
agronomy

Article

Characterization of Interspecific Hybrids between
Flowering Chinese Cabbage and Chinese Kale

Yunxiao Wei, Fei Li, Shujiang Zhang, Shifan Zhang, Hui Zhang and Rifei Sun *

Department of Chinese Cabbage, Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences,
Zhongguancun, Nandajie No. 12, Haidian District, Beijing 100081, China; yuluoyunxiao@126.com (Y.W.);
lifei@caas.cn (F.L.); zhangshujiang@caas.cn (S.Z.); zhangshifan@caas.cn (S.Z.); zhanghui05@caas.cn (H.Z.)
* Correspondence: sunrifei@caas.cn; Tel.: +86-010-8210-9511

Received: 17 September 2018; Accepted: 1 November 2018; Published: 12 November 2018 ����������
�������

Abstract: Interspecific hybridization is considered to be an important driving force in the evolution,
diversification, and formation of plant species. We selected one flowering Chinese cabbage variety
and three Chinese kale varieties to make hybrids. Heterologous haploid offspring were obtained
by embryo rescue and heterologous diploids were obtained by colchicine doubling. A total of 108
individuals of the F2, F3 and F4 generations from three parental combinations were investigated for
field traits and SSR (simple sequence repeats) markers. The results showed trait separation and the
appearance and disappearance of SSR bands in the hybrids, showing significant differences among
parental combinations and among the different generations. This proved that the phenotypes of
the initial generations of allopolyploids were not stable. This study not only enriches the genetic
resources available for breeding flowering Chinese cabbage and Chinese kale, but lays a theoretical
foundation for exploring the segregation of traits in distant hybrids and in different generations.

Keywords: flowering Chinese cabbage; Chinese kale; synthetic Brassica napus; distant hybridization;
trait separation

1. Introduction

Flowering Chinese cabbage (Brassica rapa var. parachinensis), a vegetable of the Brassicaceae
family of Chinese origin, is a variant of Chinese cabbage that is still cultivated widely in southern
China. The stalk is tender, easy to cook, and has a pleasant taste. Its growth period is short and the
multiple cropping index is high, with only 40–56 days from germination to flowering and 80–90 days
to seed maturation [1]. A related Brassica, Chinese kale (Brassica oleracea var. alboglabra), is widely
distributed in southern China and southeast Asia [2]. Chinese kale is usually grown for its bolting
stems as the most common edible part because they have a tender and crisp texture and good flavor.
Chinese kale also has high nutritional value because of its high content of major antioxidants and
putative anticarcinogenic compounds, including vitamin C, carotenoids, and glucosinolates [3,4].

Breeders have long used systematic breeding methods to breed flowering Chinese cabbage
varieties, resulting in a narrow background of genetic resources [5–7]. In addition, the commercial
production of Chinese kale mainly uses a conventionally-bred variety, and there are problems such
as low yield, poor quality, and serious diseases and insect pests [8]. The above problems have
caused the existing varieties to fail to meet market demand. Hybridization between different species,
intergeneric crosses, and even distantly-related species can be used to combine different species or
genus characteristics, to break through species boundaries, and to expand genetic variation to create
new types of variation or new species [9–11]. The Japanese scholar, U Nagahara, first confirmed the
origin of B. napus and proposed the “triangle of U”, which was a theory of the evolution of several
species of Brassica and their phylogenetic relationships. With the development of DNA sequencing
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technology, it is now generally believed that B. napus was formed by hybridization and genome
doubling of B. rapa (genome AA) and B. oleracea (CC) approximately 7500 years ago [12]. Flowering
Chinese cabbage and Chinese kale are subspecies of B. rapa and B. oleracea, respectively. Hybridization
between the two species readily produces offspring.

The hybridization of flowering Chinese cabbage and Chinese kale to form B. napus is a process of
allopolyploidization. Synthetic allopolyploids show some abnormal and unstable mutations in cytology
and phenotype, such as flowering time, plant height, and stalk diameter [13,14]. Such variation enriches
the genetic background while also causing some drawbacks: in particular, stabilizing target traits takes
a long time. This becomes the major obstacle in making use of artificial allopolyploid species and
makes it difficult to develop new cultivars for field application [15,16].

Microsatellite sequences are highly susceptible to mutation and can be generated when a large
number of mutations are induced by interspecific hybridization or polyploidization. The generation,
deletion, and mutation of tandem repeats can change the structure of the genome, but such mutations
can alleviate the genomic oscillation caused by polyploidization and be conducive to maintaining the
stability and inheritance of the new polyploid genome [17–19].

Therefore, exploring the trait and sequence variation of offspring from selfing synthetic B. napus
can help us understand the mechanism of phenotypic stability in allopolyploids while also generating
important genetic resources for the breeding of flowering Chinese cabbage and Chinese kale.

The hybridization between flowering Chinese cabbage and Chinese kale has rarely been
studied [13,18,20–22]. In the present study, one flowering Chinese cabbage and three Chinese kale
varieties were selected for hybridization. Heterologous haploids were obtained by embryo rescue,
and heterologous diploids were obtained by colchicine treatment. The offspring not only represent
rich genetic resources, but might also serve as new vegetable-type rapeseed material that combines
the advantages of the two species. Three generations of plants were investigated by analyzing field
traits and SSR markers, thereby laying a theoretical foundation for exploring trait separation in the
allopolyploidization process.

2. Materials and Methods

2.1. Plant Materials

Plant materials were provided by the Department of Chinese Cabbage, Institute of Vegetable and
Flowers, Chinese Academy of Agricultural Sciences, Beijing, China. We used the flowering Chinese
cabbage inbred line 755, which is a multi-year breeding material, and three Chinese kale varieties,
719, 722, and 723 (Table 1).

Table 1. Flowering Chinese cabbage and Chinese kale parental materials.

Species Genome Type Code Material Original Name

Flowering Chinese cabbage AA 755 Inbred line flowering Chinese cabbage A
Chinese kale CC 719 Inbred line Cujie
Chinese kale CC 722 Commercial variety Sijicutiao Chinese kale
Chinese kale CC 723 Commercial variety Xianggangbaihuatian Chinese kale

2.2. Methods

2.2.1. Embryo Rescue and Colchicine Doubling

The four parental materials were grown in glasshouses. At the flowering stage, three crosses were
pollinated separately: z1, 755 × 719; z2, 755 × 722; z3, 755 × 723. The flowering Chinese cabbage was
the female parent, while the Chinese kale was the male parent. At 10–12 days after pollination, several
ovaries from each combination were first treated with 75% absolute ethanol for 1 min, then with 8%
NaClO for 15 min, and finally rinsed three times with sterile water. The ovules in the ovary were
stripped with forceps and then inoculated into B5 medium. The inoculated ovules were cultured for
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30–50 days at 25 ± 2 ◦C with illumination intensity of 2000 lx for 10 h day−1 [23,24]. When viable
ovules had differentiated, rooted and developed into 5–6-leaf seedlings, heterogenous polyploids were
obtained by treating the root of the seedlings with 5% colchicine for 24 h. The treated seedlings were
then washed with water and planted in a glasshouse [25].

2.2.2. Ploidy Identification and Assessment of Plant Characteristics

Plant genome doubling after colchicine treatment was identified by flow cytometry
(BD FACSCalibur™, BD Biosciences, San Jose, CA, USA). We took the young leaves of plants to
do the experiment. The DNA content was estimated according to the protocol of Dolezel et al. [26].
The flowering Chinese cabbage parental DNA content (2C) was set as a reference. Its G1 peak was
positioned on the abscissa (channel 190) by adjusting the instrument gain settings. The coefficient
of variation of all samples was below 5% [27]. The successfully doubled plants were propagated to
produce F2, F3, and F4 generations by self-breeding. A total of 108 plants (12 plants for each genetic
combination and generation) were planted in the field at the Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences. The planting date was 20 January 2017; the harvest date
was 20 February 2017; the spacing within and between rows was 15 cm and 20 cm, respectively; and the
number of plants per plot was 12. The field traits of flower color, flowering time, plant height, and stalk
diameter were evaluated.

2.2.3. Genomic DNA Isolation and Molecular Analysis

Genomic DNA was isolated from the leaves of the parents and F2, F3, and F4 hybrid plants
using a modified CTAB method [28]. Nineteen SSR markers were randomly chosen from the Brassica
Database [18] (Table S1) and used for PCR (Qingke, Beijing, China) amplification of genomic DNA.
The PCR primers were purchased from Qingke Co., Beijing, China. The total volume of the reaction
system was 5 µL. The PCR reaction mixtures contained: 1 µL of template DNA, 0.4 µL of forward
and reverse primers (0.2 µL each), 2.5 µL 2 × super Taq mix (Qingke, Beijing, China), and 1.1 µL of
water. The conditions for PCR amplification were 94 ◦C for 5 min; 35 cycles at 94 ◦C for 30 s, 56 ◦C for
30 s, 72 ◦C for 30 s; and finally 72 ◦C for 10 min. PCR products were detected by 8% non-denaturing
polyacrylamide gel electrophoresis [18].

3. Results

3.1. Generation of Hybrid Offspring

The three combinations (z1, 755 × 719; z2, 755 × 722; z3, 755 × 723) produced respectively
70, 52, and 29 heterologous diploids after embryo rescue and 6, 7, and 8 allotetraploids after
colchicine treatment (Table 2). Heterologous diploids were easily obtained in all three combinations.
Heterogenous polyploids were identified by flow cytometry. The major peak of DNA fluorescence
intensity for flowering Chinese cabbage was set at 190; the peak for Chinese kale was detected at 245,
the peak for the heterologous diploids at 220, which was the average of the parents, and the peak for
the allotetraploids at 435, which was twice the value of the heterologous diploids (Figure 1).

Table 2. Results of interspecific hybrids between flowering Chinese cabbage and Chinese kale.

Code Cross
Combination

Ovule
Culture Number

Obtain
Seedlings Number

Rate of
Obtaining the
Hybrids (%)

Colchicine
Treatment Number

Doubled
Number

Rate of
Double (%)

z1 755 × 719 190 70 0.37 15 6 0.40
z2 755 × 722 140 52 0.37 15 7 0.47
z3 755 × 723 80 29 0.36 15 8 0.53
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Figure 1. Ploidy identification by flow cytometry. The fluorescence signal represents nuclear DNA 
content; the peaks indicate interphase nuclei. Flowering Chinese cabbage (genome AA) was set to 190 
as reference. 
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All hybrids had white flowers, indicating that white flowers were dominant over yellow flowers 
(Figure 2c), while the field performance of the hybrids was intermediate between that of the two 
parents (Figure 2a). However, the hybrids showed separation of characteristics in each combination: 
the leaf color and stem color of the offspring varied from the color of flowering Chinese cabbage to 
that of Chinese kale (Figure 2b). Comparing the edible part of the stalk, hybrids with wax-free surface 
powder were similar to flowering Chinese cabbage, while those with wax-containing powder were 
more similar to Chinese kale (Figure 2d). In addition, the values of flowering time, plant height, and 
stalk diameter varied among the 12 plants in each combination and generation. We used ANOVA to 
determine significant differences in the three traits among the hybrid combinations and among 
generations F2 to F4 (Figure 3). For plant height, the differences among all the three generations were 
significant (Figure 3a); for stalk diameter, F3 differed significantly from F2 and F4; for flowering time, 
F4 differed significantly from F2 and F3. The newly synthesized B. napus combinations had an unstable 
shape in the early generations, and there were differences in different traits among generations. For 
all three traits, z1 differed significantly from z2 and z3 (Figure 3b). The conclusions were supported 
through significant differences in data for three traits of 108 plants. Each generation (F2, F3, F4) had 36 
plants of data to support the analysis, and each combination (Z1, Z2, Z3) was the same. These results 
showed that the performance of hybrid progeny depended on the respective Chinese kale parents.  

Figure 1. Ploidy identification by flow cytometry. The fluorescence signal represents nuclear DNA
content; the peaks indicate interphase nuclei. Flowering Chinese cabbage (genome AA) was set to 190
as reference.

3.2. Morphological Characteristics

All hybrids had white flowers, indicating that white flowers were dominant over yellow flowers
(Figure 2c), while the field performance of the hybrids was intermediate between that of the two
parents (Figure 2a). However, the hybrids showed separation of characteristics in each combination:
the leaf color and stem color of the offspring varied from the color of flowering Chinese cabbage
to that of Chinese kale (Figure 2b). Comparing the edible part of the stalk, hybrids with wax-free
surface powder were similar to flowering Chinese cabbage, while those with wax-containing powder
were more similar to Chinese kale (Figure 2d). In addition, the values of flowering time, plant height,
and stalk diameter varied among the 12 plants in each combination and generation. We used ANOVA
to determine significant differences in the three traits among the hybrid combinations and among
generations F2 to F4 (Figure 3). For plant height, the differences among all the three generations were
significant (Figure 3a); for stalk diameter, F3 differed significantly from F2 and F4; for flowering time,
F4 differed significantly from F2 and F3. The newly synthesized B. napus combinations had an unstable
shape in the early generations, and there were differences in different traits among generations. For all
three traits, z1 differed significantly from z2 and z3 (Figure 3b). The conclusions were supported
through significant differences in data for three traits of 108 plants. Each generation (F2, F3, F4) had
36 plants of data to support the analysis, and each combination (Z1, Z2, Z3) was the same. These results
showed that the performance of hybrid progeny depended on the respective Chinese kale parents.



Agronomy 2018, 8, 258 5 of 10

Figure 2. Morphology of parents and interspecific hybrids. (a) Morphology of parental and interspecific
hybrid plants. (b) Leaf color of hybrid plants. (c) Flower color of parents and hybrid. (d) Stem
(edible part) of parents and hybrids.

Figure 3. Significance analysis of morphological characteristics. (a) Significant difference analysis for
three traits among different generations and (b) different genetic combinations. Different lowercase
letters indicate significant differences (α = 0.05). Error bars indicate standard error.
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3.3. Molecular Characterization

Thirty SSR primer pairs (Table S1) were used to detect sequence variation among the hybrids
and parents. Nineteen SSR markers were polymorphic between the parents and were analyzed in the
hybrids. The 19 markers cover 8 chromosomes of genomic C, 9 chromosomes of genomic A, providing
a good overview of variation in the plants. Novel bands were detected in the hybrids, while some
parental bands were missing (Figure 4). The number lacking a band of the AA genome (AA_lack),
lacking a band of the CC genome (CC_lack), and with novel bands that were not present in the
parents (novel) were different in each of the 12 plants. We performed a significant difference analysis
among the genetic combinations and three generations, F2 to F4 (Figure 5). There were differences
among the combinations (Figure 5b): z1 differed significantly from z2 and z3, which was consistent
with the results of the trait analysis (Figure 3b). It was speculated that genetic variation leads to
the phenomenon of shape separation. However, there was no significant difference among the three
generations (Figure 5c). This might have been because we used a relatively small number of SSR
markers. In addition, AA_lack was significantly different from CC_lack and novel. The number of
AA_lack and CC_lack hybrids was much higher than for novel (Figure 5a). The AA genome was much
more variable than the CC genome and fewer new fragments appeared compared with the missing
fragments. In summary, the conclusions were supported through significant differences in data for
AA_lack and CC_lack numbers of 108 plants. Each generation (F2, F3, F4) had 36 plants of data to
support the analysis, and each combination (Z1, Z2, Z3) was the same. These results showed that the
genetic information of the early generations of the synthetic B. napus had changed. Genetic changes
provide a molecular basis for trait variation.
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Figure 4. Molecular analysis of SSR markers in F3 generation hybrids. The gels show PCR products
generated using SSR primer pairs SSR-c08a09-1 or SSR-c07a06-1. M: DNA length marker; the codes on
each gel indicate the parents and their hybrids; the red rectangles indicate specific novel bands or lack
of parental bands.
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Figure 5. Significance analysis of molecular characterization using SSR markers. AA_lack means that
number lacking a band of the AA genome; CC_lack means that number lacking a band of the CC
genome; novel means the number with novel bands not present in the parents. (a) Significant difference
analysis of the total number of AA_lack, CC_lack and novel bands; (b) significant difference analysis
for the number of AA_lack and CC_lack bands in the different genetic combinations; (c) significant
difference analysis for the number of AA_lack and CC_lack bands in different generations. Different
lowercase letters indicate significant differences (α = 0.05). Error bars indicate standard error.

4. Discussion

The synthesized B. napus F1 is mostly a flourish grower and has a distinct hybrid advantage.
By artificially synthesizing B. napus to introduce new germplasm resources, breeders have produced
new B. napus materials with specific agronomic traits and quality traits such as disease resistance,
cold resistance, low erucic acid, and high oil content [13,29,30]. In this study, flowering Chinese
cabbage served as the female parent and three Chinese kale varieties served as the male parent.
The hybrids showed significant variation in traits among the different genetic combinations and
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different generations. Variant plants with epicuticular wax powder, short flowering time, and altered
stalk diameters were found. Backcrosses between newly formed allopolyploid hybrids and the parents
might broaden the genetic resources of flowering Chinese cabbage and Chinese kale. In addition,
hybrids with desirable variation in agronomic traits could serve as breeding materials for B. napus
by backcrossing. More importantly, as flowering Chinese cabbage and Chinese kale are known for
their nutritional value and desirable taste [1,2], further nutritional analysis to compare the hybrid
offspring with their parents will be required. Some hybrid offspring might have greater levels of
some nutrients than their parents, which would provide powerful support for hybrids becoming
commercially viable vegetables.

Previous studies have shown that synthetic B. napus has abundant variation, such as in flowering
time, flower size, plant fresh weight, leaf shape and size, the surface wax layer, and other traits [13,18].
However, there have been few studies on the mechanism of variation in traits in the field between
different genetic combinations and different generations [14]. In our investigation of the field
characteristics of synthetic B. napus, traits were separated in different combinations and generations.
Therefore, breeders could expand the population of self-bred offspring to screen for desirable variations
in future breeding work. In addition, the traits of the three genetic combinations showed significant
differences, indicating that the range of trait variation between combinations was limited by the
parents. When configuring combinations, breeders should select parents with characteristics required
for the target trait. In line with previous research conclusions, the traits showed significant differences
among different generations, indicating that initial generations of synthetic B. napus were unstable
and multi-generation self-crossing was necessary to obtain stable inbred lines for breeding. At last,
expanding the number of populations could lead to more convincing conclusions, more hybrids,
and more generations are waiting to be further studied.

Allopolyploid-induced variant DNA sequences are mainly concentrated in transposon sequences,
random sequences, or repetitive sequences [31–33]. Through bioinformatics analysis, it was found that
the microsatellite sequence density of the coding region in natural B. napus was higher than that of
its diploid parent species, indicating that the SSRs in the gene coding region changed significantly
during the polyploidization of B. napus [14,34–36]. In our study, novel and missing SSR sequences
were detected in the hybrids. There were differences in the statistical results among the different
combinations, which was consistent with the variation in the traits. However, there was no significant
difference between generations, indicating that the difference in sequence changes caused by different
fathers was significantly higher than that in the process of multiplication. In addition, the number of
missing AA bands was significantly greater than the number of missing CC bands, which proved that
the AA genome is more active than the CC genome when responding to whole-genome duplication [37].
This confirms that sequence changes in the early generations of synthetic B. napus and genetic changes
in newly formed allotetraploids might provide a molecular basis for trait separation [38]. With further
development of sequencing technology, it will be possible to explore the SSR variation mechanism
across the whole genome and the effect of SSR variation on the traits.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/11/258/s1,
Table S1: Characteristics of analyzed simple sequence repeat (SSR) markers.
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