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Abstract
Background:Allopolyploids are widespread in angiosperms, and they can coordinate two or more different
genomes through genetic and epigenetic modi�cations to exhibit stronger growth vigor and adaptability.
To explore the changes in homologous gene expression patterns in the natural allotetraploidBrassica
napus(AnAnCnCn) relative to its two diploid progenitors, B. rapa(ArAr) and B. oleracea(CoCo),
after approximately7,500 years of domestication, the global gene pair expression patterns in four major
tissues (stems, leaves, �owers and siliques) of these three species were analyzed using an RNA
sequencing approach. Results:The results showed that the ‘transcriptomic shock’ phenomenon was
alleviated in natural B. napusafter approximately7,500 years of natural domestication, andmost
differentially expressed genes (DEGs) in B. napuswere downregulated relative to those in its two diploid
progenitors. The KEGG analysis indicated that three pathways related to photosynthesis were enriched in
both comparison groups (AnAnCnCnvs ArArand AnAnCnCnvs CoCo), and these pathways were all
downregulated in four tissues of B. napus. In addition, the homoeolog expression bias and expression
level dominance (ELD) inB. napuswere thoroughly studied through analysis of the expression levels of
27609 B. rapa-B. oleraceaorthologous gene pairs. The overwhelming majority of gene pairs (an average
of 86.7%) in B. napusmaintained their expression pattern in two diploid progenitors, and approximately
78.1% of the gene pairs showed expression bias with a preference toward the A subgenome. Overall, an
average of 48%, 29.7% and 22.3% homologous gene pairs exhibited additivity expression, ELD and
transgressive expression in B. napus, respectively. The ELD bias varies from tissue to tissue; speci�cally,
more gene pairs in stems and siliques showed ELD-A, whereas the opposite was observed in leaves and
�owers. More transgressive upregulationexpression, rather than downregulationexpression,was
observedin gene pairs of B. napus. Conclusions:In general, these results may provide a comprehensive
understanding of the changes in homologous gene expression patterns in natural B.
napusafter approximately 7,500 years of evolution and domestication and mayenhance our
understanding of allopolyploids.

Background
Polyploids are widespread in plants, especially in angiosperms. Even Arabidopsis, which has relatively
small genomes, is no exception, while at least one round of ancient polyploidization events occurred in its
evolutionary history [1, 2]. Polyploidization is considered to be one of the important mechanisms of
angiosperm speciation [3-7] and has been and will continue to be an important force in plant evolution [2,
8]. There are two major types of polyploids in plants, autopolyploid and allopolyploid. Autopolyploid
consists of multiple sets of identical or similar genomes from intraspeci�c genome duplication, while
allopolyploid is composed of two or more different homoeologous genomes from interspeci�c or
intergeneric hybridization [9]. Both autopolyploids and allopolyploids are very common in nature [10, 11],
and many major crops or cash crops are allopolyploids, such as rapeseed (Brassica napus), wheat
(Triticum aestivum), tobacco (Nicotiana tabacum) and cotton (Gossypium hirsutum). Allopolyploid
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exhibiting greater growth vigor and adaptation to various biotic and abiotic stresses is believed to be
critical in the differentiation and speciation of plants [12-14].

After hybridization and polyploidization, the ‘genomic shock’ event [15] occurs in newly formed
allopolyploids, which leads to changes in their genomes (including genetic and epigenetic changes) and
further leads to the reprogramming of transcriptomes, recombinant proteomes, and metabolomes [5].
Speci�cally, genetic changes include DNA loss, gene conversion, epistasis, homologous recombination,
and ectopic recombination; epigenetic changes that may occur at the transcriptional/posttranscriptional
levels include histone modi�cation, DNA methylation, small RNA-mediated gene silencing, and
transposon suppression/release [9, 12, 14, 16-18]. These changes in new allopolyploid genomes may
bring about extensive gene expression changes [12, 19]. In addition, the gene expression pattern of
duplicated genes with similar functions may change during the formation of allopolyploid, which takes
several typical patterns, including transgressive up-/downregulation, unequal parental contributions, and
silencing [9, 14]. These changes in gene expression patterns are of great signi�cance for allopolyploids;
for example, these changes may lead to some phenotypic differences between allopolyploids and their
parental species and are also important sources of the dominant phenotypes of allopolyploids [9, 17].

Brassica napus (AnAnCnCn, 2n = 38) is one of the most widely cultivated important oil crops in the world.
This crop not only provides edible oil and important nutrients for human beings but also provides protein-
rich food for animals [20]. The allotetraploid B. napus was formed by natural hybridization and
polyploidization of two diploid progenitors, B. rapa (ArAr, 2n = 20) and B. oleracea (CoCo, 2n = 18),
approximately 7,500 years ago [21]. A recent study showed that A subgenome of B. napus evolved from
the maternal ancestor European turnip, and the C subgenome evolved from the paternal common
ancestor kohlrabi, cauli�ower, broccoli, and Chinese kale [22]. B. napus and its two diploid progenitors are
a model system for studying the gene expression and genomic changes in the formation of
allopolyploids. To date, many genetic and epigenetic changes in the formation of allotetraploid B. napus
have been studied, including chromosome pairings [23], chromosomal rearrangements [18, 24-28],
transposon activation [29], gene expression changes [28, 30-35], alternative splicing pattern changes [36],
epigenetic phenomena [28, 37, 38], and protein expression changes [39, 40]. Moreover, only one study has
focused on changes in expression level dominance (ELD) and homoeolog expression bias in newly
synthesized allotetraploid B. napus and its diploid parents [20]. However, similar studies are limited in
natural allotetraploid B. napus and its diploid progenitors.

High-throughput transcriptome sequencing technology can provide whole-genome gene expression
information with low background signals but accurate quanti�cation [41] and makes it possible to
distinguish the expression of homologous genes [20, 42]. In recent years, the genomes of B. napus [21,
43, 44] and its two diploid progenitors B. rapa [45] and B. oleracea [46] have been successfully
sequenced, providing an unprecedented opportunity to explore the ELD and homologous expression bias
of natural allotetraploid B. napus and its two diploid progenitors. In this study, we analyzed the
transcriptome of four major tissues (stems, leaves, �owers and siliques) in natural allotetraploid B. napus
and its two diploid progenitors to explore the gene expression characteristics. In addition, the ELD and
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homoeolog expression bias were investigated thoroughly in natural allotetraploid B. napus and its two
diploid progenitors. The results of this study provided a new perspective for the expression of duplicate
genes (homoeologs) in naturally occurring allotetraploid B. napus and helped to characterize the
allopolyploidization processes.

Results
Transcriptome sequencing and read mapping

High-throughput transcriptome sequencing was used to study and compare the transcript differences in
natural allotetraploid B. napus relative to its diploid progenitors. The RNA samples from stems, leaves,
�owers, and siliques of B. napus and its diploid progenitors (Figure 1) were subjected to paired-end RNA
sequencing, each with three biological replicates. After �ltering and quality control of the raw reads, a
total of 1529.93 million (M) clean reads from 36 RNA libraries were obtained (approximately 42.5 M
reads per library, Table 1). An average of 85.5%, 63.9%, and 63.7% of the reads from the samples of B.
rapa, B. oleracea, and B. napus were uniquely mapped to the A genome [47], the C genome [46], and the
integrated A-C genome, respectively (Table 1). Gene expression correlations between the three biological
replicates were high, and the Pearson correlation coe�cient (R) between them mostly exceeded 0.9
(Figure 2). The transcripts per million reads (TPM) method were used to normalize the gene expression
levels, and if the value of TPM was greater than 0, the gene was considered to be expressed in our study.
The speci�c statistics of expressed gene numbers in all samples are shown in Table 2. In total, 41,914,
32,204 and 73,012 genes were detected to be expressed in the four tissues of B. rapa, B. oleracea and B.
napus, respectively. Among the 73,012 genes expressed in B. napus, 40,831 genes were derived from the
A subgenome, and 32,181 genes were derived from the C subgenome.

Differentially expressed genes (DEGs) between B. napus and its diploid progenitors

To study the differences in gene expression between natural allotetraploid B. napus (AnAnCnCn) and its
diploid progenitors (ArAr and CoCo), all DEGs in stems, leaves, �owers, and siliques were identi�ed using
DESeq2, with  and padj ≤ 0.001. Compared with diploid progenitors B. rapa, a total of 17,463 DEGs were
identi�ed in four tissues, including 10,084 in stems, 6,614 in leaves, 8,557 in �owers and 8,246 in siliques
(Figure 3). Compared with diploid progenitors B. oleracea, 11,930 DEGs were identi�ed in four tissues,
including 5,233 in stems, 5,025 in leaves, 6,708 in �owers and 5,122 in siliques (Figure 3). In total, the
DEGs between allotetraploid B. napus and B. rapa were approximately 1.5 times that between B. napus
and B. oleracea; among these, the most different tissue was stems, and the DEGs were approximately 1.9
times. In allotetraploid B. napus, more DEGs from both A and C subgenomes were downregulated relative
to those in its two diploid progenitors, and an average of 53% (9,266 of 17,463) and 52.9% (6,312 of
11,930) of DEGs in the A and C subgenomes were downregulated, respectively (Figure 3).

Functional classi�cations of the DEGs
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To further explore the gene functional differences between B. napus and its two diploid progenitors in
four selected tissues, all genes from the A and C genomes were functionally annotated using eggNOG-
mapper (Huerta-Cepas et al. 2017). A total of 91% (42,103 of 46,250) and 91.8% (42,017 of 45,758) of the
genes from the A and C genomes, respectively, were annotated. Moreover, 54.8% (23,083 of 42,103) and
57.4% (24,102 of 42,017) of the genes from the A and C genomes were annotated to at least one GO term,
respectively. Then, the GO functional categories of all DEGs between B. napus and its diploid progenitors
were investigated using GO functional classi�cation analysis (WEGO). A total of 55 enriched GO terms
were identi�ed among DEGs, including three categories: biological process (31 GO terms), molecular
function (8 GO terms), and cellular component (16 GO terms) (Figure S1). In the DEGs between B. napus
and the diploid progenitors B. rapa, there were four signi�cant enrichment GO level 2 terms, including
growth (GO:0040007), membrane-enclosed lumen (GO:0031974), membrane part (GO:0044425), and
organelle part (GO:0044422) (Figure S1). While in the DEGs between B. napus and B. oleracea, there were
seven signi�cant enrichment GO level 2 terms, such as immune system process (GO:0002376), response
to stimulus (GO:0050896), extracellular region (GO:0005576), and organelle part (GO:0044422) (Figure
S1). In addition, in order to obtain more useful information, the GO enrichment analysis of
up-/downregulated DEGs between B. napus and its two diploid progenitors was performed separately
(Table S1). The upregulated DEGs between B. napus and the diploid progenitors B. rapa were signi�cantly
enriched to the largest number (22) of GO items (Table S1). Only upregulated DEGs between B. napus
and B. rapa were signi�cantly enriched the largest number of GO items in category biological process,
while the other three groups of DEGs (including downregulated DEGs between B. napus and B. rapa and
up-/downregulated DEGs between B. napus and B. oleracea) all signi�cantly enriched the largest number
of GO items in category cellular component (Table S1). These results showed that the upregulated DEGs
might play an important role in biological process (such as developmental process and multicellular
organismal process), while the downregulated DEGs might play a critical role in cellular component (such
as cell part, organelle part and membrane) in the DEGs between B. napus and the diploid progenitors B.
rapa. However, both upregulated and downregulated DEGs might play a major role in cellular component
(such as such as cell part, organelle part and cell junction) in the DEGs between B. napus and the diploid
progenitors B. oleracea.

KEGG analysis of the DEGs

To identify the metabolic or signal transduction pathways involved in DEGs, all DEGs were mapped to
reference pathways in the KEGG database. A total of 12 pathways were signi�cantly enriched (qvalue ≤
0.05) in DEGs between B. napus and its diploid progenitors B. rapa, such as photosynthesis (ko00195),
pentose phosphate pathway (ko00030), and circadian rhythm-plant (ko04712). However, only 4 pathways
were signi�cantly enriched in DEGs between B. napus and B. oleracea, including plant-pathogen
interaction (ko04626), photosynthesis (ko00195), photosynthesis-antenna proteins (ko00196), and
carbon �xation in photosynthetic organisms (ko00710). Three pathways related to photosynthesis
(ko00195, ko00196, ko00710) were enriched in both comparison groups (AnAnCnCn vs ArAr and AnAnCnCn

vs CoCo). Statistics showed that these three pathways were downregulated in all four tissues of B. napus



Page 6/24

relative to its diploid progenitors, suggesting that the photosynthesis of natural B. napus might not be as
active as that of its two diploid progenitors, which still needs to be veri�ed by follow-up experiments. It
was obvious that DEGs between B. napus and its diploid progenitors were involved in many plant
physiological processes, and these DEGs may also be involved in plant morphogenesis, which may
provide evidence for the morphological differences in the stems, leaves, �owers and siliques of B. napus
and its diploid progenitors (Figure 1). The speci�c statistics of KEGG enrichment in every comparison
group are shown in Table S2. Moreover, the sum of the TPM values of the differential genes involved in
each KEGG pathway was calculated, and the top 5 up- and downregulated pathways are shown in Table
S3.

Homoeolog expression bias in natural allotetraploid B. napus

Previous studies have shown that the duplicated gene pairs in allotetraploids might display homoeolog
expression bias, where bias refers to the preferential and high expression of one homoeolog relative to
the other homoeolog [14, 48-50]. To study the homoeolog expression bias in the natural allotetraploid B.
napus, the expression levels of 27609 homologous gene pairs from B. rapa and B. oleracea were
analyzed. These homologous gene pairs were obtained using a perl script. Then, DESeq2 was used to
analyze whether there were expression differences between these gene pairs. Homologous gene pairs
that met the condition of  and padj ≤ 0.001 were considered to be differentially expressed gene pairs.
Compared with the diploid progenitors, the homologous gene pairs between the two subgenomes of B.
napus were divided into three categories, including the parental condition, no bias, and novel bias in
progeny (Figure 4). As shown in Figure 4, the overwhelming majority of gene pairs (an average of 86.7%)
from the two subgenomes of natural allotetraploid B. napus maintained their expression pattern in two
diploid progenitors, and this feature was most obvious in leaves (92%) and least obvious in �owers
(82.2%). Moreover, an average of 4% gene pairs that already had expression bias in the two diploid
progenitors reverted to no bias expression in B. napus, and only 0.8% homologous gene pairs in leaves of
B. napus had this reversion (Figure 4). In addition, an average of 9.2% homologous gene pairs displayed
novel bias in B. napus, and this phenomenon was most common in �owers (13.6%). According to the
statistics on the number of gene pairs with A-/C-bias or no bias expression in allotetraploid, 78.1%, 15.4%
and 6.5% of the homologous gene pairs showed A-bias, C-bias and no bias expression, respectively
(Figure 4). This result seems to indicate that a highly unbalanced biased expression was observed in the
natural allotetraploid B. napus, which had a preference toward the A subgenome (A-bias vs C-bias =
78.1% vs 15.4%). However, further analysis showed that this is simply a parental legacy. In detail, the
number of gene pairs in two diploid progenitors were also counted, and 78%, 15.5% and 6.6% of the
orthologous gene pairs showed A > C, A < C and A = C in gene expression, respectively (Figure 4).

Expression level dominance (ELD) in the natural allotetraploid B. napus

In addition to homoeolog expression bias in gene pairs, ELD has been frequently described in studies of
allopolyploids. Homoeolog expression bias mainly focused on the relative expression levels of the
individual homologs, whereas ELD primarily focused on the total expression levels of homologous gene
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pairs in allopolyploids compared to their relative expression levels in its two parents [14, 48, 50-52]. To
study additivity, transgressive expression and ELD in the four tissues of the natural allotetraploid B.
napus, the homologous gene pairs were classi�ed into 12 categories by comparing the total expression
levels of the gene pairs in B. napus relative to its two diploid progenitors [48]. Overall, an average of 48%
homologous gene pairs exhibited additivity expression (categories I and XII), and the remaining 29.7%
and 22.3% of gene pairs showed ELD (categories II, XI, IV and IX) and transgressive expression
(categories III, VII, X, V, VI and VIII), respectively, in natural allotetraploid B. napus (Figure 5). More A-
expression level dominance (ELD-A) homologous gene pairs (categories IV and IX with an average of
15.7%) were observed in B. napus than C-expression level dominance (ELD-C) gene pairs (categories II
and XI with an average of 14%, Figure 5). Therefore, the expression of gene pairs in the natural
allotetraploid B. napus displayed ELD bias toward B. rapa. In addition, more gene pairs showed obvious
transgressive upregulation expression (categories V, VI and VIII with an average of 17.6%) rather than
downregulation (categories III, VII and X with an average of 4.7%, Figure 5).

Homologous gene pairs that exhibited additivity expression were the most abundant in leaves (68.9%)
and the least abundant in �owers (34%). Gene pairs showed more ELD-A than ELD-C in stems and
siliques (13% ELD-A vs 10.8% ELD-C in stems and 25% ELD-A vs 17.6% ELD-C in siliques), while gene
pairs displayed more ELD-C than ELD-A in leaves and �owers (3.6% ELD-A vs 5.8% ELD-C in leaves and
21.1% ELD-A vs 22% ELD-C in �owers, Figure 5). Tissues with more ELD-A genes (stems and siliques)
were indeed closer to B. rapa in morphology (Figure 1) in B. napus, and it is speculated that ELD-A genes
were involved in the regulation of plant tissue morphogenesis. The GO enrichment analysis of ELD-A/-C
genes in each tissue is shown in Figure S2, and the results indicated that they were mainly enriched in
two parts (cellular component and biological process). In addition, the proportion of gene pairs with
transgressive upregulation expression was higher than that of gene pairs with downregulation in all four
tissues of B. napus.

Relationship between individual homoeolog expression level and ELD

Individual homoeolog expression levels in four tissues of B. napus relative to diploid progenitors were
investigated to explain the ELD phenomenon. More modi�cations were observed in the A homoeolog (88,
16, 293, and 169 genes in stems, leaves, �owers, and siliques, respectively) than the C homoeolog (58, 13,
185, and 125 genes) (Table 3). The dominant progenitor has a higher expression level than the
nondominant progenitor in categories II and IV (Figure 5), and these �ndings could be explained by the
upregulation of at least one homolog from dominant or nondominant progenitor (Figure 6A and 6C, Table
3). In contrast, the dominant progenitor has a lower expression level than the nondominant progenitor in
categories XI and IX (Figure 5), and these �ndings could be explained by the downregulation of at least
one homolog from dominant or nondominant progenitor (Figure 6B and 6D, Table 3). Statistics showed
that the up-/downregulation of homologs from nondominant progenitors always exceeded the homologs
from dominant progenitors, except for category IX in �owers (Table 3).

Discussion
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Polyploidization is highly common in the evolutionary history of plants, especially angiosperms [2, 53].
How naturally occurring allopolyploids coordinate more than one set of diverged genomes and regulate
their interactions after undergoing hybridization and polyploidization is an intriguing question.
Allotetraploid B. napus was formed by the natural hybridization and polyploidization of two diploid
progenitors (B. rapa and B. oleracea) approximately 7,500 years ago [21], and these three species serve
as a typical system for exploring the effects of hybridization and genome duplication on allopolyploid
genomes [37]. After approximately 7,500 years of evolution, the two immediate ancestral parents of
natural B. napus were already unavailable, thus we had to select two sequenced species with the same
genome type as the two ancestral parents for this study. The disadvantage of this choice is that the two
species also evolved within the diploid during the approximately 7,500 years, and the most authentic
gene expression patterns in the ancestral parents of natural B. napus cannot be accurately described.
However, previous studies have shown that B. rapa and B. oleracea formed around 4.6 million years ago
[46], and 7,500 years of evolutionary history is relatively short for them compared to 4.6 million years.
Therefore, the set of materials we selected can still be used to explore the changes in the expression
patterns of homologous gene pairs in allotetraploid natural B. napus after integrating the two sets of
genomes. Since the formation of B. napus, gene loss and gene expression differentiation may have
occurred [21]. This study analyzed the RNA-seq data from four major tissues (stems, leaves, �owers and
siliques) of naturally occurring B. napus and its two diploid progenitors to investigate the effects of
natural hybridization and polyploidization on gene expression in B. napus. In particular, this study also
investigated the ELD and homoeolog expression bias of natural allotetraploid B. napus.

Transcriptomic shock during allopolyploidization in B. napus was relieved

Given that B. napus has undergone genome-wide duplication, it is a signi�cant challenge to identify the
expression patterns of B. napus homologous genes using early research techniques, such as Arabidopsis-
speci�c microarrays and short single-end sequencing [20, 30, 32, 33]. In this study, 2×150 bp paired-end
sequencing was used, which was recognized to be more capable in the identi�cation of homologous
genes and the study of the whole transcriptome [20]. Most (on average, approximately 71%) clean reads
could be uniquely mapped to unique regions of A or C genomes/subgenomes (Table 1). Only the uniquely
mapped reads were further analyzed in this study. Moreover, in previous studies of Brassica polyploids
and their parents or progenitors, only the genome of one species (usually B. rapa) was used as the
reference genome for all species [20, 54], making it di�cult to distinguish A and C homologous genes in
allotetraploid B. napus. In this study, B. rapa (A genome), B. oleracea (C genome) and integrated genome
(A-C genome) sequences were used as the reference genomes of three species; therefore, the expression
patterns of homologous genes can be accurately determined. Although the mapping rate of A and C
reference genomes is different, it only affects the number of detected genes, not the gene expression
levels of detected genes, so it does not have a huge impact on the analysis of gene expression patterns
of homologous gene pairs. Previous studies have shown that the gene expression pattern of
resynthesized B. napus changed widely in the early stage of its formation (approximately one-third of the
expressed genes were DEGs in resynthesized B. napus and its two diploid parents); in other words,
‘transcriptomic shock’ occurred in resynthesized allotetraploid B. napus [20]. The phenomenon of
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‘transcriptomic shock’ [55, 56] is common in allopolyploids, such as cotton [48], wheat [14] and Senecio
[55]. In this study, only approximately one-�fth of the expressed genes were DEGs in natural allotetraploid
B. napus and its two diploid progenitors (Table 2 and Figure 3), which indicated that the numbers of
DEGs in natural B. napus were decreased and the ‘transcriptomic shock’ phenomenon might be alleviated
during the long evolutionary process without considering the differences caused by different DEG
analysis software.

The increase of gene and genome dosages in autopolyploid and allopolyploid often leads to some
problems, such as genome instabilities and chromosome imbalances. Thus, allopolyploids must
establish a compatible relationship between two different genomes, resulting in a series of changes, such
as changes in genome structure and reprogramming of homologous gene expression [12]. According to a
previous study [20], up to 85% of DEGs between the resynthesized B. napus and its diploid parent were
downregulated, while in our study, the number of upregulated and downregulated DEGs between the
natural B. napus and its diploid progenitors was almost the same. While the number of DEGs decreased,
the number of upregulated and downregulated genes also tended to balance. The reprogramming
phenomenon of gene expression in the allopolyploidy B. napus is gradually balanced and stable in the
long evolutionary process.

Overwhelming gene pairs showed expression bias with an obvious preference toward the A subgenome in
naturally cultivated B. napus

Previous studies have shown that some duplicate genes may have different expression patterns as a
result of genome replication [17, 48, 51]. In this study, homoeolog expression bias and ELD were used to
describe the changes in the expression patterns of duplicate genes in the naturally cultivated
allopolyploid B. napus. Homologous expression bias refers to the unequal contribution of A and C
homoeologs to total gene expression in natural allopolyploid B. napus (the preferential expression of one
homoeolog relative to the other) [20]. Moreover, homologous expression bias has been reported in many
allopolyploids, such as wheat [14, 57, 58] and cotton [48, 59, 60]. A previous study documented that
approximately 36.5% of the homologous gene pairs exhibited expression bias in resynthesized B. napus
[20], while in this study, an average of 93.5% of the homologous gene pairs showed expression bias in
four tissues of the natural allotetraploid B. napus (Figure 4). Similar studies have also been carried out in
allotetraploid cotton [59], and the results have shown that genome expression biases in natural
allotetraploid (70.1%) were more than in resynthesized cotton (30.5%). If the effects of different screening
conditions are not taken into account, the difference in expression bias between natural and
resynthesized B. napus may be caused by the long-term domestication process affecting the expression
patterns of duplicated genes.

In addition, an obvious unbalanced biased expression was found in natural B. napus, with 78.1% of the
gene expression biased toward the A subgenome and 15.4% biased toward the C subgenome (Figure 4),
even if it's just a parental legacy. Previous studies have shown that there was a hierarchy of nucleolar
dominance (subgenome B > A > C) in three Brassica allotetraploids. Speci�cally, B. juncea and B. carinata
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expressed rRNA genes from their B subgenome and B. napus expressed from their A subgenome [61-63].
Furthermore, different subgenome stability (subgenome B > A > C) were observed in synthesized Brassica
allohexaploids (2n = 54, AABBCC) [64]. Therefore, both nucleolar dominance and subgenome stability
showed that the A subgenome had more advantages than the C subgenome. These conclusions
supported our results that homoeolog expression bias of gene pairs in natural B. napus showed a
preference toward the A subgenome.

Gene expression showed different ELD biases in different tissues in natural B. napus

In this study, ELD refers to the fact that the total expression level of a homologous pair is statistically
identical to that of only one of the two diploid progenitors in natural B. napus. The term ‘ELD’ was �rst
proposed by Grover et al. [50] and was previously referred to as ‘genome advantage’ [51]. The expressed
homoeolog pairs were classi�ed into 12 categories according to the method reported by Yoo et al. [48].
Overall, an average of 29.7% of the expressed homoeolog pairs exhibited ELD in natural B. napus (Figure
5). An interesting phenomenon is that the ELD bias varies from tissue to tissue. More gene pairs in stems
and siliques showed ELD-A, whereas the opposite was true in leaves and �owers (Figure 5). A previous
study found that there were more ELD-A than ELD-C in the leaves of resynthesized B. napus [20]. There
are two possible reasons for this phenomenon. One reason is that the leaves to be analyzed from plants
growing at different times (young leaves of 6-month-old plants were analyzed in our study, while the
fourth true leaves of 40-day-old materials were sent in Wu et al.’s study). The other is that the expression
of genes in natural B. napus has changed over the long course of domestication compared to that of
genes in resynthesized B. napus. Moreover, the relationship between individual homoeolog expression
levels and ELD was investigated. When the dominant progenitor has a higher expression level than the
nondominant progenitor, the ELD could be explained by the upregulation of at least one homolog from
dominant/nondominant progenitor (Figure 6A and 6C, Table 3). In contrast, when the dominant
progenitor has a lower expression level, the ELD could be explained by their downregulation (Figure 6B
and 6D, Table 3).

In addition, it is worth noting that more transgressive upregulation expression, rather than downregulation
expression, was observed in gene pairs of natural B. napus. In this study, transgressive expression refers
to the fact that the total expression level of homologous gene pairs in natural B. napus is statistically
higher or lower than that of gene pairs in two diploid progenitors. The current study indicated that an
average of 22.3% of the gene pairs showed transgressive expression. Among these pairs, more gene pairs
showed signi�cant upregulation (17.6% on average), rather than downregulation (4.7% on average, Figure
4). Previous studies on resynthesized B. napus showed that 9% of the gene pairs were transgressive
expression, and almost all of them were upregulated (8.7% transgressive upregulation vs 0.3%
transgressive downregulation) [20]. Obviously, 79% (17.6% of the 22.3%) of the transgressive expression
gene pairs were upregulated in natural B. napus, but 96% (8.7% of the 9%) were upregulated in
resynthesized B. napus. These results suggested that compared with the phenomenon in resynthesized B.
napus, the long process of domestication may not change the advantage of transgressive upregulation
of the expression of gene pairs in natural B. napus but may weaken it instead.
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Conclusions
In this study, the global gene pair expression patterns in four major tissues (stems, leaves, �owers and
siliques) of natural allotetraploid Brassica napus (AnAnCnCn) and its two diploid progenitors, B. rapa
(ArAr) and B. oleracea (CoCo), were analyzed using an RNA sequencing approach. The results showed that
the ‘transcriptomic shock’ phenomenon was alleviated in natural B. napus after approximately 7,500
years of natural domestication. In addition, the results of homoeolog expression bias analysis in natural
B. napus indicated that 86.7% of the orthologous gene pairs in B. napus maintained their expression
pattern in two diploid progenitors, and most gene pairs showed expression bias with a preference toward
the A subgenome. Moreover, the results of expression level dominance (ELD) analysis in natural B. napus
showed that the ELD bias varies from tissue to tissue, speci�cally, more gene pairs in stems and siliques
showed ELD-A, whereas the opposite was true in leaves and �owers. Taken together, these results may
provide a comprehensive understanding of the changes in homologous gene expression patterns in
natural B. napus after approximately 7,500 years of evolution and domestication and may help to
characterize allopolyploids.

Methods
Plant materials

Three plant materials, including the natural allotetraploid B. napus (cv. Darmor, 2n = 4x = 38, AnAnCnCn)
and its two diploid progenitors, B. rapa (cv. Chiifu, 2n = 20, ArAr) and B. oleracea (cv. Jinzaosheng, 2n =
18, CoCo), were obtained from the Oil Crops Research Institute, Chinese Academy of Agricultural Sciences,
China. The plants were planted randomly under natural conditions (outside) in the greenhouse at Wuhan
University, China. The soil we used was the normal soil mixed with compound fertilizer, which was
watered manually to keep the soil moist. Arti�cial pollination was performed on each plant material. To
prevent the contamination of exogenous pollen, some in�orescences were bagged before blossom. Four
tissues of 6-month-old plants, including in�orescence stems, young leaves, blooming �owers and siliques
(10 DAP, days after pollination), were collected at the same time (approximately 10 am) and frozen in
liquid nitrogen quickly for RNA extraction. Three biological replicates were performed.

RNA extraction, cDNA library construction and transcriptome sequencing

Total RNA was extracted using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s protocol
and then treated with RNase-free DNase I (Thermo Scienti�c, USA) to remove the residual DNA. An Agilent
2100 Bioanalyzer (Agilent RNA 6000 Nano Kit) was used to assess the yield and purity of the total RNAs.
Criteria to determine whether extracted RNA can be used for future RNA-seq library building, including the
content of total RNAs ≥ 1 μg, the concentration of total RNAs ranged from 40-2500 ng/μl, the RIN value
≥ 6.5, the OD260/280 value ≥ 1.8, the OD260/230 value ≥ 1.8 and the 28S/18S value ≥ 1.0. A total of 36
RNA samples were used to construct the RNA-seq libraries. The RNA sequencing library was constructed
according to the eukaryotic transcriptome library construction protocol provided by BGI (SOP-SS-038, A0).
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Speci�cally, 1 µg of total RNA was collected, and the mRNAs containing polyA tails were enriched with
oligo-dT magnetic beads to construct the library. The length of the inserted fragment ranged from 250 to
350 bp. The cDNA library was constructed separately for each sample. The libraries were then sequenced
using the Illumina HiSeqTMX-Ten platform. Two indicators (Q20 and Q30) were used to represent
sequencing accuracy. To obtain clean reads, the adapter sequences and the low-quality sequences were
�ltered out from row reads using software SOAPnuke (v1.4.0) [65] and Trimmomatic (v0.36) [66]. All
clean reads of this study were deposited in the NCBI database (accession number: SRR7816633-
SRR7816668).

Alignment of clean reads to reference genomes and normalized expression levels

All clean reads were aligned to the reference genomes using software HISAT2 (v2.1.0, default
parameters) [67]. B. rapa (cv. Chiifu-401-42, ArAr) genome v3.0 and B. oleracea (var. capitata-02-12, CoCo)
genome v1.1 were used as the reference genomes for Chiifu and Jinzaosheng, respectively. Moreover, the
ArAr and CoCo genomes described above were integrated and used as the reference genome for the
natural allotetraploid Darmor. Only uniquely mapped reads were considered when analyzing the data. The
software featureCounts (v1.6.1) [68] was used to quantify the expression of genes by quantifying the
number of reads mapped to reference genomes. The expression level of a gene was normalized by the
TPM (transcripts per million reads).

Analysis of differentially expressed genes (DEGs) and gene annotation

The DESeq2 method [69] was used to identify DEGs, and genes with  and padj (adjusted P value) ≤ 0.001
were de�ned as DEGs in this study. All genes were annotated using eggNOG-mapper [70] based on
eggNOG 4.5 orthology data [71]. Online website WEGO 2.0 (http://wego.genomics.org.cn) [72] was
performed for GO (gene ontology) functional classi�cation.

Analysis of homoeolog expression bias and ELD

To study the features of homoeolog expression bias and ELD in the natural allotetraploid B. napus, the
expression levels of 27609 B. rapa-B. oleracea orthologous gene pairs identi�ed by a perl script were
monitored. There are three steps to identify the orthologous gene pairs between B. rapa and B. oleracea:
1) All protein sequences of B. oleracea were used as query sequences to perform Blastp based on the B.
rapa protein database; 2) conversely, using all protein sequences of B. rapa as query sequences to do
another Blastp based on the B. oleracea protein database; 3) a perl script was used to extract the
orthologous gene pairs. Speci�cally, a pair of genes was considered an orthologous gene pair only if it
had the highest blast score in both blast results. When analyzing the homoeolog expression bias, the
expression level of gene pairs in two diploid progenitors (Ar vs Co) and natural allotetraploid B. napus (An
vs Cn) was compared using DESeq2 ( ; padj ≤ 0.001). The two sets of results were then further compared
with each other, and the number of genes in each pattern was counted (Figure 4). When analyzing the
ELD, the sum of the expression levels of gene pairs in natural allotetraploid B. napus was compared with
their expression levels in two diploid progenitors (An + Cn vs Ar; An + Cn vs Co) using DESeq2 ( ; padj ≤
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0.001). Furthermore, 12 possible patterns of gene expression, including additivity, ELD and transgressive,
were summarized according to a previous study [48].

List Of Abbreviations
DAP: Days after Pollination; DEGs: differentially expressed genes; ELD: expression level dominance; GO:
gene ontology; M: million; padj: adjusted P value; R: Pearson correlation coe�cient; TPM: Transcripts per
million reads.

Declarations
Acknowledgments

Thanks for the perl script provided by Ying Wang. 

Funding

This work was supported by the National Natural Science Foundation of China (31970241, 31570539). 

Availability of data and materials

The data supporting the conclusions of our study are included in the manuscript and the additional �les.
The sequence data generated in the current study have been uploaded to NCBI Sequence Read Archive
under the accession numbers of SRR7816633-SRR7816668. 

Authors’ contributions

JW, RW and ML conceived and designed the study. ML performed the bioinformatics analyses. ML wrote
the manuscript. XW provided the experimental materials. ML and RW were responsible for planting
materials. All authors read and approved the �nal manuscript. 

Ethics approval and consent to participate

Not applicable. 

Consent for publication

Not applicable. 

Competing interests

The authors declare that they have no competing interests.

References



Page 14/24

1. Vision TJ, Brown DG, Tanksley SD. The origins of genomic duplications in Arabidopsis. Science.
2000;290:2114-2117.

2. Jiao Y, Wickett NJ, Ayyampalayam S, Chanderbali AS, Landherr L, Ralph PE, et al. Ancestral
polyploidy in seed plants and angiosperms. Nature. 2011;473:97-100.

3. Stebbins GL, Jr. Types of polyploids; their classi�cation and signi�cance. Adv Genet. 1947;1:403-429.

4. Otto SP, Whitton J. Polyploid incidence and evolution. Annu Rev Genet. 2000;34:401-437.

5. Leitch AR, Leitch IJ. Genomic plasticity and the diversity of polyploid plants. Science. 2008;320:481-
483.

�. Soltis PS, Soltis DE. The role of hybridization in plant speciation. Annu Rev Plant Biol. 2009;60:561-
588.

7. Mayrose I, Barker MS, Otto SP. Probabilistic models of chromosome number evolution and the
inference of polyploidy. Syst Biol. 2010;59:132-144.

�. Soltis PS, Marchant DB, Van de Peer Y, Soltis DE. Polyploidy and genome evolution in plants. Curr
Opin Genet Dev. 2015;35:119-125.

9. Doyle JJ, Flagel LE, Paterson AH, Rapp RA, Soltis DE, Soltis PS, et al. Evolutionary genetics of
genome merger and doubling in plants. Annu Rev Genet. 2008;42:443-461.

10. Hegarty MJ, Hiscock SJ. Genomic clues to the evolutionary success of polyploid plants. Curr Biol.
2008;18:R435-r444.

11. Barker MS, Arrigo N, Baniaga AE, Li Z, Levin DA. On the relative abundance of autopolyploids and
allopolyploids. New Phytol. 2016;210:391-398.

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

13. Abbott R, Albach D, Ansell S, Arntzen JW, Baird SJ, Bierne N, Boughman J, et al. Hybridization and
speciation. J Evol Biol. 2013;26:229-246.

14. Li A, Liu D, Wu J, Zhao X, Hao M, Geng S, et al. mRNA and small RNA transcriptomes reveal insights
into dynamic homoeolog regulation of allopolyploid heterosis in nascent hexaploid wheat. Plant Cell.
2014;26:1878-1900.

15. Comai L. The advantages and disadvantages of being polyploid. Nat Rev Genet. 2005;6:836-846.

1�. Ha M, Lu J, Tian L, Ramachandran V, Kasschau KD, Chapman EJ, et al. Small RNAs serve as a
genetic buffer against genomic shock in Arabidopsis interspeci�c hybrids and allopolyploids. Proc
Natl Acad Sci USA. 2009;106:17835-17840.

17. Jackson S, Chen ZJ. Genomic and expression plasticity of polyploidy. Curr Opin Plant Biol.
2010;13:153-159.

1�. Xiong Z, Gaeta RT, Pires JC. Homoeologous shu�ing and chromosome compensation maintain
genome balance in resynthesized allopolyploid Brassica napus. Proc Natl Acad Sci USA.
2011;108:7908-7913.



Page 15/24

19. Springer NM, Lisch D, Li Q. Creating order from chaos: epigenome dynamics in plants with complex
genomes. Plant Cell. 2016;28:314-325.

20. Wu J, Lin L, Xu M, Chen P, Liu D, Sun Q, et al. Homoeolog expression bias and expression level
dominance in resynthesized allopolyploid Brassica napus. BMC Genomics. 2018;19:586.

21. Chalhoub B, Denoeud F, Liu S, Parkin IA, Tang H, Wang X, et al. Plant genetics. Early allopolyploid
evolution in the post-Neolithic Brassica napus oilseed genome. Science. 2014;345:950-953.

22. Lu K, Wei L, Li X, Wang Y, Wu J, Liu M, et al. Whole-genome resequencing reveals Brassica napus
origin and genetic loci involved in its improvement. Nat Commun. 2019;10:1154.

23. Cui C, Ge X, Gautam M, Kang L, Li Z. Cytoplasmic and genomic effects on meiotic pairing in Brassica
hybrids and allotetraploids from pair crosses of three cultivated diploids. Genetics. 2012;191:725-
738.

24. Song K, Lu P, Tang K, Osborn TC. Rapid genome change in synthetic polyploids of Brassica and its
implications for polyploid evolution. Proc Natl Acad Sci USA. 1995;92:7719-7723.

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

2�. Szadkowski E, Eber F, Huteau V, Lode M, Huneau C, Belcram H, et al. The �rst meiosis of
resynthesized Brassica napus, a genome blender. New Phytol. 2010;186:102-112.

27. Szadkowski E, Eber F, Huteau V, Lode M, Coriton O, Jenczewski E, et al. Polyploid formation pathways
have an impact on genetic rearrangements in resynthesized Brassica napus. New Phytol.
2011;191:884-894.

2�. Cui C, Ge XH, Zhou YY, Li MT, Li ZY. Cytoplasmic and genomic effects on non-meiosis-driven genetic
changes in Brassica hybrids and allotetraploids from pairwise crosses of three cultivated diploids.
PLoS One. 2013;8:11.

29. Sarilar V, Palacios PM, Rousselet A, Ridel C, Falque M, Eber F, et al. Allopolyploidy has a moderate
impact on restructuring at three contrasting transposable element insertion sites in resynthesized
Brassica napus New Phytol. 2013;198:593-604.

30. Gaeta RT, Yoo SY, Pires JC, Doerge RW, Chen ZJ, Osborn TC. Analysis of gene expression in
resynthesized Brassica napus allopolyploids using arabidopsis 70mer oligo microarrays. PLoS One.
2009;4:e4760.

31. Marmagne A, Brabant P, Thiellement H, Alix K. Analysis of gene expression in resynthesized Brassica
napus allotetraploids: transcriptional changes do not explain differential protein regulation. New
Phytol. 2010;186:216-227.

32. Jiang J, Shao Y, Du K, Ran L, Fang X, Wang Y. Use of digital gene expression to discriminate gene
expression differences in early generations of resynthesized Brassica napus and its diploid
progenitors. BMC Genomics. 2013;14:72.

33. Zhang D, Pan Q, Cui C, Tan C, Ge X, Shao Y, et al. Genome-speci�c differential gene expressions in
resynthesized Brassica allotetraploids from pair-wise crosses of three cultivated diploids revealed by
RNA-seq. Front Plant Sci. 2015;6:957.



Page 16/24

34. Tan C, Pan Q, Cui C, Xiang Y, Ge X, Li Z. Genome-wide gene/genome dosage imbalance regulates
gene expressions in synthetic Brassica napus and derivatives (AC, AAC, CCA, CCAA). Front Plant Sci.
2016;7:1432.

35. Zhang D, Pan Q, Tan C, Zhu B, Ge X, Shao Y, et al. Genome-wide gene expressions respond differently
to A-subgenome origins in Brassica napus synthetic hybrids and natural allotetraploid. Front Plant
Sci. 2016;7:1508.

3�. Zhou R, Moshgabadi N, Adams KL. Extensive changes to alternative splicing patterns following
allopolyploidy in natural and resynthesized polyploids. Proc Natl Acad Sci USA. 2011;108:16122-
16127.

37. Xu Y, Zhong L, Wu X, Fang X, Wang J. Rapid alterations of gene expression and cytosine methylation
in newly synthesized Brassica napus Planta. 2009;229:471-483.

3�. Ran LP, Fang TT, Rong H, Jiang JJ, Fang YJ, Wang YP. Analysis of cytosine methylation in early
generations of resynthesized Brassica napus. J Integr Agric. 2016;15:1228-1238.

39. Albertin W, Balliau T, Brabant P, Chevre AM, Eber F, Malosse C, et al. Numerous and rapid
nonstochastic modi�cations of gene products in newly synthesized Brassica napus Genetics.
2006;173:1101-1113.

40. Kong F, Mao SJ, Jiang JJ, Wang J, Fang XP, Wang YP. Proteomic changes in newly synthesized
Brassica napus allotetraploids and their early generations. Plant Mol Biol Report. 2011;29:927-935.

41. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian
transcriptomes by RNA-Seq. Nat Methods. 2008;5:621-628.

42. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev Genet.
2009;10:57-63.

43. Bayer PE, Hurgobin B, Golicz AA, Chan CK, Yuan Y, Lee H, et al. Assembly and comparison of two
closely related Brassica napus Plant Biotechnol J. 2017;15:1602-1610.

44. Sun F, Fan G, Hu Q, Zhou Y, Guan M, Tong C, et al. The high-quality genome of Brassica napus
cultivar 'ZS11' reveals the introgression history in semi-winter morphotype. Plant J. 2017;92:452-468.

45. Wang X, Wang H, Wang J, Sun R, Wu J, Liu S, et al. The genome of the mesopolyploid crop species
Brassica rapa. Nat Genet. 2011;43:1035-1039.

4�. Liu S, Liu Y, Yang X, Tong C, Edwards D, Parkin IA, et al. The Brassica oleracea genome reveals the
asymmetrical evolution of polyploid genomes. Nat Commun. 2014;5:3930.

47. Zhang L, Cai X, Wu J, Liu M, Grob S, Cheng F, et al. Improved Brassica rapa reference genome by
single-molecule sequencing and chromosome conformation capture technologies. Hortic Res.
2018;5:50.

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

49. Combes MC, Cenci A, Baraille H, Bertrand B, Lashermes P. Homeologous gene expression in response
to growing temperature in a recent allopolyploid (Coffea arabica). J Hered. 2012;103:36-46.



Page 17/24

50. Grover CE, Gallagher JP, Szadkowski EP, Yoo MJ, Flagel LE, Wendel JF. Homoeolog expression bias
and expression level dominance in allopolyploids. New Phytol. 2012;196:966-971.

51. Rapp RA, Udall JA, Wendel JF. Genomic expression dominance in allopolyploids. BMC Biol.
2009;7:18.

52. Hao M, Li A, Shi T, Luo J, Zhang L, Zhang X, et al. The abundance of homoeologue transcripts is
disrupted by hybridization and is partially restored by genome doubling in synthetic hexaploid wheat.
BMC Genomics. 2017;18:149.

53. Burgess DJ. Evolution: Polyploid gains. Nat Rev Genet. 2015;16:196.

54. Zhao Q, Zou J, Meng J, Mei S, Wang J. Tracing the transcriptomic changes in synthetic trigenomic
allohexaploids of Brassica using an RNA-Seq approach. PLoS One. 2013;8:e68883.

55. Hegarty MJ, Barker GL, Wilson ID, Abbott RJ, Edwards KJ, Hiscock SJ. Transcriptome shock after
interspeci�c hybridization in senecio is ameliorated by genome duplication. Curr Biol. 2006;16:1652-
1659.

5�. Buggs RJ, Zhang L, Miles N, Tate JA, Gao L, Wei W, et al. Transcriptomic shock generates
evolutionary novelty in a newly formed, natural allopolyploid plant. Curr Biol. 2011;21:551-556.

57. Akhunova AR, Matniyazov RT, Liang H, Akhunov ED. Homoeolog-speci�c transcriptional bias in
allopolyploid wheat. BMC Genomics. 2010;11:505.

5�. Powell JJ, Fitzgerald TL, Stiller J, Berkman PJ, Gardiner DM, Manners JM, et al. The defence-
associated transcriptome of hexaploid wheat displays homoeolog expression and induction bias.
Plant Biotechnol J. 2017;15:533-543.

59. Flagel L, Udall J, Nettleton D, Wendel J. Duplicate gene expression in allopolyploid Gossypium
reveals two temporally distinct phases of expression evolution. BMC Biol. 2008;6:16.

�0. Zhang T, Hu Y, Jiang W, Fang L, Guan X, Chen J, et al. Sequencing of allotetraploid cotton
(Gossypium hirsutum acc. TM-1) provides a resource for �ber improvement. Nat Biotechnol.
2015;33:531-537.

�1. Chen ZJ, Pikaard CS. Transcriptional analysis of nucleolar dominance in polyploid plants: biased
expression/silencing of progenitor rRNA genes is developmentally regulated in Brassica. Proc Natl
Acad Sci USA. 1997;94:3442-3447.

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

�3. Li ZY, Wang YP. Cytogenetics and germplasm enrichment in Brassica allopolyploids in China. J Integr
Agric. 2017;16:2698-2708.

�4. Zhou J, Tan C, Cui C, Ge X, Li Z. Distinct subgenome stabilities in synthesized Brassica Theor Appl
Genet. 2016;129:1257-1271.

�5. Chen Y, Chen Y, Shi C, Huang Z, Zhang Y, Li S, et al. SOAPnuke: a MapReduce acceleration-supported
software for integrated quality control and preprocessing of high-throughput sequencing data.
Gigascience. 2018;7:1-6.



Page 18/24

��. Bolger AM, Lohse M, Usadel B. Trimmomatic: a �exible trimmer for Illumina sequence data.
Bioinformatics. 2014;30:2114-2120.

�7. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nat
Methods. 2015;12:357-360.

��. Liao Y, Smyth GK, Shi W. FeatureCounts: an e�cient general purpose program for assigning
sequence reads to genomic features. Bioinformatics. 2014;30:923-930.

�9. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014;15:550.

70. Huerta-Cepas J, Forslund K, Coelho LP, Szklarczyk D, Jensen LJ, von Mering C, et al. Fast genome-
wide functional annotation through orthology assignment by eggNOG-Mapper. Mol Biol Evol.
2017;34:2115-2122.

71. Huerta-Cepas J, Forslund K, Sunagawa S, Bork P, Szklarczyk D, Heller D, et al. eggNOG 4.5: a
hierarchical orthology framework with improved functional annotations for eukaryotic, prokaryotic
and viral sequences. Nucleic Acids Res. 2015;44:D286-D293.

72. Zhou A, Yang H, Cui H, Xu H, Ye J, Wang J, et al. WEGO 2.0: a web tool for analyzing and plotting GO
annotations, 2018 update. Nucleic Acids Res. 2018;46:W71-W75.

Additional File Legends
Additional �le 1: Figure S1 Gene ontology (GO) classi�cation of DEGs. A GO classi�cation of DEGs
between B. napus and its diploid progenitors B. rapa in four tissues (stems, leaves, �owers and siliques).
B GO classi�cation of DEGs between B. napus and its diploid progenitors B. oleracea in four selected
tissues. The asterisk (*) represents a statistically signi�cant difference with p-value ≤ 0.05. BP, biological
process; MF, molecular function; CC, cell component. (TIFF 670Kb)

Additional �le 2: Figure S2 GO enrichment analysis of ELD genes in four tissues of B. napus. (DOCX
5.8Mb)

Additional �le 3: Table S1 Gene ontology (GO) classi�cation of up-/down-regulated DEGs. (XLSX 47Kb)

Additional �le 4: Table S2 Statistics of the KEGG enrichment in different comparison groups (XLS 355Kb)

Additional �le 5: Table S3 The top 5 of up-/down-regulated KEGG pathways in B. napus and its two
diploid progenitors in four tissues (XLSX 12Kb)
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Figure 1

Photos of experimental materials. In�orescence stems, young leaves, blooming �owers and siliques from
B. rapa (A), B. oleracea (B) and B. napus (C).
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Figure 2

Pearson correlation coe�cient between the three biological replicates. The �rst capital letter represents
species (R, O, and N represent B. rapa, B. oleracea, and B. napus, respectively), and the second capital
letter represents tissues (S, L, F, and Q represent stems, leaves, �owers, and siliques, respectively). 1, 2 and
3 represent three biological replicates, respectively.
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Figure 3

DEGs in four tissues of B. napus relative to its two diploid progenitors. The number of up-regulated and
down-regulated genes in each comparison group was represented by red and green bars in the histogram,
and the speci�c number of these genes was recorded in this �gure. NS, stems of B. napus; NL, leaves of
B. napus; NF, �owers of B. napus; NQ, siliques of B. napus; RS, stems of B. rapa; RL, leaves of B. rapa; RF,
�owers of B. rapa; RQ, siliques of B. rapa; OS, stems of B. oleracea; OL, leaves of B. oleracea; OF, �owers
of B. oleracea; OQ, siliques of B. oleracea.
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Figure 4

Homoeolog expression bias in the four tissues of the natural allotetraploid B. napus. The relative
expression levels of the homologous gene pairs were modeled by the size of the circles in the diploid
progenitors B. rapa (AA) and B. oleracea (CC) or the area ratio of the circles in B. napus (AACC). The
number of homologous gene pairs were listed in this �gure. Homologous gene pairs that showed biased
expression towards A subgenome in B. napus were marked with a blue box, and gene pairs displayed C-
biased were marked with a yellow box.
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Figure 5

The 12 possible differential expression states in B. napus relative to its two diploid progenitors. This
classi�cation method refers to Yoo et al. (2013). According to the different expression patterns, genes in
B. napus and their progenitors were divided into additive and non-additive expression genes, and the
latter is further classi�ed into expression level dominance (ELD) and transgressive expression genes.

Figure 6
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The explanations for ELD-A or ELD-C. If the allotetraploid B. napus (AC) maintains the progenitor’s
expression pattern, its expression pattern should be additive (red text). The expression level of AC was
higher than (A + C)/2, which could be explained by the up-regulation of at least one homolog from
progenitor A or C (A & C). Moreover, the expression level of AC was lower than (A + C)/2, which could be
explained by the down-regulation of at least one homolog from progenitor A or C (B & D).
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