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and postmeiotic (pollen abortive) defects during the anther 
development were observed in the alloplasmic E. sati-
vus plants in comparison to the CMS-cauliflower donor. 
No further incompatibilities were noticed between the 
CMS-inducing cybrid cytoplasm and the E. sativa nuclear 
genome. The final alloplasmic E. sativa lines were diploid 
with 2n = 2x = 22 chromosomes and revealed complete 
male sterility and restored female fertility. Plant vigor 
and yield potential of the CMS-E. sativa BC5 lines were 
comparable to the parental E. sativus line. In conclusion, 
the employed cybrid—cytoplasm has been proven as a 
vital source of CMS for E. sativa. The developed lines are 
directly applicable for hybrid breeding of rocket salad.

Introduction

The trend of Mediterranean cuisine promoted the popu-
larity of rocket salad (Eruca sativa Mill.) during the last 
two decades. Hence, research and breeding activities were 
intensified especially for the evaluation of E. sativa regard-
ing genetic resources (Bozokalfa et al. 2011; Egea-Gila-
bert et al. 2009; Shinwari et al. 2013; Yaniv et al. 1998), 
resistance to pathogens (Bhargava et al. 1980; Larran et al. 
2006; Paz Lima et al. 2004; Sharma 1985; Srinivasan et al. 
2012) and tolerance to abiotic stress conditions (Ashraf 
1994; de Vos et al. 2013; Singh et al.1992). Hybrid breed-
ing is still limited by the lack of a practicable reproductive 
system such as cytoplasmic male sterility (CMS) or self-
incompatibility (SI) to avoid self-pollination of one of the 
hybrid cross parents. A sporophytic SI system for E. sativa 
has been described by Verma and Lewis (1977). However, 
application in hybrid breeding was not reported yet.

The CMS trait is widely used for commercial hybrid 
breeding in Brassica napus (Dieterich et al. 2003; Renard 

Abstract 
Key message Alloplasmic male sterile breeding lines of 
Eruca sativa were developed by intergeneric hybridiza-
tion with CMS-Brassica oleracea, followed by recurrent 
backcrosses and determination of the breeding value.
Abstract Male sterile breeding lines of rocket salad 
(Eruca sativa) were developed by intergeneric hybridi-
zation with cytoplasmic male sterile (CMS) cauliflower 
(Brassica oleracea) followed by recurrent backcrosses. 
Five amphidiploid F1 plants (2n = 2x = 20, CE), achieved 
by manual crosses and embryo rescue, showed an inter-
mediate habit. The plants were completely male sterile 
and lacked seed set after pollination with the Eruca par-
ent. Allotetraploid F1-hybrid plants (4n = 4x = 40, CCEE) 
obtained after colchicine treatment were backcrossed six 
times with pollen of the Eruca parent to select alloplasmic 
diploid E. sativa lines. The hybrid status and the nucleo-
cytoplasmic constellation were continuously controlled 
by RAPD and Southern analysis during subsequent back-
crosses. The ploidy level was investigated by flow cytom-
etry and chromosome analysis. Premeiotic (sporophytic) 

Communicated by I. Rajcan.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00122-015-2630-x) contains supplementary 
material, which is available to authorized users.

 * Thomas Nothnagel 
 thomas.nothnagel@jki.bund.de

1 Institute for Breeding Research on Horticultural Crops, Julius 
Kühn-Institut (JKI), Federal Research Centre for Cultivated 
Plants, Erwin-Baur-Strasse 27, 06484 Quedlinburg, Germany

2 Department of Biology, Humboldt-University Berlin, 
Invalidenstrasse 42, 10115 Berlin, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-015-2630-x&domain=pdf
http://dx.doi.org/10.1007/s00122-015-2630-x


332 Theor Appl Genet (2016) 129:331–344

1 3

et al. 1992), B. oleracea (Branca 2008), B. campestris 
(Verma et al. 2000), B. rapa (Dong et al. 2013) and B. jun-
cea (Chamola et al. 2013; Wan et al. 2008). For E. sativa 
a suitable CMS source is not yet available. The transmis-
sion of the E. sativa nuclear genome into a well established 
CMS cytoplasm of the commercially used species of Bras-
sicaceae is a potential option to establish CMS-E. sativa for 
hybrid breeding.

The Ogura-CMS system based on a cytoplasm from 
Raphanus sativus (Ogura 1968) offers a promising source. 
The history of research on Ogura-CMS was recently 
reviewed by Yamagishi and Bhat (2014). The cytoplasm 
has been used to generate alloplasmic CMS sources for B. 
napus, B. juncea, B. oleracea, B. rapa, and R. sativus. It 
is currently applied worldwide in F1 breeding of the men-
tioned species (Bonhomme et al. 1992; Dong et al. 2013; 
González-Melendi et al. 2008; Kirti et al. 1995; Makaroff 
et al. 1990; Yamagishi and Terachi 1996).

The original Ogura-CMS cytoplasm has been intro-
gressed at first into B. napus and B. oleracea by sexual 
crosses, but these alloplasmic lines showed, besides the 
suitable male sterility, undesirable traits such as a dis-
turbed development of nectaries and a chlorotic leaf habit 
of plants growing at temperatures lower than 15 °C (Ban-
nerot et al. 1977). A replacement of the Raphanus chlo-
roplasts by protoplast fusion has been done to overcome 
these problems. The developed CMS system was marked as 
a milestone for hybrid breeding of Brassica crops (Renard 
et al. 1992). The application of the Ogu-INRA® system in 
rapeseed led to complete abortion of pollen development 
in nearly normally developed anthers (Gourret et al. 1992; 
Pelletier et al. 1983). Histological studies revealed a prema-
ture breakdown of the tapetal cell layer as it occurs in the 
Ogura-radish plants, which impairs pollen development at 
microspore stage in the absence of functional mitochondria 
(González-Melendi et al. 2008).

Interspecific crosses within the genus Brassica have 
been described (for review: Branca 2008; Kaneko et al. 
2011; Nishiyama et al. 1991; Ordas and Cartea 2008), how-
ever, data on successful intergeneric or intertribal crosses 
within the Brassicaceae family are rare. Some crosses 
between Eruca and Brassica have been forced to introduce 
Eruca traits into Brassica crops. Sexual hybrids produced 
by the cross E. sativa x B. campestris (Agnihotri et al. 
1990) showed an intermediate phenotype, a completely 
restored fertility and an improved tolerance against Alter-
naria brassicae and white rust. For B. rapa x E. sativa 
hybrids induction of male sterility has been mentioned by 
Matsuzawa et al. (1999). The F1 and F2 plants were par-
tially male fertile and seeds were harvested after self-polli-
nation, up to the F6 generation. Six different types of male 
sterility were selected, two promising for further breeding 
application in B. rapa. Somatic hybrids between B. napus 

and E. sativa showed partial fertility after self-pollina-
tion or backcrosses with B. napus (Fahleson et al. 1988). 
Somatic hybrids generated between E. sativa and B. juncea 
have shown a variable pollen viability (0–82 %) and a mod-
erate seed set after self-pollination or backcrossing with the 
B. juncea parent. So far backcrossing with E. sativa was 
not successful (Sikdar et al. 1990).

The present study reports the development of alloplas-
mic male sterile breeding lines of E. sativa derived from 
a sexual intergeneric hybridization with CMS-B. oleracea 
and recurrent backcrosses until the BC6 generation. A brief 
agronomical, cytogenetic and molecular characterization, 
including histological investigation of flower development 
will be presented.

Materials and methods

Plant material and cultivation

Seeds of E. sativa (2n = 2x = 22, EE) were obtained from 
a commercial seed trader (International Seeds Processing 
GmbH, Quedlinburg, Germany). The hermaphrodite cau-
liflower B. oleracea cv. ‘Korso’ and the CMS counterpart 
BAZOG 4 (B. oleracea L., 2n = 2x = 18, CC) originated 
from the Julius-Kühn-Institut´s germplasm collection. 
The BAZOG 4 CMS line was developed by an independ-
ent protoplast fusion approach similar to that described by 
Pelletier et al. (1983). Whereas the nuclear and the plastid 
genome of BAZOG 4 descended from the cv. ‘Korso’, a 
unique mtDNA rearrangement has been identified in com-
parison to both, the original Ogura mtDNA of Raphanus 
sativus and the Ogu-INRA® CMS system (Pelletier et al. 
1983). Analyses of ptDNA and mtDNA by Southern analy-
ses have been described earlier (Nothnagel and Budahn 
1994) and were summarized in Table S1. The BAZOG 4 
flowers were characterized by a normal morphology of 
anthers, but revealed a premature tapetum degeneration fol-
lowed by a post-meiotic breakdown of microspores.

Parental plants and hybrid plants of the crossing experi-
ments were pre-cultivated in 5 cm plastic pots with a sand-
humus soil mixture (v/v 3:1). In the three-leaf stage the 
seedlings were replanted into 16 cm plastic pots and cul-
tivated under glasshouse conditions. Plant material for the 
field experiments and seed production was pre-cultivated in 
5 cm plastic pots in the same manner as described before 
and was then replanted in the ground.

Crossing experiments and embryo rescue

The initial crosses of CMS-B. oleracea and E. sativa were 
carried out manually under insect protected glasshouse 
conditions. Immature seeds were harvested four to five 
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weeks after pollination for an embryo rescue approach. 
Embryo sacs were isolated after surface sterilization of 
pods (3 % NaClO for 15 min, de-ionized water for 1 min) 
and cultured in Petri dishes on MS medium (Murashige 
and Skoog 1962) containing MS micro and macro elements 
including vitamins 4.4 g/L (Duchefa, Haarlem, The Neth-
erlands); 8.0 g/L Bacto-Agar (Becton–Dickinson, Heidel-
berg, Germany); 30 g/L sucrose; 0.2 mg/L 1-naphtalene 
acetic acid, pH 5.9–6.1. Petri dishes were placed in a cul-
ture chamber with a photoperiod of 16 h and 25/20 °C D/N. 
For subculture as well as for shoot and root induction, the 
same medium was used. In vitro plants were transferred to 
plastic pots with sandy-humus soil (v/v 3:1) in a climatic 
chamber. Well established plants were cloned by shoot or 
leaf cuts directly in soil.

Polyploidization, cell flow cytometry and GISH/FISH 
analysis

Cloned allodiploid F1 plants were treated with colchicine 
(0.2 %) by drop inoculation on the secondary shoot mer-
istem and incubated for 3 days. The DNA content of the 
developed shoots was analyzed by cell flow cytometry. 
Putative tetraploid shoots were cut and rooted in soil.

For the cell flow cytometry using a ‘FACS Calibur’ 
(Becton Dickenson, BD Biosciences, San Jose, CA) 1 g 
leaf material was chopped with a razor blade in 500 µl of 
the nuclei extraction buffer CyStain PI absolute P (Partec, 
Görlitz, Germany) and stained in 1 ml of the correspond-
ing staining buffer (Partec) with 5 % PVP 25 (SERVA, Hei-
delberg, Germany) and 0.6 % propidium iodide (SERVA). 
The nuclei suspension was filtered in a 5 ml Polystyrene 
Round-Button Tube with Cell-Strainer Cap (BD) immedi-
ately after staining.

Metaphase chromosomes of root tips were prepared after 
tissue maceration in a mixture of 1 % pectolyase and 4 % 
cellulase (Schrader et al. 2000). One microgram of high 
molecular unshared genomic DNA of E. sativa was used 
as a probe in a 20 µl reaction of DIG-Nick Translation Mix 
(Roche Diagnostics, Mannheim, Germany) for genomic 
in situ hybridization (GISH). For blocking 30 times excess 
of B. oleracea DNA was used. The 50 µl hybridization mix 
for one sample contained 144 ng DIG-labeled Eruca DNA, 
4320 ng blocking DNA, 180 ng Biotin labeled 5S rDNA 
and 5000 ng salmon sperm DNA. A 117 bp fragment of 5S 
rDNA from soybean (Gottlob-McHugh et al. 1990) was 
amplified and labeled by PCR. The indirect FISH followed 
a protocol according to Schrader et al. (2000).

Molecular characterization

Total genomic DNA was extracted from 0.5 g of young 
leaf tissue using the method of Porebski et al. (1997). The 

RAPD analyses were performed according to Williams 
et al. (1990). For the amplification, InviTaq DNA polymer-
ase (Invitek, Berlin, Germany) was used in combination 
with NH4 reaction buffer. Fragment sizes were estimated 
using a 100 bp ladder (Life technologies, Carlsbad, USA). 
PCR amplification of the Ogura-specific orf138 region was 
carried out with primers described by Yamagishi and Tera-
chi (1996) to detect a specific 278 bp DNA fragment.

For Southern analyses about 8 µg DNA were digested 
with the restriction enzymes EcoRI and HindIII. After 
electrophoresis on a 1 % agarose gel the DNA fragments 
were immobilized on a nylon membrane by 0.5 J/cm2 UV 
irradiation from both sides in a crosslinker (Biometra, Göt-
tingen, Germany). Hybridization with DIG-labeled probes 
was performed according to manufacturer instructions 
(Roche Diagnostics, Mannheim, Germany). The atp1 probe 
of Arabidopsis thaliana was kindly provided by A. Bren-
nicke (Germany). A PCR fragment from the psbE operon 
of B. oleracea amplified with P1 and P3 primer described 
by Bock et al. (1993) was used as cpDNA probe. All probes 
were labeled via PCR with Digoxigenin-11-dUTP. The 
membrane was incubated with anti-digoxigenin Fab frag-
ments conjugated to alkaline phosphatase and finally with 
CDP-Star. Chemiluminescent detection was performed on 
a Chemiluminescent Detection Film (Roche Diagnostics, 
Mannheim, Germany).

Flower morphology and histological analysis

Flower morphology, male and female fertility of the 
hybrid plants were compared to the parental lines dur-
ing different developmental stages. Flower traits such as 
petal color and shape, stamen development, expression of 
nectaries and shape of the stylus were determined using a 
stereo-microscope.

For detailed comparisons of anther development and 
microsporogenesis serial sections of flower buds were 
characterized as described previously (Linke et al. 1999). 
Flower buds (3–6 mm long) were fixed in Zinc Formal-Fixx 
(Life Science Int., Frankfurt, Germany), diluted 1:4 with 
water, dehydrated in a graded ethanol series and embedded 
in Historesin (Leica, Nussloch, Germany). Semi-thin sec-
tions (4 µm) were cut from the polymerized blocks with 
a microtome RM2155 (Leica, Wetzlar, Germany), stained 
with 0.01 % toluidine blue, and analyzed using a Nikon 90i 
microscope equipped with a DS-5Mc digital camera and 
SIS software (Nikon, Düsseldorf, Germany).

Determination of seed set ability

Plants of the BC2 to BC5 were evaluated for their seed set 
ability. Harvested pods were measured and the seed num-
ber per pod was calculated as index for the female fertility. 
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Seed color, hundred seed weight (HSW) and germination 
capacity were calculated as indices for the seed quality. 
Two alloplasmic male sterile E. sativa BC5 lines (8 plants 
each) and the original E. sativa parent (12 plants) were 
replanted together in a plastic tunnel for estimating the 
seed set ability. During the flowering time honey bees were 
applied for pollination of the CMS-E. sativa lines.

Estimation of growth parameters

Two BC4 lines, four BC5 lines and the Eruca sativa par-
ent were compared for agronomical traits within a parallel 
trial in the field and in a plastic tunnel. For both trials, plant 
material was pre-cultivated 30 days under glasshouse con-
ditions and subsequently replanted in the field or tunnel in 
a randomized block design with five plants per plot each 
and four plot replications, in a distance of 40 × 40 cm. The 
number of leaves per plant was counted 40 days post sow-
ing (DPS), the diameter of the plant rosette and the plant 
leaf biomass were measured at DPS 40 + 58 and DPS 58, 
respectively.

Statistical analyses

The software package SYSTAT 13® (Chicago, IL: Systat 
Software, Inc., 2009) was used for the descriptive statistics 
and ANOVA. Where ANOVA yielded significant F values, 
means were compared using Tukey’s procedure on a sig-
nificance level of α = 0.05 marked with small letters in the 
tables.

Results

Intergeneric hybridizations, backcrosses and plant 
morphology

In total, 700 initial crosses have been carried out, but most 
of the juvenile pods were aborted 10 days after pollination. 
Approximately 2 % of the pollinated flowers developed 
pods, 3–5 single ovaries apparently developed into seeds. 
Since we observed a severe collapse of the juvenile seeds, 
embryos of the immature seeds were prepared and rescued 
in vitro. From a total of 30 prepared embryos five F1 plants 
from independent crosses were obtained. After in vitro cul-
tivation and transfer into soil, the hybrid character was veri-
fied by chromosome analysis. The hybrid plants revealed 
the expected number of 2n = 2x = 20 chromosomes. A 
discrimination between both haploid chromosome sets 
(n = 9 C and n = 11 E) was possible by genomic and by 
gene specific in situ hybridization (GISH, FISH) (Fig. 1).

The F1 plants showed an intermediate growth habit. 
While the CMS-B. oleracea expressed dark-yellow petals 

and the E. sativa creamy-white petals with purple veins, 
flowers of the intergeneric hybrid showed light-yellow 
colored petals with light-purple veins. They developed 
normal nectaries and carpels and expressed male sterility. 
No seed set was observed after pollination with the Eruca 
parent (Fig. 2; Table 1). Therefore, rooted shoot cuttings of 
the F1 plants were treated successfully with colchicine to 
obtain tetraploid plants. A total of six allotetraploid hybrid 
plants from two different crossing events were selected via 
flow cytometry (Fig. S1) and were backcrossed with the 
E. sativa parent. Embryo rescue was necessary to generate 
BC1 plants, because of disturbed seed development in the 
pods of the allotetraploid F1 plants. The BC1 plants had an 
intermediate phenotype similar to the F1 plants and showed 
the same flower morphology as the F1 including male ste-
rility (Fig. 2). Pollinated flowers of the male sterile BC1 
plants indicated a moderate seed set and seed germination. 
The generated BC2 plants corresponded mainly to the phe-
notype of the E. sativa parent. The flower morphology of 
the BC2 plants was comparable to the E. sativa parent and 
the seed set after pollination with pollen of E. sativa was 
to a large extent normal. In the BC3, the petal color was 
creamy-white with purple veins indicating a high similar-
ity to the Eruca parent. Filament length and stamen shape 
were comparable to the Eruca parent (Fig. 2; Table 1). In 
BC3 and higher backcross generations the seed set esti-
mated as seeds per silique did not differ from that of Eruca 
parent (Table 2).  

Whereas for the BC1 plants significant parts of the 
Brassica genome were detectable, in all investigated 
BC3 plants the Brassica chromosomes were eliminated. 
GISH analysis showed exclusively 2n = 2x = 22 green 
labeled E. sativa chromosomes (Fig. 1). However, small 
introgressions of B. oleracea DNA are not detectable by 
GISH. To select offspring plants with highly reduced B. 
oleracea introgressions for further backcrosses RAPD 
analyses were applied. Figure 3 shows a RAPD profile of 
crossing parents and individual offspring plants of BC1 
and BC3. Two BC3 plants exhibit still clearly B. oleracea 
fragments.

Molecular analysis of the cytoplasms

A stable maternal inheritance of the cytoplasm was veri-
fied. The 278 bp mtDNA fragment from orf138 associated 
with Ogura-CMS was detected by PCR as described by 
Yamagishi and Terachi (1996) (Fig. 4). Maternal inherit-
ance of the cytoplasm was confirmed by EcoRI and HindIII 
digestion of total DNA of BC5 and BC6 plants and South-
ern hybridization with mtDNA or with cpDNA probes. 
The hybridization patterns of the BC5 and BC6 offspring 
plants corresponded to those of the CMS-B. oleracea par-
ent (Fig. 5).
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Anther morphology

An impaired development of both anther morphology and 
microsporogenesis was observed in the F1 and in all of the 
five backcross generations BC1 to BC5. The cauliflower 
CMS type used as female parent in this study showed a 
proper development of the anthers corresponding to the 
CMS type described by Ogura (1968) in R. sativus. In 
the alloplasmic Eruca plants, the anther morphology has 
been changed dramatically. The development of wild type 
anthers of B. oleracea and E. sativa was comparable to ear-
lier descriptions (Geddy et al. 2005) (Fig. 6). In the allo-
plasmic Eruca plants we observed a disturbed formation 
of the anther locules already during early developmental 
stages and assigned them as ‘early defect (I)’. The locule 
growth remained incomplete or occasionally locules were 

completely undeveloped only showing slight extrusions 
on the position where normally growth progression occurs 
(Fig. 6). In rare cases, locules grew out in a correct posi-
tion, but lacked a structured layer composition. In these 
cases, sporogenous cells were never observed and the 
extruded locule-like structure was filled with parenchymal 
cells. Within individual anthers, the development from one 
up to four locules could be impaired. Thereby, either sin-
gle locules or locule pairs of one anther lobe were affected. 
Regarding the symmetry of the anther structure, locules 
that belong to the same theca are more likely to be impaired 
than those of the adaxial or abaxial locule pairs. Within 
one single flower, approximately three to five of a total 
of six anthers indicated a disturbed development. Hence, 
an impaired locule formation during early stages revealed 
already premeiotic defects by disturbing the sporophyte 

Fig. 1  GISH/FISH staining of mitotic chromosomes of the B. olera-
cea × E. sativa hybrids within the F1 and BC3 generation. a, b DAPI 
and corresponding GISH/FISH stained root tip mitosis chromosomes 
in F1 (9 + 11 = 20), c, d DAPI and corresponding GISH/FISH 

stained mitosis chromosomes of the root tip of a BC3 plant (2n = 22). 
Green GISH labeled E. sativa chromosomes. Red 5S rDNA FISH 
probe
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structure and contributed to male sterility in alloplasmic 
Eruca plants.

In those cases where locule formation was properly initi-
ated, development was affected, too, but during advanced 
stages (Fig. 6). In those locules, the structured layer com-
position corresponded to those of fertile plants and the 
initial development of parietal and sporogenous cells was 

not affected. The breakdown of microspore development 
started during the meiosis I (Fig. 7). These observations 
were analogous to the plants of CMS-B. oleracea (not 
shown here). A first sign for developmental deviation was a 
premature degeneration of the tapetal layer during the ana-
phase I. A premature vacuolization of the tapetum occurred 
and was observed up to the tetrad stage. During the same 

Fig. 2  Flower morphology of the cross parents and hybrids. Column a male sterile B. oleracea (female parent), b male fertile E. sativa (paternal 
parent), male sterile offspring plants c F1, d BC3; e BC5
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Table 1  Characteristics of the generative phase of parental and hybrid plants

n.d. Not determined
A BO Broad-ovale, LO long-ovale
B No Number of nectar glands/score: 1 = low developed, light green, 5 = medium developed, dark green, 9 = well developed, dark green
C Each 30–50 siliquas measured
D Each 2 × 100 seeds/plant measured, plants were manually pollinated
E Seed stock plants growth within a plastic tunnel, pollinated by honey bees

Material Gener. n Color of 
petals

Petal vein 
color

Petal 
shapeA

Nectary 
glands No/
scoreB

Silique lengthC 
(mm, without 
piece)

Seeds per 
silique

Weight of 100 
seeds (g)D

Seed color 
(testa)

Germa-
bility 
(%)

B. olera-
cea

CMS 20 Yellow Yellow BO 4/7–9 72.3 ± 12.3d 23.4 ± 5.9d 0.383 ± 0.049 e Dark-brown 89

E. sativa Pop. 20 Creamy-
white

Purple LO 4/9 13.8 ± 4.9b 4.2 ± 3.9b 0.123 ± 0.003Ea Dark-yellow 57

OE1 F1 5 Light-
yellow

Light-purple BO 4/7–9 n.d. n.d. n.d. n.d. n.d. (ER)

OE3 BC1 5 Light-
yellow

Light-purple BO 4/9 n.d. n.d. n.d. n.d. n.d. (ER)

OE50 BC2 5 Light-
yellow

Light-purple BO 4/9 21.1 ± 4.6c 2.3 ± 1.2a 0.199 ± 0.017c Brownish 86

OE60 BC3 10 Creamy-
white

Purple BO 4/9 22.8 ± 3.9c 8.4 ± 5.6c 0.196 ± 0.010c Brownish 79

OE66 BC3 20 Creamy-
white

Purple BO 4/9 14.7 ± 2.3b 7.2 ± 3.1c 0.176 ± 0.041b Brownish 75

OE67 BC3 20 Creamy-
white

Purple LO 4/9 12.6 ± 2.1b 2.6 ± 1.6a 0.170 ± 0.010b Brown-
yellow

83

OE68 BC3 20 Creamy-
white

Purple LO 4/9 12.9 ± 2.1b 2.7 ± 1.6a 0.194 ± 0.004c Brown-
yellow

81

OE69 BC3 20 Creamy-
white

Purple LO 4/9 13.7 ± 1.8b 8.1 ± 5.6c 0.216 ± 0.010d Brown-
yellow

95

OE71 BC5 20 Creamy-
white

Purple LO 4/9 11.8 ± 1.7a 3.6 ± 1.7b 0.213 ± 0.001Ed Brown-
yellow

100

OE72 BC5 20 Creamy-
white

Purple LO 4/9 10.1 ± 2.3a 3.8 ± 3.4b 0.216 ± 0.007Ed Brown-
yellow

97

Table 2  Seed production on 
two alloplasmic CMS-lines of 
Eruca sativa (BC5) compared 
with a hermaphrodite E. sativa 
cultivar

Plants grown under isolated conditions in a plastic tunnel. Honey bees were inserted for pollination

Material n Seed yield/plant (g) Total seed yield (g)

Mean ± SD %

E. sativa (hermaphrodite) 12 35.02 ± 12.78b 100.0 420.32

OE 82 (CMS BC5) 8 13.63 ± 5.21a 38.9 109.13

OE 83 (CMS BC5) 8 14.48 ± 3.51a 41.3 115.81

Fig. 3  Result of RAPD analy-
sis of individual BC1 and BC3 
plants in comparison to the B. 
oleracea and E. sativa parents 
using decamer primer OPA13
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stages the development of microspores became substan-
tially affected. Degeneration and shrinkage were observed 
before any differentiation process was initiated. Subsequent 
stages indicated a complete cessation of microspore devel-
opment. During the stages, where normally pollen matura-
tion occurs, the (persisting) microspores clumped together 
and the locules collapsed before bud opening (Fig. 8). At 
no time, pollen grain spilling was observed. Thus, advanced 
development was impaired, too, and affected the early post-
meiotic stage of microspore development. Advanced distur-
bances during microsporogenesis were assigned as ‘mid-
stage defect (II)’.

Seed production experiment

The bolting behavior of both BC5 CMS lines was similar 
to the E. sativa parent. All plants bolted without vernali-
zation on average 30 days after replantation. However, the 
flowering started approximately one week later in both 
CMS lines than in the E. sativa parental line. A continu-
ous visiting of honey bees on flowers was observed for the 

both CMS lines and the original E. sativa pollinator plants. 
Dry mature siliques were harvested by hand continuously 
over two months. Whereas for the hermaphrodite E. sativa 
line (pollinator) on average 35 g seeds per plant were har-
vested, two CMS lines reached approximately 14 g/plant or 
40 % compared with the pollinator. The seed set per silique 
was the same as the fertile Eruca parent while the approxi-
mately seed weight was 75 % higher. The seed quality and 
germination capacity were approximately the same for the 
three harvested seed lots (Table 2).

Estimation of growth parameters of BC4 and BC5 lines

Two BC4 and four BC5 lines were compared for agronomi-
cal traits to the parental Eruca line in a parallel trial in field 
and plastic tunnel. Under plastic tunnel conditions all BC4 
and BC5 lines developed significantly more leaves than the 
E. sativa parent. The differences were estimated to 1.3–3.4 
leaves per plant. Similar effects were observed under field 
conditions. The BC4 and BC5 lines expressed approxi-
mately 1.9–2.0 leaves more than the Eruca control. The 
mean diameter of the leaf rosette of the BC5 lines, tested 
twice at DPS 40 and 58, showed for both experiments no 
differences in comparison to the Eruca parent, but a signifi-
cant increase in comparison to the BC4 lines (Table 3).

Discussion

Male sterile E. sativa lines have been established by trans-
ferring the nucleus of the rocket salad into the cybrid cyto-
plasm of a CMS-cauliflower via intergeneric sexual hybrid-
ization followed by polyploidization enabling recurrent 
backcrosses. The subsequent elimination of the B. oleracea 
genome has been documented by RAPD-PCR and GISH 
analyses. The currently obtained alloplasmic E. sativa 
lines (BC5) are diploid with 2n = 2x = 22 E. sativa chro-
mosomes, and contain the mtDNA and the cpDNA from 
CMS-B. oleracea (BAZOG 4).

The CMS-E. sativa lines have an excellent vigor. The 
growth habit as well as the yield potential corresponded 
to the Eruca parent, as shown by cultivation experiments 
in field and plastic tunnel. We did not observe chloro-
phyll deficiencies, leaf abnormalities or dwarfism due to 

Fig. 4  PCR detection of the 278 bp fragment, specific for the mitochondrial orf138. The pattern of individual BC1 and BC3 plants was com-
pared to the B. oleracea and E. sativa parents

Fig. 5  Southern hybridization with the mitochondrial probe atp1 
(up) and the chloroplast probe P1/P3 from the psbE operon (down). 
M: DNA Marker VII, DIG-labeled (Roche), Bo: CMS-B. oleracea, 
1–5: BC5 plants, 6–11: BC6 plants. The Black and white arrows mark 
unique fragment bands for E. sativa and B. oleracea, respectively
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incompatibilities in interspecific and somatic hybridizations 
as it was previously described for the Brassicaceae family 
(Bannerot et al. 1977; De Melo and De Giordano 1994a, b; 
Navrátilová et al. 1997; Prakash et al. 1995; Tu et al. 2008).

Further developmental disturbances during flowering 
such as curled petals, crooked style, underdeveloped nec-
taries, feminization of stamen, contorted pods, decreased 
seed set or seed abortion reported in relation to interspecific 

e f

a b 

g

c d

h

Fig. 6   Transverse sections of flowers of the cross parents during 
post-meiotic microsporogenesis. The cutting plane was optimized to 
characterize the anther architecture in all of the four locules. a Male 
fertile cauliflower Brassica oleracea cv. Korso; b Eruca sativa wild 
type; c male sterile cauliflower CMS-B. oleracea (BAZOG4); d 
CMS-B. oleracea (BAZOG 4) with collapsed anthers immediately 
before opening of flower. e–h Transverse sections of flower buds of 
the alloplasmic male sterile B. oleracea × E. sativa hybrids during 

post-meiotic microsporogenesis. e F1; f BC3; g BC4; h BC5. A strik-
ing number of anthers showed an incomplete or disturbed develop-
ment of the pollen sacs (locules). It was observed that frequently 
locule pairs belonging to one theca were affected. Several locules 
remained undeveloped and did not form sporophytic tissues; instead, 
slight parenchymal protrusions were observed (g, h). Several thecae 
revealed a premature fusion of locules (e). Examples of defective loc-
ules are indicated by white arrowheads

a c b 

Fig. 7  a Transverse sections illustrated the typical butterfly sym-
metry with the four pollen chambers or locules. The locules were 
arranged as pairs, each pair belonged to a separate unit, the theca. The 
symmetry axis separating the thecae was drawn by a line. b Distribu-
tion example 1: Each theca consisted of only one large pollen cham-
ber; sporophytic tissues and microspores were observed, however, the 
enlarged size and the presence of only one pollen chamber pointed 
to a premature fusion of the inter-thecal locule pair. Remnant borders 

of the original locule within the merged pollen chamber are indicated 
(arrows). c Distribution example 2: the left theca indicated locule 
pairs with sporophytic tissue, whereas in the right theca the locule 
development was incomplete. Formation of the locule was initiated 
at the correct position, but growth ceased after small protrusions were 
developed. Sporophytic tissue was not observed, instead, the bulges 
consisted of parenchymal cells. Bar 100 µm
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or intergeneric hybridization (Gourret et al. 1992; Kirti 
et al. 1995; Liu Clarke et al.1999; Sikdar et al. 1990) have 
not been observed.

With the exception of the stamen formation, the whole 
reproductive phase of the CMS-E. sativa lines corresponded 
to those of the Eruca parent. We did not observe any influ-
ence by the tri-genomic (cybrid) constellation, consisting 
by the nuclear DNA from E. sativa, the mt genome from R. 
sativus and the cp genome from B. oleracea. On the other 
hand, the development of the male flower organs was strongly 
impaired leading to abortive pollen development. Already 
Ogura (1968) described a premature breakdown of the tapetal 
cell layer and a complete abortion of pollen development in 
anthers with normal morphology of male sterile radish plants.

In addition, in other CMS systems of the Brassicaceae 
family an abnormal tapetum development was mentioned. 
The timeliness of tapetum breakdown was substantial for 
pollen viability, since both, a premature degeneracy or its 
delay can contribute to pollen abortion (Gonzáles-Melendi 

et al. 2008; Kawanabe et al. 2006; Li et al. 2006; Vizcay-
Barrena and Wilson 2006).

The CMS-cauliflower parent expressed a premature 
breakdown of the tapetal cell layer, progressive vacuoli-
zation and a complete abortion of pollen development in 
anthers of normal morphology, similar as described for 
the Ogura-CMS in R. sativus (Ogura 1968). In most of the 
CMS-flower phenotypes described here, the principal struc-
ture of anthers was not affected and developmental defects 
were not obvious before postmeitoic stages.

In contrast, the broader usage of the unmodified Ogura 
cytoplasm in alloplasmic Brassicaceae led, beside chlo-
rophyll deficiency and low nectar production, to various 
defects of the male organs beginning from abortion or disor-
ganization of the microsporangia and anthers (Polowick and 
Sawhney 1991). In addition, the development of petaloid or 
carpelloid structures and also defects during the tapetal and 
microspore development have been reported (Bannerot et al. 
1974; Gourret et al. 1992; Heyn 1976). Yang et al. (2008) 
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Fig. 8  Tetrad stage and pollen development of fertile Eruca sativa 
(top line) and alloplasmic male sterile E. sativa plants of the BC4 
generation (bottom line) were shown. (a, a’) Tetrad stage of micro-
spores. Degeneration of the tapetum in BC4 is visible. First differ-
ences were observed during the tetrad stage. The tapetum cells were 
dark stained and indicated a strong vacuolization (a’). Although the 
structure of the tetrads in a’ seemed to be yet unaffected, the size of 

the tetrads was remarkably smaller than in a. (b, b’) Pre-dehiscent 
stage: pollen grains were surrounded by the exine wall (b); the tape-
tum cells revealed an irregular structure by shrinkage and degenera-
tion (b’); tetrads and pre-dehiscent pollen were strongly shrunken and 
collapsed (b’). (c, c’) Single pollen stage, in c’; the remaining pollen 
collapsed and clumped together, the residual tapetum cells were dis-
persed. Bar 0.1 mm; M microspores, T tapetum, Te tetrads
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described petaloid anthers within Ogu-plasmic B. juncea 
and Dong et al. (2013) showed that stamen had shorter fila-
ments and undeveloped anthers, silique growth retarded 
within Ogu-plasmic B. rapa. Hence, the range of flower 
malformations can vary by a different extent. Beyond post-
meiotic pollen abortion, also homeotic conversions of male 
organs were observed in alloplasmic CMS-lines of Brassi-
caceae (reviewed by Yamagishi and Bhat 2014).

The CMS-E. sativa plants revealed two distinct devel-
opmental phases where male reproduction was disturbed. 
A first defect was addressed to the sporophytic part of the 
plant during early stages of anther formation (defect (I)—
early stage). In these cases, the ‘envelope’ enclosing the 
germline, especially the locule-structure was affected. A 
second defect was manifested during the early generative 
stage when meiosis has been already initiated. In this case, 
the development of the tapetum was disturbed and in par-
allel, also the development of the germline was impaired 
(defect (II), assigned to the ‘mid stage’ of development). 
Both defects were largely specific and can be precisely 
assigned in a distinct temporal and spatial manner by mor-
phological characterization. Hence, flower morphology of 
the alloplasmic CMS-E. sativa lines revealed more severe 
distortions than the original CMS-B. oleracea line.

Regarding the fact, that chlorotic effects have not 
been observed in the CMS-E. sativa lines it can be con-
cluded, that the final CMS-E. sativa line of this study con-
tains solely the plastids of B. oleracea. Concerning the 

tri-genomic state of organelles in the alloplasmic Eruca 
lines, it can be concluded, that anther defects were due to an 
impaired interaction between the nuclear and the mitochon-
drial genomes. Regarding the wide range of male flower 
defects observed in the different nuclear backgrounds of 
alloplasmic Brassicaceae, it can be expected that different 
nuclear-mitochondrial interactions contribute to the broad 
range of male defects. Previous data had shown a substan-
tial input of mitochondrial genomes on male flower devel-
opment by analyses of cybrids obtained from Nicotiana 
or Brassica only differing in their mitochondrial genome 
(Belliard et al. 1979; Kofer al. 1991).

Hence, the developed intergeneric Eruca hybrids repre-
sent a novel example for mitochondrial influences on cer-
tain periods of male flower development in alloplasmic and 
cybrid Brassica using the Ogura cytoplasm. Although CMS 
has been attributed to specific mitochondrial genes, diverse 
floral phenotypes induced by the same cytoplasm in differ-
ent species have not been fully investigated (Yamagishi and 
Bhat 2014). Polymorphic phenotypes are assumed to result 
from differences in the energy status of cells due to expres-
sion of CMS-inducing mitochondrial genes in different 
nuclear backgrounds (Yamagishi and Bhat 2014). Neverthe-
less, how mitochondrial genes like orf138 finally contribute 
to the diversity of flower defects remained yet unsolved.

Hence, the utilized cybrid cytoplasm was proven to be 
a vital source of CMS for E. sativa. In accordance with 
predominant reports of Ogura cytoplasm-based CMS-B. 

Table 3  Comparison of E. 
sativa and the alloplasmic 
CMS Eruca lines (BC4/BC5) 
for agronomical traits tested 
under conditions in the field and 
plastic tunnel

DPS Days post sowing

Different letters show significance at P < 0.05

Location Material Generation n No. of leaves Diameter of the rosette (cm) Leaf biomass (g)

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

(DPS 40) (DPS 40) (DPS 58) (DPS 58)

Plastic tunnel

 E. sativa Pop. 20 10.4 ± 1.8a 36.1 ± 6.6c 78.3 ± 10.3c 171.3 ± 59.2b

 OE 65 BC4 20 12.3 ± 2.4b 27.2 ± 4.4b 58.6 ± 9.1b 80.5 ± 24.8a

 OE 67 BC4 20 12.2 ± 4.6b 23.4 ± 6.4a 50.2 ± 11.1a 62.3 ± 33.1a

 OE 71-1 BC5 20 11.7 ± 2.7b 38.2 ± 6.4cd 77.5 ± 8.8c 190.1 ± 79.5b

 OE 71-2 BC5 20 12.2 ± 2.9b 34.6 ± 6.3c 73.6 ± 9.9c 164.4 ± 63.7b

 OE 72-1 BC5 20 13.8 ± 2.6b 38.1 ± 4.8cd 79.4 ± 7.6c 208.8 ± 61.3bc

 OE 72-2 BC5 20 13.8 ± 2.1b 43.1 ± 2.8d 80.2 ± 8.1c 260.1 ± 50.8c

Breeding field

 E. sativa Pop. 20 8.6 ± 1.2a 24.3 ± 6.6b 42.9 ± 5.6b 39.3 ± 13.9b

 OE 65 BC4 20 10.5 ± 3.2ab 19.2 ± 5.9a 31.1 ± 5.6a 22.4 ± 14.2a

 OE 67 BC4 20 11.6 ± 2.3b 18.6 ± 5.4a 28.5 ± 4.3a 18.3 ± 7.2a

 OE 71-1 BC5 20 11.2 ± 2.2b 25.3 ± 6.9b 43.9 ± 6.4b 46.6 ± 16.7b

 OE 71-2 BC5 20 11.1 ± 2.1b 27.2 ± 2.5b 41.5 ± 3.8b 46.1 ± 16.2b

 OE 72-1 BC5 20 10.8 ± 1.3b 25.1 ± 2.5b 41.9 ± 3.8b 40.4 ± 9.4b

 OE 72-2 BC5 20 10.5 ± 1.4ab 27.4 ± 2.7b 43.6 ± 3.9b 47.8 ± 13.7b
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oleracea (De Melo and De Giordano 1994a, b), B. napus 
(Delourme et al. 1998), B. rapa (Dong et al. 2013) or B. 
juncea (Kirti et al. 1995), we did not observe a restoration 
of the male fertility.

The excellent seed quantity and quality of both BC5 
lines in the seed production experiment suggest that nei-
ther the premeiotic (sporophytic) nor the postmeiotic (pol-
len abortive) disturbances influenced the development of 
the gynoecium and the final seed set. The lower seed yield 
(~40 %) of the BC5 lines compared with the pollinator line 
harvested in our experimental approach may have different 
reasons. While we can exclude a spontaneous flower abor-
tion, we assume that a number of factors were responsible 
as the ratio between the male sterile and the male fertile 
pollinator plants, synchronization of flowering and in con-
sequence a time-delayed mature of siliques of the CMS-
lines. Our current research is aimed at optimizing the polli-
nation efficiency by bees and conditions of seed production 
for possible application in hybrid breeding.

The plant material offers a promising tool to promote 
further studies of cytoplasmic-nuclear interaction and 
potential cause of CMS manifestation in Brassicaceae. 
The complete male sterility and the restored female fertil-
ity of the alloplasmic E. sativus lines as well as the high 
yield potential and viability open the possibility for a direct 
application in hybrid breeding approaches.
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