Journal of Plant Sciences
2021; 9(6): 323-328
http://www.sciencepublishinggroup.com/j/jps
doi: 10.11648/].jps.20210906.18

B Jr ar )
otlencePl

Science Publishing Group

ISSN: 2331-0723 (Print); ISSN: 2331-0731 (Online)

Genomic Asymmetry for Morphology in Allopolyploids
Within and out of Brassica

Yujiao Shao', Pan Zeng” ", He Fei-fei’, Zaiyun Li’

'College of Chemistry and Life Science, Hubei University of Education, Wuhan, China
’College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, China
3Department of Natural Sciences, Shantou Polytechnic, Shantou, China

Email address:
syjsyj520@126.com (Yujiao Shao), 15271750715@163.com (Pan Zeng), 576815389(@qq.com (He Fei-fei),

lizaiyun@mail hzau.edu.cn (Zaiyun Li)

*Corresponding author

To cite this article:
Yujiao Shao, Pan Zeng, He Fei-fei, Zaiyun Li. Genomic Asymmetry for Morphology in Allopolyploids Within and out of Brassica. Journal of
Plant Sciences. Vol. 9, No. 6, 2021, pp. 323-328. doi: 10.11648/1.jps.20210906.18

Received: November 29, 2021; Accepted: December 14, 2021; Published: December 29, 2021

Abstract: The genomic asymmetry in the nonrandom retention and expression of controlling genes for some traits from one
parental diploid is obvious in some natural and synthetic allopolyploids, and has the evolutionary implications. Here we review
the genomic asymmetry for the morphological performance in three cultivated Brassica allotetraploids and some intergeneric
allopolyploids within Brassicaceae species. For the phenotypic biases of Brassica allotetraploids, Brassica oleracea (genomes
CC) is dominant over B. nigra (BB) and B. rapa (AA) in B. carinata (CCBB) and B. napus (CCAA), respectively, and B. nigra is
dominant over B. rapa in B. juncea (BBAA), showing the C>B>A dominance hierarchy. However, the morphology of several
Brassica species including B. oleracea at top dominance is largely recessive in their intergeneric hybrids and allopolyploids with
other crucifers, such as Raphanus sativus, Orychophragmus violaceus. The morphology of Arabidopsis thaliana is also recessive
in its two allotetraploids. Among the dominant features, the leaf serration is expressed consistently in these intergeneric and
Arabidopsis allopolyploids. The phenotype expression of the recessive diploid is subject to the euploidy or aneuploidy state of its
genome, and the dominant traits are still mostly expressed in the aneuploidy state of their genome. The morphological biases in
these allopolyploids are discussed in the contexts of the genomic structure and interplay.
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dominance, i.e., complete or predominant control of certain
traits by one of the constituent genomes [1]. Such genomic
asymmetry, together with build-up and maintenance of
enduring and favorable inter-genomic genetic combinations,
is considered to contribute to the evolutionary success of
allopolyploids. Otherwise, the missing of some allopolyploids
in nature between or among the extant diploid species might
be caused by the lack of their adaptive ability to establish
genomic asymmetry after the genome fusion, though the
synthetics are obtained.

Three cultivated Brassica allotetraploids, Brassica carinata
Braun (2n =34, BBCC), B. juncea (L.) Czern. (2n = 36,
AABB), and B. napus L. (2n = 38, AACC) are ideal for
revealing the genomic asymmetry and the effect of different
genomic contexts, because any two of them share one same
subgenome of three diploids, B. nigra (L.) Koch (2n =16, BB),

1. Introduction

The genomic asymmetry refers to the nonrandom retention
of controlling genes for some traits, favoring one genome
over the other(s) in interspecific hybrids and allopolyploids
[1]. The classical example of genomic asymmetry for gene
transcription is the uniparental expression of ribosomal RNA
genes and the subsequent formation of a nucleolus or
nucleoli at the nucleolar organizer regions (NORs) of only
one species, which is so known as nucleolar dominance,
while the rRNA genes from other species are silenced and no
nucleoli formed at the original NORs where rDNA loci are
still located [2]. The genomic asymmetry in the allopolyploid
wheat is obvious for the control of a variety of morphological,
physiological, and molecular traits, including nucleolar
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B. oleracea L. (2n = 18, CC), and B. rapa L. (2n = 20, AA).
The genomic asymmetry in these Brassica allotetraploids is
manifested for nucleolar dominance with a hierarchy of B
subgenome> A subgenome > C subgenome [3], and also for
their phenotype biased to one diploid parent. In particular, the
genomic asymmetry constantly appears in the intergeneric
hybrids and allopolyploids of Brassica species with Raphanus
sativus L. and Orychophragmus violaceus (L.) O. E. Schulz,
with the latter being largely dominant for the morphology,
especially the constant expression of leaf serration. Here we
review the genomic asymmetry and its occurrence hierarchy
for the control of the morphological traits, with the emphasis
on the leaf margin, in hybrids and allopolyploids of Brassica
and other genera in Brassicaceae (Table 1), and discuss
possible mechanisms in the context of genomic structure.

2. Morphological Bias in Brassica
Allotetraploids

The natural and synthetic allotetraploid B. carinata gives a
plant exterior similar to the diploid B. oleracea, while the
characteristic morphology of the diploid B. nigra is largely
masked [4]. Remarkably, B. carinata possesses stronger
resistance to biotic and abiotic stresses than other Brassica
species, which 1is ascribed to the combined genetic
contributions of its two parental diploids showing also good
resistance. The plant phenotype of the black mustard, B. nigra
is dominant over that of B. rapa in oilseed type of the mustard
B. juncea, which is pictographically named as mustard-type
oilseed in China. B. nigra also contributes the good resistance
to biotic and abiotic stresses for B. juncea. The whole exterior
of the synthetic and natural B. napus was more biased to the
parent B. oleracea, particularly by expressing its trait of the
deeply green leaves covered with a thicker layer of waxen
powder [4]. So B. napus was called cabbage-type rapeseed in
China, and replaced the native B. rapa and B. juncea for its
higher seed yield and stronger resistance to biotic and abiotic
stresses, after its introduction into China in 1930s -1940s. The
better resistance of B. napus was also largely contributed by B.
oleracea.

Intriguingly, the progenitor B. rapa was restituted from the
natural B. napus through inducing the preferential elimination
of C-subgenome chromosomes in intertribal crosses (Zhu et
al., 2016) [5]. The novel B. rapa should reflect the proximal
image of the actual B. rapa progenitor, in consideration of the
short history of its hybridization with B. oleracea ~7500 yr

ago [6], and expressed a phenotype resembling some type of B.

rapa but hidden in B. napus. This result provides the direct
evidence for the phenotypic dominance of B. oleracea over B.
rapa in B. napus. Similarly, by inducing the preferential
elimination of C-subgenome chromosomes in the artificially
synthesized Brassica allohexaploids (2n=54, BBCC.AA)
from B. carinata x B. rapa crosses [7], the novel B. juncea
genotypes (BB.AA) with the B subgenome from natural B.
carinata and A subgenome from extant B. rapa are obtained
and show the typical features of B. nigra which were masked

in B. carinata but reactivated and still were dominant over
those of B. rapa.

Totally, the genomic asymmetry for plant morphology in
three Brassica allotetraploids is obvious and exhibits the
dominance hierarchy of C subgenome > B subgenome > A
subgenome, with the morphology of B. oleracea being
dominant over B. nigra in B. carinata and over B. rapa in B.
napus, and that of B. nigra being dominant over B. rapa in B.
Jjuncea (Figure 1) (Table 1). So the dominance hierarchy of the
morphology (C>B>A) is inconsistent to that of nucleolar
dominance (B>A>C) [3]. Then, the morphology dominance
and nucleolar dominance are consistent and are in the control
by the same B subgenome only in B. juncea (AABB), but are
under control by different subgenomes in B. carinata (BBCC)
and B. napus (AACC) (Table 1). Reversely, such genomic
asymmetry for the control of the phenotypic and agronomic
traits, and the resistance to biotic and abiotic stresses sustains
further for the proper hybridization combinations of three
diploids and the evolutionary success of three allotetraploids
in nature and by human selection.

R. sativus (528Mb / 36%)
O. violaceus (~1Gb)

R*R*CC/R*R*AA
O*O*AACC/O*C/0*A

B. oleracea (630Mb / 60%)
cc

B. carinata
BBC*C*

B. napus
AAC*CH
B. nigra (570Mb/ 50%)

BB

B. juncea
AAB*B*

B. rapa ( 440Mb/ 30%)
AA

Figure 1. The summary of phenotypic dominance in the hybrids and
allopolyploids produced among three Brassica diploids, radish and
Orychophragmus. The positionsof parental species indicate the hierarchy of
phenotypic dominance is R. saticus / O. violaceus> B. oleracea >B.
nigra >B. rapa. The dominant genome is marked by the asterisk. The
genome sizes and the percentages of the repeats for parents available are
given.

3. Morphological Bias in Synthetic
Brassica Allohexaploids

Despite the evolutionary success of three Brassica
allotetraploid species, no trigenomic allohexaploid Brassica
species (2n=54, AABBCC) has been found so far in nature or
in agriculture. However, such allohexaploids have been
artificially synthesized by several possible cross combinations
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among the six Brassica species, in order to provide the new
germplasm for genetic studies and breeding or even to develop
a new allohexaploid crop [8]. From the sequential crosses
between three Brassica diploids, B. rapa, B. oleracea var.
alboglabra and B. nigra, followed by chromosome doubling,
the two allohexaploids (AA.CC.BB, CC.AA.BB) obtained
which contained the same genome complement but the
different types of the cytoplasm showed the similar
morphology biased more to the parental B. oleracea var.
alboglabra by expressing its thick and flesh leaves and stems,
while the characteristic features of B. nigra was covered
mostly [4, 9]. The allohexaploid (AACC.BB) between B.
napus and B. nigra was mainly morphologically biased to B.
napus and expressed a few phenotypic traits from B. nigra
[10]. The allohexaploid (AABB.CC) between B. juncea and B.
oleracea var. alboglabra also showed the obvious bias to the
morphology of B. oleracea var. alboglabra and the
suppression of the B. juncea phenotype to some extents, in
spite of the latter combination of the C genome [9]. As
expectedly, the allohexaploid (BBCC.AA) between B.
carinata and B. rapa resembled B. carinata for the phenotype
[7, 9]. So the phenotypic dominance of B. oleracea is still
maintained in these synthetic allohexaploids with various
genome combinations from six extant Brassica species (Table
1), which hints some inherent elements for the genome
asymmetry for morphological control. Similarly, the nucleolar
dominance of B subgenome from B. nigra is also reserved in
these allohexaploids [7], again revealing the inconsistence
between nucleolar dominance and phenotypic dominance.

4. Morphological Bias in Intergeneric
Allopolyploids Between Brassica and
Raphanus

The genomic asymmetry for plant morphology is also
obvious in some intergeneric hybrids and allopolyploids
produced through hybridizations between brassicas and other
species (Figure 2). The allotetraploid Raphanobrassica
(2n=36, RRCC) between Raphanus sativus L. (2n=18, RR)
and B. oleracea is morphologically biased to radish (Table 1),
by expressing its half pinnately divided leaves, silique shape
and large white flowers, except for the enlarged roots. Besides
the thick layer of waxen powder, the phenotype of B. oleracea
remains largely hidden (Figure 2), despite its top dominance
over other two Brassica diploids (B. rapa, B. nigra). The
morphological feature of the radish is also largely maintained
in the intergeneric hybrids (RACC) between Raphanobrassica
and B. napus (AACC) (Figure 2), despite the two copies of C
genome and the single copy of R genome. Another
allotetraploid between R. sativus and B. rapa subsp.
pekinensis (x Brassicoraphanus, 2n=38, RRAA) also
produces the radish-like morphology (Table 1), particularly
with the enlarged roots but at lesser extent than the radish [11].
Intertribal somatic hybrids (2n=32, RRII) between radish and
the Chinese woad (Isatis indigotica Fort., 2n=14, II) obtained
by Tu et al. also resembles the radish in pinnately divided
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leaves, semi-hollow pith and little enlarged roots [12]. So the
phenotype of radish is dominant over that of these species in
their allotetraploids.

Figure 2. The phenotypic dominance of radish over Brassica species in their
intergeneric hybrids and allopolyploids. The young plant of the
allotetraploid Raphanobrassica (C) between Brassica oleracea var.
alboglabra (A) and radish (B) gives a phenotype biased to radish, and the
hybrid (D) with the RACC genomes between Raphanobrassica and B. napus
also expresses obviously the plant feature of radish.

5. Morphological Bias in Intergeneric
Hybrids and Allopolyploids Between
Brassica and Orychophragmus

The morphology of O. violaceus is dominant over several
Brassica species in their hybrids at different extents depending
on the genome combinations (Figure 1) (Table 1). The somatic
hybrids between B. napus and O. violaceus (2n=62, AACCOO)
were morphologically biased towards O. violaceus in all growth
stages, as they expressed its characteristic traits, including deep
green and oval serrated and hairy leaves, basic clustering stems,
more primary, secondary and even tertiary and quaternary
branches, and purple color on petals, as reported by Zhao et al.
[13]. The classical hybrids (2n=21, CO) with B. oleracea
produced by Li and Heneen also shows the phenotypic
attributes of the serrated leaves and branching, and purple petals
of O. violaceus origin [14]. Though the hybrid with B. rapa L.
ssp. chinensis L. was a mixoploid with the loss of the variable
chromosomes from O. violaceus, it still expressed its typical
phenotype of the serrated leaves and basal branching, which
was quite different from the phenotype of the Chinese cabbage
[14]. So the trait of the serrated leaves from O. violaceus is
consistently expressed in these intergeneric hybrids. The
phenotypic dominance is in accordance with the nucleolar
dominance in the somatic hybrids between B. napus and O.
violaceus, for only the transcripts of rRNA genes from O.
violaceus, but not from B. rapa were detected [7]. The result
from addition lines (with B. napus genomes plus one of three O.
violaceus chromosome pairs carrying NORs) revealed that the
rDNA loci on three O. violaceus chromosomes were active and
gave differential amounts of rRNA transcripts in the B. napus
background, showing the wvariable degrees of nucleolar
dominance [15].

6. Morphological Bias in Arabidopsis
Allotetraploids
Phenotypic dominance also occurs in two Arabidopsis

allotetraploids with the preferential repression of the model
plant A4. thaliana phenotype (Table 1). The natural and
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synthetic allotetraploids A. suecica (2n=4x=26, AtAtAaAa)
between A. thaliana (2n=10, AtAt) and 4. arenosa (2n=16,
AaAa) resembled the A. arenosa parent in these
morphological characteristics including long leaves, tall
stature, many branches, deeply serrated rosette leaves, and
large rosettes and flowers. The pink flower color of 4. arenosa
appeared in the early generations of the synthetic
allotetraploid and changed to white after several generations
[16]. The synthetic allopolyploid (2n=4x=26, AtAtAlAl)
between A4. thaliana and A. lyrata subsp. petraea (2n=2x=16,
AlAl) is phenotypically more similar to A. lyrate in several
growth characteristics such as plant stature, the tendency to
produce aerial rosettes, the vernalization requirement and the
long-lived habit [17]. Phenotypic dominance also occurs
coincidently with the nucleolar dominance in these two
allotetraploids, as the A. thaliana tDNA loci were always
repressed. Furthermore, the species-specific bias against
thaliana gene expression is not restricted to rRNA genes, as
the genome-wide analysis of gene expression reveals global
down-regulation of the 4. thaliana genome in favor of the 4.
arenosa genome [16] (Table 1).

7. Phenotypic Dominance and Genome
Contexts in Allopolyploids

As shown in these allopolyploids above, the exhibition
extent and then the recognizability of the phenotypic
dominance biased to one parent seem to correlated with the
genomic relationships and the morphological difference
between parents. If two parents are more distantly related and
show more distinct traits, it is probable that their hybrids and
allotetraploids should present more characteristics which are
identifiable for the parental origin and then classifiable into
the expression dominance. As B. napus has two progenitors B.
rapa and B. oleracea which are most closely related among
three Brassica diploids and show least difference in
morphology, it gives fewest traits distinguishable between two
parents among the three allotetraploids. Because B. nigra is
characterized by its morphology much distinct from both B.
rapa and B. oleracea, B. juncea and B. carinata show more
traits assignable to parents, obviously to B. nigra in B. juncea.
The fact that the distinct phenotype from B. nigra is largely
covered in B. carinata is quite evident for the strong
expression of the B. oleracea morphology.

Interestingly, the characteristic phenotypic traits from the
other genera including R. sativus and O. violaceus are preferred
for expression in their intergeneric hybrids and allopolyploids
with Brassica species, particularly the leaf serration [13-15]
(Table 1) (Figures 1, 2). As morphological traits from these
species out of Brassica are more divergent than those in
Brassica species, the phenotypic dominance is more easily
identifiable when they are expressed, including the invariable
leaf serration. The more obvious performance of phenotypic
dominance in intergeneric allopolyploids than Brassica ones
likely results from the more distant relationship and more
distinct traits, while the high homoeologous genomes in

Brassica nullify the effect of the other genome. Notably, the leaf
serration is dominantly expressed in these intergeneric
allopolyploids, B. juncea, and Arabidopsis allotetraploids.

The expression and dominance of phenotypic traits are
subject to the genome structure and interplay in the
allopolyploids. In the first situation, the genes controlling the
traits of the recessive parent is re-activated in the aneuploidy
state of its genome. Though the morphology of B. nigra is
largely masked in synthetic B. carinata, its hidden traits
including the distinct leaf serration are expressed in the
monosomic alien addition lines (MAALS) carrying individual
chromosome of B subgenome and all chromosomes of C
subgenome [18], which reveals that the aneuploidy state of B
subgenome muster but its euploidy state suppress the gene
expressions, suggesting the differential interaction
mechanisms for the euploidy and aneuploidy backgrounds. In
the second situation, the traits of the dominant parent are still
expressed in the aneuploidy state of its genome. Those
MAALSs carrying individual chromosome of B subgenome
and all chromosomes of A subgenome expressed the distinct
traits of B. nigra, as observed in the synthetic B. juncea and B.
oleracea-nigra MAALs. Some B. rapa-nigra MAALs sharing
the same B subgenome chromosome as B. oleracea-nigra
MAALSs presents the more obvious expression of the same
trait (unpublished), showing that A subgenome is more
motivative or less suppressive for the gene expression of B
subgenome than C subgenome. Similarly, nearly all the
dominant traits from O. violaceus in the somatic hybrids with
B. napus are expressed by different MAALSs with its different
chromosomes in the B. napus background [15]. This indicates
that the expressions of the traits from the dominant parent in
the allopolyploids are mostly maintained in the aneuploidy
state of MAALs only carrying single chromosome related.
Additionally, these MAALSs also show some nonparental traits,
likely caused by the interspecific aneuploidy [15].

From genome sequencing and transcriptome analysis of
all six Brassica species, no significant colinear
homoeologous gene expression dominance in the two
subgenomes are detected in three natural allotetraploids [6,
19, 20]. In the six tissues of B. carinata with the high-quality
genome sequence, the colinear gene pairs showing
expression dominance account for only 6.50% of
whole-genome genes, and the dominance between the two
subgenomes is insignificant. Among only 1.50% of genes
displaying homoeolog expression dominance in all tissues,
647 (0.66%) and 815 (0.84%) genes are dominant toward B
and C subgenomes, respectively [20]. So the correlation
between phenotypic dominance and gene expression
dominance at genome-wide level is low and not causal at
least in these allotetraploids, though their co-occurrence is
revealed in some allopolyploids [21] (Table 1). The genomic
structures of three Brassica diploids seem not to agree with
the prevailing explanation for the preferential expression of
homoeologs regarding the parental differences in the number
and distribution of transposable elements (TEs) and their
adjacency to genes [22], as the genome of B. oleracea [23]
has the higher percentage of repetitive sequences ~60% than
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B. nigra (~50%) [24], and B. rapa (30%) [25] (Table 2)
(Figure 1). Accordingly, the dominant R. sativus (~36%) [26]
has a genome with the size and rate of repetitive sequences
similar to the recessive B. rapa, but smaller in size and less

Genomic Asymmetry for Morphology in Allopolyploids Within and out of Brassica

the genome of the dominant O. violaceus (~1Mb genome
size) is also characterized by the large size comparable to B.
napus and the even distribution of repetitive sequences along
the whole chromosomes [27].

repetitive than the recessive B. oleracea (Table 2). Similarly,

Table 1. Phenotypic, nucleolar and transcriptomic dominance in natural and synthetic allopolyploids from sexual and somatic hybridizations between species of
Brassicaceae.

Dominant genome in

Allopolyploids Parental combinations Moy Nucleolus Tt o
B. carinata (BBCC) B. nigra (BB) x B. oleracea (CC) C B NO
B. juncea (AABB) B. rapa (AA) x B. nigra (BB) B with leaf serration B NO
B. napus (AACC) B. rapa (AA) x B. oleracea (CC) C A NO
AABBCC Six Brassica species C B

RRCC R. sativus (RR) x B. oleracea (CC) R with leaf serration RR -
RRAA B. rapa (AA) x R. sativus (RR) R with leaf serration - -
RRII R. sativus (RR) + L. indigotica (1I) R with leaf serration - -
AACCOO B. napus (AACC) + O. violaceus (OO) O with leaf serration (6] -
A. suecica (AtAtAaAa) A. thaliana (AtAt) x A. arenosa (AaAa) Aa with leaf serration Aa Aa
AtAtAIAL A. thaliana (AtAt) x A. lyrata (AlAl) Al Al -

“-”: Data unavailable.

Table 2. Genome data of three Brassica diploids and radish which present the R >C>B>A hierarchy of phenotypic dominance in their allopolyploids.

Species / Genome R. sativus | RR B. oleracea | CC B. nigra /| BB B. rapa | AA
Genome size (Mb) 547 630 570~608 443
Assembly %* 70.0 60.0 78.4~88.8 79.7
Repeat and TE % 36.7 38.8 33~54 37.5

Raphanus sativus var. hortensis genome was assembled using > 500-bp and > 2-kb scaffolds, with a total of 121.8x sequence data [26]. The draft genome
assembly of Brassica oleracea var. capitata line 02—12 was produced by interleaving Illumina, Roche 454 and Sanger sequence data [23]. The de novo
assemblies for the B. nigra genome were generated by a combination of nanopore sequencing, Illumina error correction, Hi-C sequencing and genetic mapping
[24]). An improved assembly of the B. rapa genome (v3.0) for the Chinese cabbage (accession Chiifu-401-42) was obtained by using single-molecule

sequencing, optical mapping, and chromosome conformation capture technologies (Hi-C) [25].

8. Conclusions

The phenotypic dominance and particularly its hierarchy
among these hybrids and allopolyploids involving the species
within and out of Brassica stimulate many questions on the
regulation mechanisms of subgenome dominance for further
studies, including the “outstanding questions™ proposed [22].
The allopolyploids and the MAALSs which express some easily
identifiable traits (such as leaf serration) provide the suitable
systems for solving these questions, and for connecting the
biased homeolog expression and subgenome dominance to their
genomic and individual chromosome contexts, with the
availability of the genome data for the species involved.

The formation of leaf margin which can be categorized into
smooth, serrated or lobed is under the complex regulation of
numerous factors including phytohormones, transcription
factors (TFs), and microRNAs (miRNAs) [28-30]. The
elucidation of the mechanism behind the dominant phenotype
of the leaf serration in these allopolyploids should shed new
insights not only into the leaf development, but also into the
differential homeolog expression.

Acknowledgements

The work was supported by Natural Science Foundation of

China (Grant No. 31771827).

References

[1] Feldman, M., Levy, A., Fahima, T., Korol, A. (2012). Genomic
asymmetry in allopolyploid plants: wheat as a model. J. Exp.
Bot. 63, 5045-5059.

[2] Pikaard, C. S. (2000). The epigenetics of nucleolar dominance.
Trends Genet., 16, 495-500.

[3] Chen, Z. J., Pikaard, C. S. (1997). 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, 94, 3442—
3447.

[4] Cui, C., Ge, X. H., Gautam, M., Kang, L., Li, Z. Y. (2012).
Cytoplasmic and genomic effects on meiotic pairing in
Brassica hybrids and allotetraploids from pair crosses of three
cultivated diploids. Genetics, 191, 725-738.

[S1 Zhu, B, Tu, Y. Q., Zeng, P, Ge, X. H,, Li, Z. Y. (2016).
Extraction of the constituent subgenomes of the natural
allopolyploid rapeseed (Brassica napus L.). Genetics, 204,
1015-1027.

[6] Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A., Tang, H., et al.
(2014). Early allopolyploid evolution in the post-Neolithic
Brassica napus oilseed genome. Science, 345, 950-953.



[7]

(8]

(9]

[10]

[11]

[12]

[14]

[15]

[16]

[17]

[18]

Journal of Plant Sciences 2021; 9(6): 323-328

Ge, X. H., Wang, J., Li, Z. Y. (2009). Different genome-specific
chromosome stabilities in synthetic Brassica allohexaploids
revealed by wide crosses with Orychophragms. Ann. Bot., 104,
19-31.

Zhang, K. N., Mason, A. S., Farooq, M. A., Islam, F.,
Quezada-Martinez, D., Hu, D. D., Yang, S., Zou, J., Zhou, W. J.
(2021). Challenges and prospects for a potential allohexaploid
Brassica crop. Theor. Appl. Genet., 134, 2711-2726.

Zhou, J. N., Chen, T., Cui, C., Ge, X. H., Li, Z. Y. (2016).
Distinct subgenome stabilities in synthesized Brassica
allohexaploids. Theor. Appl. Genet., 129, 1257-1271.

Pradhan, A., Plummer, J. A., Nelson, M. N., Cowling, W. A,
Yan, G. J. (2010). Successful induction of trigenomic hexaploid
Brassica from a triploid hybrid of B. napus L. and B. nigra (L.)
Koch. Euphytica, 176, 87-98.

Lee, S. S., Lee, S. A., Yang, J. M., Kim, J. (2011). Developing
stable progenies of x Brassicoraphanus, an intergeneric
allopolyploid between Brassica rapa and Raphanus sativus,
through induced mutation using microspore culture. Theor.
Appl. Genet., 122, 885-891.

Tu, Y. Q., Sun, J., Liu, Y., Ge, X. H., Zhao, Z. G., Yao, X. C., Li,
Z. Y. (2008). Production and characterization of intertribal
somatic hybrids of Raphanus sativus and Brassica rapa with
dye and medicinal plant Isatis indigotica. Plant Cell Rep., 27,
873-883.

Zhao, Z. G., Hu, T. T,, Ge, X. H., Du, X. Z., Ding, L., Li, Z. Y.
(2008). Production and characterization of intergeneric somatic
hybrids between Brassica napus and Orychophragmus
violaceus and their backcrossing progenies. Plant Cell Rep., 27,
1611-1621.

Li, Z. Y., Heneen, W. K. (1999). Production and cytogenetics of
intergeneric hybrids between the three cultivated Brassica
diploids and Orychophragmus violaceus. Theor. Appl. Genet.,
99, 694-704.

Ding, L., Zhao, Z. G., Ge, X. H., Li, Z. Y. (2013). Intergeneric
addition and substitution of Brassica napus with different
chromosomes from Orychophragmus violaceus: phenotype
and cytology. Sci. Hortic., 164, 303-309.

Wang, J. L., Tian, L., Lee, H. S., Wei, N. E., Jiang, H., Watson,
B., Madlung, A., Osborn, T. C., Doerge, R. W., Comai. L.,
Chen, Z. J. (2006). Genomewide nonadditive gene regulation
in Arabidopsis allotetraploids. Genetics, 172, 507-517.

Beaulieu, J., Jean, M., Belzile, F. (2019). The allotetraploid
Arabidopsis thaliana -Arabidopsis lyrata subsp petraea as an
alternative model system for the study of polyploidy in plants.
Mol. Genet. Genomics, 281, 421-435.

Tan, C., Cui, C., Xiang, Y., Ge, X. H., Li, Z. Y. (2017).
Development of Brassica oleracea-nigra monosomic alien
addition lines: genotypic, cytological and morphological
analyses. Theor. Appl. Genet., 130, 2491-2504.

[19]

[20]

[21]

[22]

(23]

[24]

(23]

[27]

328

Yang, J. H., Liu, D. Y., Wang, X. W., Ji, C. M., Cheng, F., Liu, B.
N., Hu, Z. Y., Chen, S., Pental, D., Ju, Y. H., Yao, P,, Li, X. M.,
Xie, K., Zhang, J. H., Wang, J. L., Liu, F., Ma, W. W., Shopan,
J., Zheng, H. K., Mackenzie, S. A., Zhang, M. F. (2016). The
genome sequence of allopolyploid Brassica juncea and
analysis of differential homoeologous gene expression
influencing selection. Nat. Genet., 48, 1225-1232.

Song, X. M., Wei, Y. P., Xiao, D., Gong, K., Sun, P. C. (2021).
Brassica carinata genome characterization clarifies U’s
triangle model of evolution and polyploidy in Brassica. Plant
Physiol., 186, 388—406.

Bird, K. A., VanBuren, R., Puzey, J. R., Edger, P. P. (2018). The
causes and consequences of subgenome dominance in hybrids
and recent polyploids. New Phytol., 220, 87-93.

Bottani, S., Zabet, N. R., Wendel, J. F. (2018). Gene expression
dominance in allopolyploids: Hypotheses and models. Trends
Plant Sci., 23, 393-402.

Liu, S., Liu, Y. M., Yang, X. H., Tong, C. b., Edwards, D., et al.
(2014). The Brassica oleracea genome reveals the
asymmetrical evolution of polyploid genomes. Nat. Commun.,
5, 3930.

Perumal, S., Koh, C. S., Jin, L., Buchwaldt, M., Higgins, E. E.,
Zheng, C. F., Sankoff. D., Robinson, S. J., Kagale, S., Navabi,
Z.,Tang, L. L., Horner, K. N., He, Z. S., Bancroft, 1., Chalhoub,
B., Sharpe, A. G., Parkin, I. A. P. (2020). High contiguity long
read assembly of Brassica nigra allows localization of active
centromeres and provides insights into the ancestral Brassica
genome. Nat. Plants, 6, 929-941.

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

Mitsui, Y., Shimomura, M., Komatsu, K., Namiki, N.,
Shibata-Hatta, M., Imai, M., Katayose, Y., Mukai, Y.,
Kanamori, H., Kurita, K. (2015). The radish genome and
comprehensive gene expression profile of tuberous root
formation and development. Sci. Rep., 5, 10835.

Hua, Y. W, Liu, M., Li, Z. Y. (2006). Parental genome
separation and elimination of cells and chromosomes revealed
by GISH and AFLP analysis in intergeneric hybrids between
Brassica carinata and Orychophragmus violaceus. Ann. Bot.,
97, 993-998.

Bar, M., Ori, N. (2014). Leaf development and morphogenesis.
Development, 141, 4219-4230.

Fouracre, J. P., Poethig, R. S. (2016). The role of small RNAs in
vegetative shoot development. Curr. Opin. Plant Biol., 29, 64—
72.

Nikolov, L. A., Runions, A., Gupta, M. D., Tsiantis, M. (2019).
Leaf development and evolution. Curr. Top Dev. Biol., 131,
109-13.



