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based on the BLAST analysis of highly homologous Rfo 
sequences in B. oleracea. Screening using the novel Rfo 
marker found that six interspecific hybrids carrying Rfo 
were also fertile, although fertility varied during different 
flowering periods. Furthermore, BC1 offsprings with the 
Rfo gene were selected with the allele-specific Rfo marker 
and showed restored fertility. These results indicated that 
the novel allele-specific marker could be used for the MAS 
of Rfo gene in B. oleracea, and this study lays the founda-
tion for the development of Ogu-CMS restorer material in 
cabbage and its related other subspecies.

Introduction

Male sterility, referring to the failure to produce functional 
pollen and viable male gametes, is a very widespread phe-
nomenon in plants. It was first discovered by the German 
botanist Joseph Gottlieb Kolreuter in 1763 (Mayr 1986) 
and has since been reported in 320 species (Kaul 1988). 
Male sterility provides important tools for taking advan-
tage of hybrid vigor, or heterosis, and provides useful mod-
els to study nuclear–cytoplasm interactions. According to 
differences in the male sterile gene location, male sterility 
is usually divided into cytoplasmic male sterility (CMS), 
which is controlled by mitochondrial genes and coupled 
nuclear genes, and genic male sterility (GMS), controlled 
by nuclear genes alone (Vedel et  al. 1994). In contrast to 
CMS, male sterility traits in the GMS system cannot be 
efficiently maintained; therefore hybrid seed technologies 
based on the GMS system are not usually applicable. How-
ever, environmentally sensitive genetic male sterile mutants 
(EGMS), in which pollen fertility is sensitive to changes 
in the duration of day or temperature, are found in many 
species and enable GMS systems to be applicable in hybrid 
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breeding (Virmani and Ilyas-Ahmed 2001), especially in 
cabbage (Brassica oleracea L. var. capitata) (Fang et  al. 
1997) and rice (Oryza sativa L.) (Li et al. 2007).

CMS systems are widely used in the seed production 
of commercial hybrids. An example is Ogura CMS (Ogu-
CMS), discovered in radish (Raphanus sativus) and recog-
nized as a stable type of male sterility (Ogura 1968). It is 
controlled by the mitochondrial gene, orf138, which con-
sists of two co-transcribed open reading frames, orf138 and 
orfB (Bonhomme et al. 1991, 1992). The Ogura-type mito-
chondrial genome has four unique regions non-syntenic 
to the normal-type radish genome, and the orf138 gene 
is located at the edge of the largest unique region. These 
unique regions are composed of known Brassicaceae mito-
chondrial sequences, which suggests that unique regions 
may have been generated by integration and shuffling of 
pre-existing mitochondrial sequences, and novel genes 
such as orf138 were created through the shuffling process 
of the mitochondrial genome (Tanaka et al. 2012).

Brassica oleracea contains several subspecies, including 
cabbage, broccoli, cauliflower, Chinese kale and kohlrabi. 
They are important vegetable crops in the Brassicaceae 
family and widely cultivated throughout China. The het-
erosis is obvious, and self-incompatibility and male steril-
ity are two main methods to exploit the heterosis. However, 
the lack of viable male sterility has prohibited the devel-
opment of male sterile hybrids. Following the discovery 
of the Ogu-CMS type, many attempts have been made to 
introduce the Ogu-CMS from radish to cabbage through 
interspecific crosses and embryo rescue, or by protoplast 
fusion (Bannerrot et  al. 1974; Walters et  al. 1992). How-
ever, this type showed poor agronomic performance, such 
as abnormal pistils and lack of nectaries (Yang et al. 1997). 
Furthermore, Ogu-CMS material was improved via asym-
metric protoplast fusion between the above Ogura material 
and broccoli (Brassica oleracea var. italica), which was 
widely used for hybrid breeding in cabbage (Fang et  al. 
2001; Wang et al. 2012).

Ogura CMS is a maternally inherited trait, and the cyto-
plasm of all progenies is derived from the female parent. 
Without a restorer line, the CMS hybrids cannot be self-
pollinated or produce segregated progenies. For example, 
the cabbage variety “SG336” is resistant to club root dis-
ease, but it cannot be utilized for germplasm innovation 
owing to its Ogu-CMS characteristic. Therefore, the wide-
spread use of Ogu-CMS prohibits germplasm innovation. 
Recently, more and more hybrids have been produced by 
Ogu-CMS in B. oleracea crops, and the problem associ-
ated with CMS hybrids becomes more serious. The most 
effective way to overcome this problem is to identify and 
use Ogu-CMS restorer lines. However, to date, the Ogura 
CMS restorer line has not been found in B. oleracea crops. 

Thus, there is an urgent need to create a cabbage Ogu-CMS 
restorer line.

Rapeseed (Brassica napus L.) is another Brassica crop 
grown worldwide. Hybrids are used extensively in its 
commercial production. Ogu-CMS and its corresponding 
restorer gene (Rfo) were transferred from radish to rape-
seed through interspecific hybridization (Heyn 1976; Pel-
letier et  al. 1983, 1988). Poor agronomic performance of 
these materials, such as high glucosinolate content and 
weak female fertility, has attracted lots of efforts subse-
quently to improve these materials (Delourme et al. 1991). 
By combining molecular marker-assisted selection (MAS) 
with extensive backcrossing, Delourme et  al. (1995) 
obtained improved low glucosinolate lines, but the closely 
linked radish fragment also showed a remarkable negative 
agronomic effect on the restorer lines. In the early twenty-
first century, Primard-Brisset et al. (2005) developed a low 
glucosinolate-restored line (R2000) through gamma-ray 
irradiation. This improved restorer line showed excellent 
agronomic performance in pollen vigor, transmission rate 
of Rfo, and fertility. Furthermore, Rfo allele-specific PCR 
markers were developed based on sequence differences 
between B. napus restorer and non-restorer lines (Hu et al. 
2008). Since then, the Ogu-CMS/Rfo system has gradu-
ally been applied in Europe and North America, and has 
become a major technique in the seed production of hybrid 
rapeseed.

Owing to the closer relationship between B. napus and 
B. oleracea compared with radish, rapeseed restorer mate-
rials provide a promising resource for creating a B. olera-
cea restorer line. Moreover, previous studies have shown 
that the Rfo gene was introgressed into the linkage group 
19 (chromosome 9 of C genome: C9) in B. napus (Feng 
et al. 2009; Hu et al. 2008), which increased the possibil-
ity of Rfo gene transfer from rapeseed restorer material into 
cabbage through distant hybridization.

Distant hybridization is an important method to cre-
ate new types of plants, or introduce new important traits 
from different species or genera. It plays an important 
role in the breeding of Brassicaceae crops (Qiao 2012). 
As the genetic relationship is close, interspecific crosses 
between B. napus and B. oleracea are an important strat-
egy in the transfer of beneficial agronomic traits or target 
genes (Li et  al. 2014). To overcome the reproductive bar-
riers in distant hybridization, numerous methods have 
been proposed including bridge parents, repeated pollina-
tion, ploidy change, and embryo rescue. Embryo rescue 
can break species limitations to an extent and increase the 
chance of genome recombination in different species. The 
plant embryo rescue system was initially established in 
the 1890s (Bridgen 1994), and since then numerous stud-
ies on the environment, media, and stages of embryo rescue 
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have been carried out. Embryo rescue was applied in the 
distant hybridization between B. oleracea and other Bras-
sica species, and many important traits and specific genes 
have been transferred to cabbage from wild species or 
related species, including male sterility (Bannerrot et  al. 
1974), triazine resistance (Ayotte et al. 1987), aphid resist-
ance (Quazi 1988), and self-incompatible traits (Ripley and 
Beversdorf 2003). Furthermore, new Brassica species have 
been created, such as allotriploid and allodidiploid hybrids 
between B. oleracea and B. rapa or R. sativus (Nishi et al. 
1959; Feng and Chen 1981; Fang et al. 1983; Chen 2006; 
Gu et al. 2006; Qiao 2012), and artificial resynthesized B. 
napus was obtained through interspecific cross between B. 
oleracea and B. rapa (Yin et al. 2004; Zhang et al. 2004; 
Wen et al. 2008).

Marker-assisted selection (MAS) has been widely used 
in the breeding of B. oleracea crops. At present, many 
markers closely linked to important agronomic traits have 
been developed and utilized, such as Ogu-CMS (Bon-
homme et  al. 1992), Fusarium wilt resistance (Pu et  al. 
2012; Lv et al. 2013), flowering time (Rahman et al. 2011), 
and petal color (Han et al. 2015). The aim of this study is to 
create the Ogu-CMS fertility-restored interspecific hybrids 
between B. oleracea and B. napus, and develop a novel 
allele-specific Rfo marker to distinguish the Rfo-homolo-
gous sequence of B. oleracea, which might assist in select-
ing the restored interspecific hybrids.

Materials and methods

Plant material

As Chinese kale (Brassica oleracea var. alboglabra) is 
easier to vernalize and has a shorter life cycle than cabbage 
and other cultivated subspecies, Chinese kale was used as 
a bridge to transfer the Rfo gene into B. oleracea. An Ogu-
CMS Chinese kale (code: JL1) was used as the female par-
ent, and three homozygous rapeseed restored lines (RfoRfo; 
codes: RF1, RF2, and RF3) and one heterozygous rapeseed 
restorer line (Rforfo; code: RF4) were used as the male par-
ent. The Ogu-CMS Chinese kale was provided by Prof. Jian-
jun Lei from South China Agricultural University, which 
has been identified using orf138 specific primers (Bon-
homme et al. 1992). The homozygous rapeseed lines were 
provided by Prof. Yunchang Li and Prof. Hanzhong Wang 
from the Oil Crops Research Institute, Chinese Academy of 
Agricultural Sciences. The heterozygous rapeseed line was 
provided by Prof. Wei Qian from the Southwest University, 
Chongqing, China. Cabbage material ‘JinZaosheng’ (code: 
GL1) was used as the non-restored control group. All plants 
used in this study were grown at the Institute of Vegetable 
and Flowers, Chinese Academy of Agricultural Sciences.

Distant hybridization and embryo rescue

To overcome the interspecific reproductive barrier, repeated 
pollination was performed during the bud period, and com-
bined with embryo rescue, JL1 was crossed with RF1, RF2, 
RF3, and RF4. All crosses were made by hand pollina-
tion, twice, at approximately 9:00 a.m. and 3:00 p.m. For 
embryo rescue, two factors were designed: days after pol-
lination (DAP) and days after pod culture in vitro (DAC); 
six treatments in all were used to find the optimal combina-
tions. Siliques were removed from the plants at 5, 10, and 
15 DAP, then surface-sterilized in 75 % ethanol for 30 s and 
in 8 % sodium hypochlorite for 12 min, followed by 10 min 
rinses three times in sterilized distilled water and placed in 
MS solid medium (Murashige and Skoog 1962). Immature 
embryos were excised from siliques and transferred into B5 
solid medium (Gamborg et al. 1968) at 10 or 15 DAC. For 
each treatment in four combinations, two replications were 
performed. Culture conditions were as follows: light length 
16  h/day, illumination intensity 2000  lx, and temperature 
25  ±  2  °C. The number of embryo-derived interspecific 
progenies was scored. Analysis of variance (ANOVA) was 
performed between treatments using the one-way ANOVA 
of SPSS 11.0 for Windows (SPSS, Chicago, IL, USA).

Because the seeds of interspecific hybrids harvested 
directly from siliques (without embryo rescue) were abnor-
mal and difficult to germinate normally, they were surface 
sterilized and then sown on MS medium as described above.

Once the seedling shoots had reached 1–2 cm in length, 
they were cut and placed in plant regeneration medium (MS 
medium with 1 mg l−1 6-BA and 0.1 mg l−1 NAA) for propa-
gation and sub-culture. The propagated shoots were trans-
ferred into root medium (MS medium with 0.1 mg l−1 IBA 
and 0.1  mg  l−1 NAA). Rooted seedlings were washed to 
remove adhered medium and transplanted directly to the field 
beneath a sun-shading net, as described by Liu et al. (2003).

DNA extraction and amplification with previous 
allele‑specific Rfo primers in cabbage and Chinese kale

Genomic DNA was extracted from young leaves using 
the CTAB method (Saghai-Maroof et  al. 1984). The DNA 
concentration was determined using a Nanodrop Spec-
trophotometer ND-100 (Thermo Fisher Scientific, Wilm-
ington, DE, USA), diluted to a working concentration of 
40–100  ng/μl, and stored at 4  °C. Previous allele-specific 
Rfo primers (Hu et al. 2008; Table 1) were tested to deter-
mine whether they could be used to select restored and non-
restored materials in cabbage and Chinese kale. Each PCR 
contained 1 × ThermoPol Reaction buffer (Mg2+ included), 
200 μM dNTPs, 0.2 μM forward primer, 0.2 μM reverse 
primer, 0.5 U of Taq DNA Polymerase, 200 ng of genomic 
DNA, and nuclease-free water to a total volume of 20 μl. 
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The PCR amplification program was as follows: 95  °C 
for 3 min; 35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 
72 °C for 45 s; and a final extension at 72 °C for 5 min. PCR 
amplification products were separated in 1.2 % agarose gels 
in 1 × TBE buffer and visualized under UV light.

If the previous allele-specific Rfo primers amplified a 
non-specific fragment in the non-restored Ogu-CMS lines 
of cabbage and Chinese kale, the non-specific amplified 
fragments were cloned and sequenced.

Comparison of Rfo gene homologous sequences

Because the amplicon of BnRFO-AS2F/BnRFO-AS2R was 
only 247  bp, not long enough to design new primers, to 
get longer sequence of Rfo-homologous sequences, a con-
served primer pair (Con-F/Con-R) was designed according 
to the multiple sequence alignment result (Table  1). The 
alignment was based on the genomic sequence of the rad-
ish Rfo gene (PPR-B) retrieved from the NCBI-GenBank 
database (GenBank Accession AY285674; Brown et  al. 
2003), and homologous sequences of B. oleracea var. 
capitata and B. rapa retrieved from the Brassica database 
(BRAD; http://brassicadb.org). Bands amplified by Con-F/
Con-R from the Chinese kale parent were excised, purified, 
and then cloned into pEASY-T1 cloning vector, following 
manufacturer’s instructions (TransGen Biotech, Beijing, 
China). Positive clones were sequenced using M13 primers 
(Sangon Biotech, Shanghai, China). Based on the multiple 
sequence alignment of the amplicon Con-F/Con-R, a novel 
allele-specific Rfo primer was developed. PCR amplifica-
tion was performed using the newly developed primers in 
the parents and F1 hybrids as described above. All obtained 
sequences were analyzed and aligned using the SeqMan 
program of DNASTAR (Madison, WI, USA) and the Web-
based software ClustalW2, a multiple sequence alignment 
tool available on the EMBL-EBI website. Protein predic-
tion from these Rfo-homologous sequences was performed 
using the Web-based tool AUGUSTUS (http://augustus.
gobics.de/).

Morphological trait investigation and ploidy 
identification

Morphological characteristics, including leaf, bud, inflo-
rescence, and flower of progenies were investigated. The 
ploidy of plant progenies was identified through flow 
cytometry (BD FACSCalibur™, BD Biosciences, San Jose, 
CA, USA). The DNA content was estimated according to 
the protocol of Dolezel et  al. (2007). Chinese kale paren-
tal DNA content (2C) was measured as the reference. Its 
G1 peak was positioned on the abscissa (200 channels) by 
adjusting the instrument gain settings. The coefficient of 
variation (CV) of all samples was below 5 %.

Fertility level and fertility variation

At anthesis, the fertility of interspecific hybrids was inves-
tigated at different days after flowering (DAF). The fertil-
ity level and fertility trend were assessed from two aspects: 
relative amount of pollen grains and pollen viability. The 
relative amount of pollen grains was visually determined 
by the naked eye, using the maintainer line of JL1 as con-
trol (100 % pollen content) and was scored as follows: (1) 
no pollen or pollen less than 20 %; (2) pollen content from 
20 to 40 %; (3) pollen content from 40 to 60 %; (4) pollen 
content from 60 to 80 %; and (5) pollen over 80 %. Rela-
tive amount of pollen grains was scored for newly opened 
flowers once every 2 days, and the average value was cal-
culated once every 6 days.

Pollen viability was estimated using the aceto-carmine 
dyeing method. Pollen grains were collected from three newly 
opened flowers and dyed with the 1 % acetocarmine, and over 
300 pollen grains were observed under the microscope in one 
replication. Pollen grain was considered viable if it turned 
deep pink and was plump. Pollen viability was observed once 
every 6 days. The average value (mean ± standard deviation) 
of viability pollen percentage was calculated from three repli-
cations. The standard deviation and ANOVA were performed 
using SPSS 11.0 for Windows.

Table 1   The three newly 
designed and two previous 
primers used for PCR in this 
study

Primer name Orientation Primer sequence (5′–3′) References

Con-F Forward GCGGCTAGATTGTTCTGTACG Present study

Con-R Reverse TAGGCTGGAGACCATCTTCC Present study

BnRFO-AS2F Forward CATGCTTCGATCTCGTCCTTTA Hu et al. (2008)

BnRFO-AS2R Reverse GGTAACAACATCAGGGTGGAGT Hu et al. (2008)

BnRFO-NEW-R Reverse TACGACATTGGGCCTACATGTC Present study

http://brassicadb.org
http://augustus.gobics.de/
http://augustus.gobics.de/
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Results

Analysis of Rfo‑homologous sequence and development 
of specific marker

The previous Rfo specific primers BnRFO-AS2F/BnRFO-
AS2R (Table 1; Hu et al. 2008) amplified the Rfo gene spe-
cifically in the rapeseed restorer lines RF1–4. However, two 
B. oleracea genotypes (Chinese kale line JL1 and cabbage 
line GL1) without Rfo gene were also positive for prim-
ers BnRFO-AS2F/BnRFO-AS2R, which meant that these 
primers had non-specific amplification in B. oleracea non-
restorer lines (Fig. 1a). Clones of the non-specific amplified 
fragments were sequenced and showed 88 % identity to the 
Rfo fragment from radish (Fig. 2). Owing to the presence 
of non-specific amplifications, the primers BnRFO-AS2F/
BnRFO-AS2R could not be used as a specific marker to 
differentiate B. oleracea restorer lines from non-restorer 
lines. Therefore, it was critical to design a novel allele-spe-
cific Rfo primer. 

Rfo-homologous sequences of B. oleracea var. capitata 
and B. rapa, obtained from the BRAD database, shared over 
89 % identity to the Rfo sequence (Supplementary Fig. S1). A 
highly conserved primer pair Con-F/Con-R, designed on the 
multiple sequence alignment, amplified an Rfo-homologous 
fragment of 600 bp, which covered the amplicon of BnRFO-
AS2F/BnRFO-AS2R (247  bp). Sequence alignment of 
Con-F/Con-R amplicon revealed one homologous Rfo frag-
ment in the Chinese kale non-restorer parent (Supplementary 
Fig. S2). Two insertion/deletion fragments at the nucleotide 
position of 63–65 and 475–486 were identified between Rfo 
gene and Chinese kale Rfo-homologous fragments (Supple-
mentary Fig. S2). Based on the sequence difference, a novel 
specific primer BnRFO-NEW-R was designed (Table  1). 
The novel primer pair BnRFO-AS2F/BnRFO-NEW-R 
could be amplified in the rapeseed restorer materials, but 
not in the Ogu-CMS Chinese kale or cabbage non-restored 
lines (Fig.  1b). Thus, this novel primer pair BnRFO-AS2F/
BnRFO-NEW-R could be used for the early selection of 
restorer individuals in interspecific hybrids of B. oleracea.

Fig. 1   PCR amplification using 
a allele-specific Rfo primer pair 
BnRFO-AS2F/BnRFO-AS2R 
and b the newly developed 
allele-specific Rfo primer pair 
(BnRFO-AS2F/BnRFO-NEW-
R). Lanes 1 Chinese kale JL1; 
lanes 2 cabbage GL1 (control 
group); lanes 3–6 restorer rape-
seed lines RF1, RF2, RF3, RF4

Fig. 2   Sequence alignment of 
the Rfo-like fragment amplified 
by the primer pair BnRFO-
AS2F/BnRFO-AS2R from Chi-
nese kale, and the Rfo fragment 
from radish. Asterisks indicate 
matching bases
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Production of interspecific hybrids with embryo rescue

To transfer the Rfo gene from rapeseed to Chinese kale, the 
Ogu-CMS line JL1 was crossed with four rapeseed restorer 
lines. Details of the distant hybridizations are given in 
Table 2.

Without embryo rescue, 114 seeds were harvested from 
6007 siliques (1.9 % seeds per pod; Table 2). Most of these 
were shriveled or malformed. Five out of 114 seeds germi-
nated and grew into seedlings on the MS medium.

When using embryo rescue, most embryos gradually 
became brown, shriveled, or died during in  vitro culture 
(Supplementary Fig. S3). A total of 1668 embryos (includ-
ing collapsed, shriveled, or endosperm absent) were excised 
from 240 siliques, an average of 6.9 embryos per pod. In 
total, ten seedlings were obtained from the embryos, four 
from the cross JL1 × RF4 (Table 2).

Significant differences in the number of embryos 
excised from pods were observed among six treatments 
(Table  3, P  <  0.05). Embryo rescue at treatment III (10 
DAP +  10 DAC) had the highest tendency for seedling 
formation and the maximal number of embryos per pod 
in all cross combinations (Table 3, P < 0.05). In contrast, 
treatment VI (15 DAP +  15 DAC) had the lowest num-
ber of embryos per pod, most of which were brown or 
black and had collapsed or shriveled (Supplementary Fig. 
S3c, f), and no viable seedlings were obtained using this 
treatment. There were no significant differences among 
the treatments I, IV, and V (Table  3, P  <  0.05). Younger 
embryos had lower survival when pods were removed 
from plants too early (e.g., treatment I). Treatment III 
(10 DAP + 10 DAC) provided the optimal conditions for 
embryo rescue in this study.

Table 2   Efficiency of interspecific cross with or without embryo rescue

Method Cross combination Number of pods Number of seeds Number of  
viable plants

Number of 
seeds per pod

Female Male

Hand pollination JL1 RF1 1023 22 1 0.02

JL1 RF2 1952 38 2 0.02

JL1 RF3 432 13 0 0.03

JL1 RF4 2600 41 2 0.02

Total 6007 114 5 0.02

Method Cross combination Number of pods  
cultured in vitro

Number of  
embryos excised

Number of viable plants Number of embryos 
per pod

Female Male

Embryo rescue JL1 RF1 60 420 3 7

JL1 RF2 60 428 1 7.1

JL1 RF3 60 405 2 6.8

JL1 RF4 60 415 4 6.9

Total 240 1668 10 6.9

Table 3   The number of embryos per pod and viable plants produced following in vitro embryo culture at different stages of embryo develop-
ment

Values followed by the same superscript letters indicate no significant difference at P = 0.05, based on the least significant difference test

Treatment code DAP DAC Number of embryos per pod in four  
cross combination (mean ± SD)

Number of viable plants Percentage of viable 
plants per embryo (%)

JL1 × RF1 JL1 × RF2 JL1 × RF3 JL1 × RF4

I 5 10 7.3 ± 0.8b 7.1 ± 0.6b 6.1 ± 0.1b 7.2 ± 0.2b 1 0.4

II 5 15 8.7 ± 0.7ab 8.9 ± 0.9a 9.0 ± 0.0a 8.0 ± 0.5ab 1 0.3

III 10 10 9.7 ± 0.7a 10.5 ± 0.5a 8.7 ± 0.5a 9.7 ± 0.8a 4 1.1

IV 10 15 7.5 ± 0.2b 6.9 ± 0.5b 7.3 ± 0.3b 6.7 ± 0.7b 3 1.0

V 15 10 7.2 ± 0.4b 6.8 ± 0.2b 6.4 ± 0.4b 6.8 ± 0.2b 1 0.4

VI 15 15 2.0 ± 0.0c 2.4 ± 0.1c 3.1 ± 0.5c 3.3 ± 0.2c 0 0
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Morphology and ploidy identification of interspecific 
hybrids

Morphological observation and ploidy identification 
revealed that three hybrid plants were generated through 
repeated pollination without embryo rescue and six hybrid 
plants from embryo rescue were interspecific hybrids 
(Table 4). These plants grew more vigorously than their par-
ents. Moreover, some morphological characteristics of the 
putative hybrid plants were intermediate between the two 
parents (Fig. 3a–d), and some of them were more similar 
to those of the rapeseed parents. For example, leaves were 
petiolated and lyrate, with one large-winged terminal lobe 
and one to three pairs of smaller lobes on the basal portion 
of the petiole (Fig. 3a); the leaf surfaces and petioles were 
pubescent, with hair more conspicuous on younger leaves 
(Fig.  3b). However, some other characteristics were more 
similar to the Chinese kale parent. For instance, the leaf 
margin was minutely denticulate, while it was denser in the 
Chinese kale parent. The leaf color was bright green with 

less wax deposition; marking it intermediate between the 
two parents. At anthesis, the inflorescence of the hybrids 
was also of intermediate type (Fig. 3c), with a slightly yel-
low flower and a full, slim bud (Fig. 3c, d). The flower size 
of the hybrids was larger than that observed in both parents, 
likely due to heterosis (Fig. 3d).

To determine ploidy level, the DNA content of hybrids 
was estimated using flow cytometry. The G1 peak position 
of nine interspecific hybrids was between the peaks of the 
two parents (Fig. 4) and close to the mean of the parents. 
This suggested that all hybrid plants were triploid plants. 
From the G1 peak position, it is proposed that the chromo-
some composition of interspecific hybrids was ACC (with 
some individual aneuploidy plants).

Marker‑assisted selection for the restorer individual 
and fertility observation

Nine interspecific hybrids were screened using primers 
BnRFO-AS2F/BnRFO-NEW-R. PCR results indicated that 

Table 4   Comparison of interspecific hybrids obtained from hand pollination and embryo rescue

a  YL1 produced no pollen during the whole flowering period

Method Number of pods Number of viable 
plants

Number of true 
hybrids

Percentage of true 
hybrids per pod (%)

Rfo-positive 
individuals

Rfo-positive 
individual code

No of embryo rescue 6007 5 3 0.05 2 YL1a, YL2

Embryo rescue 240 10 6 2.5 5 YL3 to YL7

Fig. 3   Morphological characterization of interspecific hybrids, B. alboglabra and B. napus parents. a Leaf shape. b Leaf hair. c Inflorescence. 
d Flower characteristic comparison among the B. alboglabra (left) and B. napus (right) parents and the interspecific hybrids (middle)
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seven of the nine progenies harbored the Rfo gene, named 
as YL1–YL7 (Table 4; Fig. 5). YL1 contained the Rfo gene, 
but did not produce any pollen and only had abnormal sta-
mens (Fig.  6b), which may be a result of a heterogenetic 
chromosome doubling disorder. Except for YL1, all the 
other six interspecific hybrids with the Rfo gene had pol-
len (Table  4; Fig.  6). Other than the seven Rfo-positive 
progenies, the remaining two interspecific hybrids that 

did not carry the Rfo gene had no pollen observed during 
the whole flowering period. Therefore, the novel designed 
primers proved useful for the selection of fertility-restored 
progenies.

At anthesis, there was a significant difference in fertil-
ity performance among the seven progenies containing the 
Rfo gene (Tables  5, 6, P  < 0.05). The pollen performance 
differed, e.g., some had small amounts of pollen and short 

Fig. 4   Ploidy identification 
(relative nuclear DNA contents) 
in B. alboglabra (a), and B. 
napus (c) parents, and inter-
specific hybrids (b). The peaks 
represent the interphase nuclei

Fig. 5   PCR amplification using 
primers BnRFO-AS2F/BnRFO-
NEW-R. Lanes 1–2 cabbage 
(control group); lanes 3–4 Chi-
nese kale; lanes 5–12 restorer 
rapeseed lines (two individuals 
from each line); lanes 13–24 
hybrid progenies
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anthers (Fig. 6d–f), while others were full of pollen (Fig. 6c, 
g). Two progenies, YL2 and YL6, showed a better fertility 
performance than the other hybrid plants (Tables 5, 6), with 

more pollen grains (relative amount of pollen grains ≥4.4) 
and pollen viability (≥36.5  %). Furthermore, there was 
significant variation in fertility performance at different 

Fig. 6   Pollen performance in a B. alboglabra parent; Rfo positive individuals b YL1, c YL2, d YL3, e YL4, f YL5, g YL6, h YL7, and i B. napus 
parent

Table 5   Pollen viability at 
different days after flowering 
(DAF) in the restorer hybrids

Values followed by the same superscript letters indicate no significant difference at P = 0.05, based on the 
least significant difference test

DAF YL2 YL3 YL4 YL5 YL6 YL7 Mean

6 50.5 37.1 38.7 39.9 49.2 25.3 40.1 ± 0.1a

12 47.4 35.6 26.9 36.1 47.1 15.2 34.7 ± 4.7a

18 29.6 20.1 10.6 17.6 31.3 9.5 19.8 ± 9.8b

24 29.6 18.5 10.1 15.4 28.1 8.5 18.4 ± 8.4b

30 26.9 18.4 8.3 11.8 26.6 8.2 16.7 ± 6.7b

Mean 36.8 ± 5.0a 25.9 ± 4.2ab 18.9 ± 6.0b 24.2 ± 5.8ab 36.5 ± 4.8a 13.3 ± 3.2b 25.9
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DAFs (Tables 5, 6, P < 0.05). Generally, all restored hybrids 
showed better fertility performance before 12 DAF, with the 
relative amount of pollen grains and pollen viability becom-
ing lower after 12 DAF (Tables 5, 6). The fertility perfor-
mances of some individuals (YL2 and YL6) are shown in 
Supplementary Fig. S4.

Furthermore, the BC1 progenies were obtained through 
backcross of the fertility-restored interspecific hybrid as the 
male parents and with JL1 as the female parent. Twenty-
three BC1 progenies were obtained from YL2–3 (colchi-
cine doubling individual from YL2), six from YL2 and two 
from YL6. No progeny was obtained from other F1 fertil-
ity-restored interspecific hybrids. Screening with the novel 
allele-specific Rfo marker identified 25 BC1 progenies that 
harbored the Rfo gene, and these had fertility restored (Fig. 
S5a, c, d). The mean pollen viability of some BC1 individu-
als was above 50 % higher than YL2 (36.8 %, Table 5), and 
17 BC1 individuals above 70 %. It showed that fertility was 
further improved with one generation backcross. No pollen 
was observed in the remaining six BC1 progenies that did 
not carry the Rfo gene (Fig. S5b). This result further con-
firmed that the novel designed primers could improve the 
select efficiency of fertility-restored progenies.

Discussion

Restorer line development in Brassica crops

In Brassica crops, CMS plays an important role in hetero-
sis utilization. In the past 30 years, a number of CMS types 
and corresponding restorer genes have been reported in dif-
ferent Brassica species (Budar et  al. 2004). For example, 
Pol CMS (Fu et  al. 1989) and its restorer gene Rfp (Liu 
et  al. 2012), Nap CMS (Thompson 1972) and its restorer 
gene Rfn (Brown 1999), and Shan 2A CMS (Li 1980) 
were all found in B. napus. Hau CMS (Jing et  al. 2012) 
and CMS-orf220 (Yang et al. 2010) were found in B. jun-
cea. These CMS types are widely used in the hybrid pro-
duction of Brassica crops. In addition to the CMS types 
originated in Brassica crops, some CMS types have been 

transferred to Brassica species from other relative genera, 
e.g., Ogura CMS in R. sativus. Ogura CMS has previously 
been transferred into B. oleracea and B. napus from radish, 
through interspecific crosses (Bannerrot et  al. 1974) and 
subsequent protoplast fusion (Pelletier et al. 1983), respec-
tively. Although an Ogu-CMS rapeseed restorer line has 
been developed (Heyn 1976; Delourme et al. 1998, 1999; 
Primard-Brisset et al. 2005; Chen et al. 2013), no restorer 
material has been found or developed in B. oleracea crops.

In this study, six fertility-restored interspecific hybrids 
carrying the Rfo gene were created for the first time. Fur-
thermore, some BC1 fertility-restored individuals, closer 
to the genetic background of Chinese kale parent, were 
obtained by backcrossing, which was confirmed by genetic 
background selection and morphological observation in 
our recent researches. In addition, we have screened other 
15 genotypes of B. oleracea using the novel Rfo specific 
marker. No non-specific amplified fragments were detected, 
so this novel marker could be used in other genotypes of 
B.olerecea. The novel marker and the fertility-restored 
interspecific hybrids lay the foundation for the develop-
ment of Ogu-CMS restorer material in cabbage.

Application of embryo rescue in the development 
of interspecific hybrids

As B. oleracea and B. napus belong to different species of 
the Brassica genus, it is difficult to obtain hybrids through 
hand pollination alone. Although great effort has been put 
in obtaining interspecific hybrids, only a few have been 
produced from thousands of pollinations (Honma and Sum-
mers 1976; Quazi 1988; Li et  al. 2014). Consistent with 
previous results, only three interspecific hybrids (0.05 %) 
were obtained when using hand pollination in this study.

Embryo rescue has been proved to be an effective tech-
nique to enhance the frequency of interspecific hybrid pro-
duction. Since it was first used in Brassica (Nishi et  al. 
1959), numerous interspecific hybrids have been created 
by embryo rescue (Ayotte et al. 1987; Chiang et al. 1977; 
Quazi 1988; Inomata 1979; Wen et al. 2008). In this study, 
six interspecific hybrids (2.5  %) were obtained using 

Table 6   Relative amount of 
pollen grains at different days 
after flowering (DAF) in the 
restorer hybrids

Values followed by the same superscript letters indicate no significant difference at P = 0.05, based on the 
least significant difference test

DAF YL2 YL3 YL4 YL5 YL6 YL7 Mean

6 4.6 4.3 4.1 4.6 4.8 4.3 4.5 ± 0.1a

12 4.8 4.1 4.0 4.1 4.6 4.0 4.3 ± 0.1a

18 4.8 3.2 4.0 3.9 4.3 2.2 3.7 ± 0.4ab

24 4.6 2.2 1.8 2.0 4.1 1.8 2.8 ± 0.5bc

30 4.2 2.0 1.2 1.2 4.1 1.7 2.4 ± 0.6c

Mean 4.6 ± 0.1a 3.1 ± 0.5ab 3.0 ± 0.6bc 3.2 ± 0.7ab 4.4 ± 0.1ab 2.8 ± 0.6c 3.5
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embryo rescue, which was about 50 times higher than 
when embryo rescue was not used (Table 4). Thus, use of 
embryo rescue greatly improved the efficiency of interspe-
cific hybrid development.

Additionally, the stage when an embryo is excised from 
siliques is crucial. When resistance to Plasmodiophora 
brassicae was transferred from B. napus to cabbage using 
embryo rescue, it was suggested that a minimum time point 
of 20 DAP was essential for embryo development and that 
embryo breakdown occurred beyond 30 DAP (Chiang et al. 
1977). Quazi (1988) reported that approximately 98 % of 
embryos had collapsed after 22 DAP when using embryo 
rescue to obtain interspecific hybrids between B. napus and 
B. oleracea. The optimal embryo-excise stage is differ-
ent for crosses in different species or species crosses, e.g., 
14–15 DAP in interspecific crosses between B. napus and 
B. oleracea (Ayotte et al. 1987), and 16-18 DAP in crosses 
between B. rapa and B. oleracea (Wen et al. 2008). In this 
study, treatment III (10 DAP +  10 DAC; 20  days total) 
was the optimal stage for embryo rescue; this is consistent 
with the above-mentioned reports. In addition to the nine 
interspecific hybrids, another six hybrid progenies showed 
only maternal characteristics; these might be produced by 
parthenogenesis or somatic embryogenesis. Eenink (1974a, 
b) suggested that parthenogenesis in Cruciferae occurred 
after interspecific or intergeneric pollination. Further-
more, matromorphic progenies can be produced from testa 
remaining from the embryo rescue process (Quazi 1988).

Rfo‑homologous sequence analysis

The radish restorer gene Rfo belongs to the pentatricopep-
tide repeat (PPR) protein family (Desloire et  al. 2003). 
These are characterized by tandem degenerate repeats 
of a 35 amino acid motif; most are thought to function as 
sequence-specific RNA binding proteins that modulate 
mitochondrial and chloroplast gene expression through 
post-transcriptional processes (Schmitz-Linneweber and 
Small 2008). Rfo (PPR-B) is flanked in the radish genome 
by two highly similar PPR proteins: PPR-A and PPR-C 
(Desloire et  al. 2003). PPR-C is a pseudogene, whereas 
PPR-A is expressed at lower levels than Rfo. Both PPR-A 
and PPR-C proteins have a deletion removing four amino 
acids from one of the PPR domains and display a complete 
inability to restore fertility (Uyttewaal et al. 2008). More-
over, an apparent threshold level of Rfo expression must 
be achieved for fertility restoration (Qin et al. 2014). The 
PPR-B protein is localized to mitochondria and can bind 
target mRNA of the Ogu-CMS-associated gene orf138. 
Transgenic introduction of a single copy of PPR-B into 
Ogu-INRA CMS plants completely restores male fertil-
ity (Uyttewaal et al. 2008). In this study, BLAST analysis 
of B. oleracea and B. rapa genome sequences indicated 

that Rfo-homologous sequences were present in these spe-
cies. Whole genome sequencing of B. napus was recently 
completed (Chalhoub et  al. 2014); two Rfo-homologous 
sequences were present in the A and C genome of B. napus. 
All retrieved sequences were highly similar (>  88  %) to 
the Rfo sequence (Supplementary Fig. S1). The predicted 
putative proteins shared over 80  % identity with PPR-B. 
Interestingly, these proteins had the same four-amino acid 
deletion as PPR-A in their PPR domains; this is likely to 
destroy the PPR structure and prevent the restoration func-
tion (Supplementary Fig. S6). In B. oleracea, we found that 
four-amino acid deletion was common in Rfo-homologous 
sequences based on the analysis of the re-sequencing data, 
which is consistent with the fact that fertility-restored 
material for Ogu-CMS is absent in B. oleracea. The dis-
covery of Rfo-homologous sequences in Brassica species 
suggests that PPR-B may have originated from genes pre-
sent in the ancestor of Brassicaceae crops. One possibility 
is that PPR-B may have evolved in response to Ogura CMS 
in radish and is derived from a reservoir of PPR-B-like 
genes. Another possibility is that the function of Rfo genes 
inherited from the ancestor is redundant in Brassica crops, 
and so it was lost through deletion. It will be interesting to 
investigate the role of PPR-B-like proteins if they are active 
in Brassica.

In our study, the interspecific hybrids possessed not 
only part of the Chinese kale genome, but also part of the 
rapeseed genome. The novel Rfo specific primers were suc-
cessfully applied in the MAS of interspecific hybrid and 
BC generation, and can be used to distinguish the B. olera-
cea background and rapeseed background. In addition, the 
novel primers BnRFO-AS2F/BnRFO-NEW-R can amplify 
the Rfo gene in the rapeseed restored lines, but not the 
homologous fragments mentioned in Hu et al. (2008) (data 
not shown), which meant that the newly designed primer 
can also be used as an allele-specific marker in the rapeseed 
restorer lines.
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