positive DNA
synthesis and potentially supported the hypothesis that the
structure of genome was undergoing a period of instability
in aneuploidy (Huettel et al., 2008). Another finding was that
the up-regulated genes in RBR vs. Cs1 were rich in the terms
“response to brassinosteroid” and “brassinosteroid mediated
signaling pathway” (Figure 5D), which provided some clues
that brassinosteroid probably contributed to the morphology of
substitution line with defective stamen.

To gain insights into the impact of aneuploidy on
remainder gene expressions, the GO analysis was conducted
to independently annotate the trans-effected DEGs. 2376 of
2706 trans-effected DEGs in RBR vs. C1 and 4742 of 5438
trans-effected DEGs in RBR vs. Cs1 were respectively aligned
to their homologous partners in A. thaliana. Similar with the
total DEGs annotation, the GO analysis revealed that reduced
expressed genes were mainly involved in photosynthesis and
protein synthesis related terms (Supplementary Figures S1A,B)
in both comparisons. And up-regulated trans-effected genes
were dominantly associated with “positive regulation of
transcription, DNA-templated.” Additionally, up-regulated
trans-DEGs involved in stress response were consistently
observed (Supplementary Figures S1C,D). The terms “response
to brassinosteroid” and “brassinosteroid mediated signaling
pathway” associated with the up-regulated trans-effected DEGs
were also observed in RBR vs. Cs1, indicating trans-effect mainly
contributed to this cluster.

DISCUSSION

In present study, a monosomic CS line of B. rapa involving two
highly homoeologous chromosomes A1 and C1 was established

2https://david.ncifcrf.gov/summary.jsp
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TABLE 4 | The relationship between gene expression level and gene expression compensation.

Gene groups Non-compensated Ratio (%) Compensated Ratio (%) Anti-compensated Ratio (%) Total

Low (0.1 < RPKM < 10) 918∗∗ 66.91 96 7 358 26.09 1372

Medium (10 < RPKM < 100) 403∗ 53.66 80 10.65 268 35.69 751

High (RPKM > 100) 47 48.96 15 15.63 34 35.42 96

∗∗Groups extremely significantly different detected by chip-seq, p < 0.01. ∗Groups significantly different detected by chip-seq, p < 0.05.

and identified through the methods of cytology and RNA-seq.
The uniqueness of the substitution was that it contained the 19
A-subgenome chromosomes and 1 C-subgenome chromosome
from the natural B. napus genotype, which provided the
particular opportunity to study the genome interplay and
aneuploidy effect on phenotype and gene expression in one
allopolyploid with a long history. Homoeologous pairings
and exchanges between A and C sub-genome due to their
close relatedness were extensively revealed in synthetic and
natural B. napus (Szadkowski et al., 2010; Cui et al., 2012;

Chalhoub et al., 2014; Zhang et al., 2015). Particularly,
homoeologous chromosome replacement and compensation
frequently occurred between chromosome sets with extensive
homoeology (A1/C1, A2/C2) to maintain chromosome dosage
balance (Xiong et al., 2011). Our MAAL C1 (AnAn

+ 1Cn) not
only showed the highest rates of allosyndetic trivalents, but also
the higher transmission rate of the C1 chromosome by both
male and female gametes (Zhu et al., 2016), which enhanced
the possibility for establishment of CS line. But no such CS
line has been reported in the development of addition lines

FIGURE 5 | GO analysis of trans-effected DEGs in two comparisons of RBR vs. C1 and RBR vs. Cs1 annotated by three categories: cellular component (blue),
molecular functions (red) and biological process (green). (A,B) Go annotation for down-regulated genes in both comparisons. (C,D) The reduced GO terms were
clustered in up-regulated genes in both comparisons.
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from the crosses between natural B. rapa (ArAr) and B. oleracea
(CoCo) (Geleta et al., 2012; Heneen et al., 2012). Potentially,
closer relationship between An and Cn subgenomes in natural
B. napus than that between Ar and Co subgenomes from
two independently evolved diploids enhanced the compensation
between An and Cn subgenomes chromosomes and the viability
of the CS plants. Alternatively, those CS progenies failed to be
identified, owing to the previous technical limitations.

The CS lines and alien additions provided a unique avenue
to investigate the heterologous gene expression and interplay
between recipient genome and donor chromosome. It is very
interesting to detect ectopic expression of alien genes, their
dependence of genes along other chromosomes of the donor
species, as well as the effect of different genetic backgrounds
of the recipient genome (Chang and de Jong, 2005). However,
few researches referring to gene expression and molecular level
have been carried out probably due to shortage of genomic
information of donor species. Recently, several genes related to
steroidal saponin pathway were revealed in Allium fistulosum –
Allium cepa monosomic addition lines through high-throughput
RNA-seq (Abdelrahman et al., 2017), showing a feasible way
to detect gene expression patterns of alien genes and gene
expression interplay between heterologous genes. Because of
a perturbation of stoichiometric relationships between gene
products resulting in dosage imbalances (Birchler and Veitia,
2007), adding or subtracting of single chromosome usually
produce stronger alteration of phenotypes than whole-genome
change in organism. Herein, transcriptomic changes in both
MAAL C1 and Cs1 via RNA-seq not only determined the
origin of altered chromosome (cis-effect), but showed more
extensively impact of altered chromosome on global gene
expression (trans-effect), in line with the previous results of
genome-wide perturbations of gene expressions from other
aneuploids in Arabidopsis, fruit fly, human and B. napus (Huettel
et al., 2008; Malone et al., 2012; Letourneau et al., 2014; Zhu
et al., 2015). Besides, compared to MAAL C1, more than double
DEGs occurred in Cs1, probably for a more complex karyotype
resulted in more severe dosage imbalance (one C1 chromosome
substituting one A1 chromosome). We also noticed that the
impact of aneuploidy on gene expression was uneven across all
chromosomes in both comparisons, implying that trans-effect
of altered chromosome on remainder genome was under some
special molecular mechanisms. Moreover, significant richment
of the common upregulated genes in both comparisons in the
term “alternative splicing” indicated that epigenetic alterations of
wide-genome genes were triggered by unbalanced genome.

Gene dosage has been demonstrated to widely contribute to
the phenotype alteration, while gene expression change was not
consistent with the alteration of gene copy number (Birchler and
Veitia, 2007; Huettel et al., 2008). The mechanisms responsible
for the phenomenon were unrevealed. The engineered fruit
flies (Drosophila melanogaster) where gene dose was reduced
from two to one have been used as a model to detect the
molecular mechanism under gene expression compensation
(Malone et al., 2012). However, the detection of gene dosage
change only strictly limited to few genes because chromosome
or chromosome segmental alteration for autosome chromosome

was generally fatal in human and animals. It is long recognized
that plants have better tolerance to the aneuploidy than
animals (Siegel and Amon, 2012). The whole chromosome
aneuploidy even complete sets of trisomics, monosomics and
nullisomics have been developed for some plants (Sears,
1954; Huettel et al., 2008; Zhu et al., 2015, 2016), which
provided excellent chances to determine the overall pattern
of dose responses of genes on copy altered chromosomes.
In A. thaliana, a minor degree of dosage compensation
(3%) was observed in chromosome 5 trisomics using array
comparative genome hybridization (Huettel et al., 2008).
Similarly, compensated genes along on altered chromosome
A1 (23.63%) in Cs1 were also in the minority, implying a
similar mechanism responsible in aneuploid. Interestingly, we
also demonstrated that the compensated genes were prevalent
in high expression genes. Gene expression compensation and
anti-compensation were believed to be mediated by feedback or
buffering in expression networks (Malone et al., 2012), probably
attributing to epigenetic silencing, altered transcription factor
availability, or some other masked mechanisms (Huettel et al.,
2008).

Previously, the study for gene expression of a nullisomic_C2
in same B. napus genotype also observed not only clear cis-
effects but prevalent trans-effects (Zhu et al., 2015). Compared
to gene expression patterns change in nullisomic_C2 (91.77%),
both C1 (81.23%) and Cs1 (80.25%) gave rise to relative low
trans-effects, indicating that aneuploidy with insufficient gene
products resulted in more severe impairment on gene expression
than aneuploidy with additional and substituted gene products.
Besides, several dysregulated domains which were clustered by
either up-regulated or down-regulated expressed genes along
same chromosomes were observed in the comparison of RBR vs.
Cs1. This result was in line with the observation in monozygotic
twins discordant for trisomy 21 which showed similar but much
more dysregulated domains across all chromosomes (Letourneau
et al., 2014). Once we believed the dysregulated domains of gene
expression was a common feature for aneuploidy (Zhu et al.,
2015), however, compared to euploid RBR, no such domains were
clearly observed in Cs1 and C1, indicating that the dysregulation
domains were likely specific to particular aneuploidy organisms.

CONCLUSION

The generation of one chromosome substituted B. rapa plant
(2n = 19A+1C) made it feasible to detect heterologous
gene expression and interplay between recipient A subgenome
and extra C1 chromosome. Subsequently, genome-wide genes
expression not only determined the identity of replaced
chromosome in A subgenome, but demonstrated existence of
cis-effect DEGs along altered chromosome(s) and prevalent
trans-effect DEGs across disomic chromosomes in both MAAL
C1 and Cs1, which provided a unprecedent insights into gene
expression interplay in heterogeneous aneuploidy (comprising of
two genomes). The undergoing studies, particular in epigenetic
studies, might reveal the molecular mechanisms responsible for
the gene expression in such aneuploidy.

Frontiers in Plant Science | www.frontiersin.org 9 March 2018 | Volume 9 | Article 377

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00377 March 20, 2018 Time: 14:57 # 10

Zhu et al. Gene Expression in Brassica Substitution Line

AUTHOR CONTRIBUTIONS

BZ designed this study and wrote the manuscript. YX
analyzed the RNA-seq data. PZ, BC, and XH phenotyped
and identified parental RBR “Oro” and C1 and the
substitution line. XG provided the analysis of FISH for
all materials. QW and ZL edited the manuscript, and
all contributors have commented and approved the final
manuscript.

FUNDING

This work was supported by Doctoral Foundation of Guizhou
Normal University (11904-0517061), NSFC (Grant No.
31360344), Natural Science Foundation of Guizhou Province
[Qiankehe J zi (2015) 2117], and Doctoral Foundation of
Guizhou Normal University (11904-0514157).

ACKNOWLEDGMENTS

We are grateful to Dr. Susan J. Armstrong (The University of
Birmingham, Birmingham, United Kingdom) for providing the
clone BoB014O06.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2018.00377/
full#supplementary-material

FIGURE S1 | GO analysis of total DEGs in two comparisons of RBR vs. C1 and
RBR vs. Cs1. (A,B) The terms clustered for down-regulated genes in both
comparisons. (C,D) The terms clustered for up-regulated genes.

TABLE S1 | Trans-effects across all disomic chromosomes in the comparison of
RBR vs. C1 and RBR vs. Cs1.

REFERENCES
Abdelrahman, M., El-Sayed, M., Sato, S., Hirakawa, H., Ito, S. I., Tanaka, K.,

et al. (2017). RNA-sequencing-based transcriptome and biochemical analyses
of steroidal saponin pathway in a complete set of Allium fistulosum-A. cepa
monosomic addition lines. PLoS One 12:e0181784. doi: 10.1371/journal.pone.
0181784

Barthes, L., and Ricroch, A. (2001). Interspecific chromosomal rearrangements
in monosomic addition lines of Allium. Genome 44, 929–935. doi: 10.1139/
g01-062

Birchler, J. A., and Veitia, R. A. (2007). The gene balance hypothesis: from classical
genetics to modern genomics. Plant Cell 19, 395–402. doi: 10.1105/tpc.106.
049338

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.
1093/bioinformatics/btu170

Buggs, R. J., Wendel, J. F., Doyle, J. J., Soltis, D. E., Soltis, P. S., and Coate,
J. E. (2014). The legacy of diploid progenitors in allopolyploid gene expression
patterns. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130354. doi: 10.1098/rstb.
2013.0354

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A., Tang, H., Wang, X., et al.
(2014). Plant genetics. Early allopolyploid evolution in the post-Neolithic
Brassica napus oilseed genome. Science 345, 950–953. doi: 10.1126/science.125
3435

Chang, S. B., and de Jong, H. (2005). Production of alien chromosome additions
and their utility in plant genetics. Cytogenet. Genome Res. 109, 335–343.
doi: 10.1159/000082417

Chen, Y., Wang, Y., Wang, K., Zhu, X., Guo, W., Zhang, T., et al. (2014).
Construction of a complete set of alien chromosome addition lines from
Gossypium australe in Gossypium hirsutum: morphological, cytological, and
genotypic characterization. Theor. Appl. Genet. 127, 1105–1121. doi: 10.1007/
s00122-014-2283-1

Cheng, F., Mand, X., Kov, X., Terezie, W. J., Xie, Q., Lysak, M. A., et al. (2013).
Deciphering the diploid ancestral genome of the mesohexaploid Brassica rapa.
Plant Cell 25, 1541–1554. doi: 10.1105/tpc.113.110486

Conesa, A., Götz, S., García-Gómez, J. M., Terol, J., Talón, M., and Robles, M.
(2005). Blast2GO: a universal tool for annotation, visualization and analysis
in functional genomics research. Bioinformatics 21, 3674–3676. doi: 10.1093/
bioinformatics/bti610

Cui, C., Ge, X., Gautam, M., Kang, L., and Li, Z. (2012). Cytoplasmic and
genomic effects on meiotic pairing in Brassica hybrids and allotetraploids from
pair crosses of three cultivated diploids. Genetics 191, 725–738. doi: 10.1534/
genetics.112.140780

Du, W., Zhao, J., Wang, J., Wang, L., Wu, J., Yang, Q., et al. (2015). Cytogenetic
and molecular marker-based characterization of a wheat-Psathyrostachys

huashanica Keng 2Ns (2D) substitution line. Plant Mol. Biol. Rep. 33, 414–423.
doi: 10.1007/s11105-014-0761-x

Du, X. Z., Ge, X. H., Yao, X. C., Zhao, Z. G., and Li, Z. Y. (2009). Production
and cytogenetic characterization of intertribal somatic hybrids between Brassica
napus and Isatis indigotica and backcross progenies. Plant Cell Rep. 28,
1105–1113. doi: 10.1007/s00299-009-0712-4

Feldman, M., and Levy, A. A. (2012). Genome evolution due to
allopolyploidization in wheat. Genetics 192, 763–774. doi: 10.1534/genetics.112.
146316

Geleta, M., Heneen, W. K., Stoute, A. I., Muttucumaru, N., Scott, R. J., King, G. J.,
et al. (2012). Assigning Brassica microsatellite markers to the nine C-genome
chromosomes using Brassica rapa var. trilocularis–B. oleracea var. alboglabra
monosomic alien addition lines. Theor. Appl. Genet. 125, 455–466. doi: 10.1007/
s00122-012-1845-3

Gupta, M., Mason, A. S., Batley, J., Bharti, S., Banga, S., and Banga, S. S. (2016).
Molecular-cytogenetic characterization of C-genome chromosome substitution
lines in Brassica juncea (L.) Czern and Coss. Theor. Appl. Genet. 129, 1153–1166.
doi: 10.1007/s00122-016-2692-4

Heneen, W. K., Geleta, M., Brismar, K., Xiong, Z., Pires, J. C., Hasterok, R., et al.
(2012). Seed colour loci, homoeology and linkage groups of the C genome
chromosomes revealed in Brassica rapa–B. oleracea monosomic alien addition
lines. Ann. Bot. 109, 1227–1242. doi: 10.1093/aob/mcs052

Henry, I. M., Dilkes, B. P., Miller, E. S., Burkart-Waco, D., and Comai, L. (2010).
Phenotypic consequences of aneuploidy in Arabidopsis thaliana. Genetics 186,
1231–1245. doi: 10.1534/genetics.110.121079

Huettel, B., Kreil, D. P., Matzke, M., and Matzke, A. J. (2008). Effects of
aneuploidy on genome structure, expression, and interphase organization
in Arabidopsis thaliana. PLoS Genet. 4:e1000226. doi: 10.1371/journal.pgen.
1000226

Kang, L., Du, X., Zhou, Y., Zhu, B., Ge, X., and Li, Z. (2014). Development of a
complete set of monosomic alien addition lines between Brassica napus and
Isatis indigotica (Chinese woad). Plant Cell Rep. 33, 1355–1364. doi: 10.1007/
s00299-014-1621-8

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Letourneau, A., Santoni, F. A., Bonilla, X., Sailani, M. R., Gonzalez, D., Kind, J.,
et al. (2014). Domains of genome-wide gene expression dysregulation in Down’s
syndrome. Nature 508, 345–350. doi: 10.1038/nature13200

Mäder, U., Nicolas, P., Richard, H., Bessieres, P., and Aymerich, S. (2011).
Comprehensive identification and quantification of microbial transcriptomes
by genome-wide unbiased methods. Curr. Opin. Biotechnol. 22, 32–41. doi:
10.1016/j.copbio.2010.10.003

Malone, J. H., Cho, D. Y., Mattiuzzo, N. R., Artieri, C. G., Jiang, L., Dale, R. K., et al.
(2012). Mediation of Drosophila autosomal dosage effects and compensation by
network interactions. Genome Biol. 13:r28. doi: 10.1186/gb-2012-13-4-r28

Frontiers in Plant Science | www.frontiersin.org 10 March 2018 | Volume 9 | Article 377

https://www.frontiersin.org/articles/10.3389/fpls.2018.00377/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2018.00377/full#supplementary-material
https://doi.org/10.1371/journal.pone.0181784
https://doi.org/10.1371/journal.pone.0181784
https://doi.org/10.1139/g01-062
https://doi.org/10.1139/g01-062
https://doi.org/10.1105/tpc.106.049338
https://doi.org/10.1105/tpc.106.049338
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1098/rstb.2013.0354
https://doi.org/10.1098/rstb.2013.0354
https://doi.org/10.1126/science.1253435
https://doi.org/10.1126/science.1253435
https://doi.org/10.1159/000082417
https://doi.org/10.1007/s00122-014-2283-1
https://doi.org/10.1007/s00122-014-2283-1
https://doi.org/10.1105/tpc.113.110486
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1534/genetics.112.140780
https://doi.org/10.1534/genetics.112.140780
https://doi.org/10.1007/s11105-014-0761-x
https://doi.org/10.1007/s00299-009-0712-4
https://doi.org/10.1534/genetics.112.146316
https://doi.org/10.1534/genetics.112.146316
https://doi.org/10.1007/s00122-012-1845-3
https://doi.org/10.1007/s00122-012-1845-3
https://doi.org/10.1007/s00122-016-2692-4
https://doi.org/10.1093/aob/mcs052
https://doi.org/10.1534/genetics.110.121079
https://doi.org/10.1371/journal.pgen.1000226
https://doi.org/10.1371/journal.pgen.1000226
https://doi.org/10.1007/s00299-014-1621-8
https://doi.org/10.1007/s00299-014-1621-8
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nature13200
https://doi.org/10.1016/j.copbio.2010.10.003
https://doi.org/10.1016/j.copbio.2010.10.003
https://doi.org/10.1186/gb-2012-13-4-r28
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00377 March 20, 2018 Time: 14:57 # 11

Zhu et al. Gene Expression in Brassica Substitution Line

McGrath, J. M., and Quiros, C. F. (1990). Generation of alien chromosome
addition lines from synthetic Brassica napus: morphology, cytology, fertility,
and chromosome transmission. Genome 33, 374–383. doi: 10.1139/g90-057

Nagaharu, U. (1935). Genome analysis in Brassica with special reference to the
experimental formation of B. napus and peculiar mode of fertilization. Jpn. J.
Bot. 7, 389–452.

Pang, Y., Chen, X., Zhao, J., Du, W., Cheng, X., Wu, J., et al. (2014). Molecular
cytogenetic characterization of a wheat–Leymus mollis 3D (3Ns) substitution
line with resistance to leaf rust. J. Genet. Genomics 41, 205–214. doi: 10.1016/j.
jgg.2013.11.008

Prakash, S., Bhat, S. R., Quiros, C. F., Kirti, P. B., Chopra, V. L., Quiros, C. R., et al.
(2009). Brassica and its close allies: cytogenetics and evolution. Plant Breed. Rev.
31, 21–187. doi: 10.1002/9780470593783.ch2

Quiros, C. F., Ochoa, O., Kianian, S. F., and Douches, D. (1987). Analysis
of the Brassica oleracea genome by the generation of B. campestris-oleracea
chromosome addition lines: characterization by isozymes and rDNA genes.
Theor. Appl. Genet. 74, 758–766. doi: 10.1007/BF00247554

Saha, S., Jenkins, J. N., Wu, J., Mccarty, J. C., Gutiérrez, O. A., Percy, R. G.,
et al. (2006). Effects of chromosome-specific introgression in upland cotton on
fiber and agronomic traits. Genetics 172, 1927–1938. doi: 10.1534/genetics.105.
053371

Sears, E. R. (1954). The Aneuploids of Common Wheat. Research Bulletin No. 572.
Columbia, MO: University of Missouri.

Sheltzer, J. M., Torres, E. M., Dunham, M. J., and Amon, A. (2012). Transcriptional
consequences of aneuploidy. Proc. Natl. Acad. Sci. U.S.A. 109, 12644–12649.
doi: 10.1073/pnas.1209227109

Siegel, J. J., and Amon, A. (2012). New Insights into the troubles of aneuploidy.
Annu. Rev. Cell Dev. Biol. 28, 189–214. doi: 10.1146/annurev-cellbio-101011-
155807

Singh, K., Multani, D. S., and Khush, G. S. (1996). Secondary trisomics and
telotrisomics of rice: origins, characterization, and use in determining the
orientation of chromosome map. Genetics 143, 517–529.

Stingele, S., Stoehr, G., Peplowska, K., Cox, J., Mann, M., and Storchova, Z.
(2012). Global analysis of genome, transcriptome and proteome reveals the
response to aneuploidy in human cells. Mol. Syst. Biol. 8:608. doi: 10.1038/msb.
2012.40

Szadkowski, E., Eber, F., Huteau, V., Lodé, M., Huneau, C., Belcram, H., et al.
(2010). The first meiosis of resynthesized Brassica napus, a genome blender.
New Phytol. 186, 102–112. doi: 10.1111/j.1469-8137.2010.03182.x

Torres, E. M., Williams, B. R., and Amon, A. (2008). Aneuploidy: cells losing their
balance. Genetics 179, 737–746. doi: 10.1534/genetics.108.090878

Trapnell, C., Hendrickson, D. G., Sauvageau, M., Goff, L., Rinn, J. L., and Pachter, L.
(2013). Differential analysis of gene regulation at transcript resolution with
RNA-seq. Nat. Biotechnol. 31, 46–53. doi: 10.1038/nbt.2450

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012).
Differential gene and transcript expression analysis of RNA-seq experiments
with TopHat and Cufflinks. Nat. Protoc. 7, 562–578. doi: 10.1038/nprot.
2012.016

Tu, Y., Sun, J., Ge, X., and Li, Z. (2010). Production and genetic analysis of
partial hybrids from intertribal sexual crosses between Brassica napus and Isatis
indigotica and progenies. Genome 53, 146–156. doi: 10.1139/G09-093

Ulloa, M., Wang, C., Saha, S., Hutmacher, R. B., Stelly, D. M., Jenkins, J. N.,
et al. (2016). Analysis of root-knot nematode and fusarium wilt disease
resistance in cotton (Gossypium spp.) using chromosome substitution lines

from two alien species. Genetica 144, 167–179. doi: 10.1007/s10709-016-
9887-0

Wan, X. Y., Wan, J. M., Jiang, L., Wang, J. K., Zhai, H. Q., Weng, J. F., et al.
(2006). QTL analysis for rice grain length and fine mapping of an identified
QTL with stable and major effects. Theor. Appl. Genet. 112, 1258–1270.
doi: 10.1007/s00122-006-0227-0

Wang, Y., Jiang, Q., Liu, J., Zeng, W., Zeng, Y., Li, R., et al. (2017).
Comparative transcriptome profiling of chilling tolerant rice chromosome
segment substitution line in response to early chilling stress. Genes Genomics
39, 127–141. doi: 10.1007/s13258-016-0471-x

Wells, D. G., Kota, R. S., Sandhu, H. S., Gardner, W. S., and Finney, K. F.
(1982). Registration of one disomic substitution line and five translocation
lines of winter wheat germplasm resistant to wheat streak mosaic virus1
(Reg. No. GP 199 to GP 204). Crop Sci. 22, 51–78. doi: 10.2135/cropsci1982.
0011183X002200060083x

Xiong, Z., Gaeta, R. T., and Pires, J. C. (2011). Homoeologous shuffling
and chromosome compensation maintain genome balance in resynthesized
allopolyploid Brassica napus. Proc. Natl. Acad. Sci. U.S.A. 108, 7908–7913.
doi: 10.1073/pnas.1014138108

Yang, Y., Guo, M., Li, R., Shen, L., Wang, W., Liu, M., et al. (2015). Identification
of quantitative trait loci responsible for rice grain protein content using
chromosome segment substitution lines and fine mapping of qPC-1 in rice
(Oryza sativa L.). Mol. Breed. 35:130. doi: 10.1007/s11032-015-0328-z

Zhang, D., Pan, Q., Cui, C., Tan, C., Ge, X., Shao, Y., et al. (2015). Genome-specific
differential gene expressions in resynthesized Brassica allotetraploids from pair-
wise crosses of three cultivated diploids revealed by RNA-seq. Front. Plant Sci.
6:957. doi: 10.3389/fpls.2015.00957

Zhang, Y., Malone, J. H., Powell, S. K., Periwal, V., Spana, E., Macalpine, D. M.,
et al. (2010). Expression in aneuploid Drosophila S2 cells. PLoS Biol. 8:e1000320.
doi: 10.1371/journal.pbio.1000320

Zhong, X. B., De Jong, J. H., and Zabel, P. (1996). Preparation of tomato meiotic
pachytene and mitotic metaphase chromosomes suitable for fluorescence in situ
hybridization (FISH). Chromosome Res. 4, 24–28. doi: 10.1007/BF02254940

Zhu, B., Shao, Y., Pan, Q., Ge, X., and Li, Z. (2015). Genome-wide gene expression
perturbation induced by loss of C2 chromosome in allotetraploid Brassica napus
L. Front. Plant Sci. 6:763. doi: 10.3389/fpls.2015.00763

Zhu, B., Tu, Y., Zeng, P., Ge, X., and Li, Z. (2016). Extraction of the constituent
subgenomes of the natural allopolyploid rapeseed (Brassica napus L.). Genetics
204, 1015–1027. doi: 10.1534/genetics.116.190967

Zhu, C., Wang, Y., Chen, C., Wang, C., Zhang, A., Peng, N., et al. (2017). Molecular
cytogenetic identification of a wheat – Thinopyrum ponticum substitution line
with stripe rust resistance. Genome 60, 860–867. doi: 10.1139/gen-2017-0099

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Zhu, Xiang, Zeng, Cai, Huang, Ge, Weng and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org 11 March 2018 | Volume 9 | Article 377

https://doi.org/10.1139/g90-057
https://doi.org/10.1016/j.jgg.2013.11.008
https://doi.org/10.1016/j.jgg.2013.11.008
https://doi.org/10.1002/9780470593783.ch2
https://doi.org/10.1007/BF00247554
https://doi.org/10.1534/genetics.105.053371
https://doi.org/10.1534/genetics.105.053371
https://doi.org/10.1073/pnas.1209227109
https://doi.org/10.1146/annurev-cellbio-101011-155807
https://doi.org/10.1146/annurev-cellbio-101011-155807
https://doi.org/10.1038/msb.2012.40
https://doi.org/10.1038/msb.2012.40
https://doi.org/10.1111/j.1469-8137.2010.03182.x
https://doi.org/10.1534/genetics.108.090878
https://doi.org/10.1038/nbt.2450
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1139/G09-093
https://doi.org/10.1007/s10709-016-9887-0
https://doi.org/10.1007/s10709-016-9887-0
https://doi.org/10.1007/s00122-006-0227-0
https://doi.org/10.1007/s13258-016-0471-x
https://doi.org/10.2135/cropsci1982.0011183X002200060083x
https://doi.org/10.2135/cropsci1982.0011183X002200060083x
https://doi.org/10.1073/pnas.1014138108
https://doi.org/10.1007/s11032-015-0328-z
https://doi.org/10.3389/fpls.2015.00957
https://doi.org/10.1371/journal.pbio.1000320
https://doi.org/10.1007/BF02254940
https://doi.org/10.3389/fpls.2015.00763
https://doi.org/10.1534/genetics.116.190967
https://doi.org/10.1139/gen-2017-0099
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Genome-Wide Gene Expression Disturbance by Single A1/C1 Chromosome Substitution in Brassica rapa Restituted From Natural B. napus
	Introduction
	Materials and Methods
	Plant Materials
	Morphology and Cytology Analysis
	PCR Amplification of C1 Chromosome Specific Gene Markers
	Probe Labeling and FISH Analysis
	RNA Extraction and Preparation of cDNA Libraries
	Differentially Expressed Genes (DEGs) Analysis
	Data Statistics

	Results
	Morphology of Substitution Line
	Identity of the Substituted Chromosome
	Differentially Expressed Genes in Three Paired Comparisons
	Cis- and Trans-Effects for Transcripts in Aneuploids C1 and Cs1
	Expression of One-Dose Genes in Cs1 Line
	GO Annotation of Total and Trans-Effect DEGs

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


