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A b s t r a c t  
 

Presently, cabbage breeding is mainly focused on F1 hybrids necessitating constant parental 
lines to be obtained. Doubled haploid (DH) technology based on isolated microspore in vitro culture 
is widely used to produce pure lines of brassica crops. This method allows us to rapidly develop ho-
mozygous lines, in contrast to time-consuming traditional breeding for heterosis in cross-pollinating 
crops which takes 7 to 10 years for annuals and 14 to 20 years for biennial plants. One of the objec-
tives of DH technology is to provide the all possible number of doubled haploid plants that allows 
more fully encompass the spectrum of genetic recombination, including the recessive locus. The aim 
of our study was to evaluate economically important traits in white cabbage (Brassica oleracea L. 
convar. capitata var. alba DC) constant doubled haploid lines of late ripening and to improve the 
technology for producing DH based F1 hybrids. Eleven breeding lines of late ripening cabbage were 
used to obtain doubled haploid lines from microspore in vitro culture. Of the obtained lines, twelve 
doubled haploid genotypes were selected for further use based on evaluation of ploidy and combining 
ability. Seed progeny was reproduced by hybridization of regenerated plants in a climatic chamber 
(2014-2015). We used the schemes of creating self-incompatible lines and two-line-based hybrids. In 
the field trials (Moscow region, 2014-2015), the doubled haploids and their hybrid combinations 
were compared to the standard (Severyanka F1) for the main valuable characteristics (i.e. the content 
of dry matter, nitrates, and vitamin C). The field resistance to Fusarium wilt, alternariosis, and pest 
damage were determined at cabbagehead technical maturity. The resistance to clubroot was assessed 
under artificial infection. There was a direct relationship of the average number of chromosomes to 
the number of chloroplasts in the stomata guard cells and the length of guard cells. The frequency of 
spontaneous doubling of the chromosomes numbers varied from 50.0 % to 87.5 % in different geo-
types. A total of 11 to 73 % produced lines were high self-incompatible. Their geitonogamic pollina-
tion in the topcrosses resulted in 42 hybrid combinations. The model of F1 hybrid most fully re-
sponding to consumer market demands was developed. Ten promising hybrid combinations which 
matched the model parameters in two-year field testing were recommended for variety testing. Hy-
brids were characterized by uniformity, high biochemical quality, the resistance to major diseases and 
pests and the yield of 104.60±8.27 t/ha. The dry matter content reached to 10.5 %, the sugar content 
was about 4.21-5.10 %, and ascorbic acid level ranged from 21.12 to 38.70 mg%. Both the highest 
level of ascorbic acid (92.0 mg%) and the smallest nitrate accumulation (33 mg/kg) were characteris-
tic of one hybrid combination.  

 

Keywords: white cabbage, Brassica oleracea L., doubled haploid lines, heterosis F1 hybrids, in 
vitro isolated microspore culture, self-incompatibility, DH-technology, spontaneous doubling, ploidy 

 

The most common culture among plants of the Brassica oleracea L. spe-
cies is white cabbage due to a complex of biological and economically useful 
properties. F1 hybrids with high market quality and resistance to harmful patho-
gens are most in demand [1]. At present, the creation of heterosis hybrids of 
white cabbage is based on cytoplasmic male sterility (CMS) and the crossing of 
self-incompatible inbred lines. Seeds from the intercross inside the same line are 
not formed, but crosses with plants of another line give 100 % hybrid seeds. In-
compatibility is manifested on the style: incompatible pollen does not germinate at 
all or the pollen tubes, appearing and reaching the surface of the papilla of stigma, 
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curl and thicken [2]. Such lines are propagated and maintained by manual 
geitenogamic pollination of buds [3, 4]. The main modern requirements for cul-
ture are the storability of cabbage-head, the suitability for mechanized harvesting, 
resistance to diseases (club root disease, vascular bacteriosis, fusarial head blight, 
etc.) and pests [5]. Intensive cultivar changing requires the acceleration of the se-
lection process [6].  

White cabbage is a cross-pollinated plant with a 2-year growth cycle. In tra-
ditional selection, inbred lines of white cabbage are obtained through forced self-
pollination for 6-12 generations, which significantly extends the selection process. 
To speed up the selection, doubled haploids (DH-technologies) are used [7-12], in 
particular a microspores culture in vitro, which not only ensures the homozygosis of 
the DH-line, but also enhances morphogenesis by using the entire spectrum of ge-
netic recombinations including recessive traits. The technology is based on the abil-
ity of microspores to switch from gametophytic development to sporophyte under 
the influence of stress factors (high temperature, high osmotic pressure, etc.). Due to 
sporophyte type division, microspores form embryoids that develop into haploid 
plants (Hs) or doubled haploids (DH) [13, 14], with the involvement of which in 
the selection of pure lines reduces the time spent on crossing [15]. For vegetable 
crops, including cabbage, domestic DH-technology [16] has been developed, but it 
needs to be optimized for specific genotypes. 

In plants developed after regeneration from isolated microspore cultures 
ploidy differs: alongside with doubled haploids, haploids, tetraploids, and myso-
ploids are presented [17]. In this case only homozygotic diploid plants arising as 
a result of spontaneous doubling of the number of chromosomes can be directly 
used in breeding programs [18]. There are several methods for analyzing ploidy. 
The classical method of chromosome counting in cells of meristematic root tis-
sue or in dividing cells of young buds is most accurate [19, 20]. However, it is 
very complex and time-consuming and is not suitable for large scale screening 
[21]. Quantitation of nuclear DNA content and ploidy by flow cytometry [22] is 
carried out easily and quickly with a minimal amount of leaf tissue, but it requires 
considerable expenditures for equipment and reagents [23]. The count of the 
number of chloroplasts in the guard cells of the stomas is considered as a fairly 
simple and cheap method that can be used for most crops, including cabbage. It is 
shown that there is a high correlation between the number of chloroplasts in the 
stomata guard cells and the ploidy of plants [24]. Thus, the optimization of DH-
approach for breeding and seed production remains relevant [25-28]. 

For the first time in Russia, using the culture method of isolated micro-
spores in vitro, we obtained DH-populations of white cabbage, in which forms 
with predetermined properties were detected, which enabled us to select promis-
ing hybrid combinations in a short time. 

The purpose of this work was to evaluate the constant lines of white cab-
bage doubled haploids on a set of agriculturally important traits and to improve 
the technology for creating heterotic F1 hybrids on their basis. 

Technique. The lines of doubled haploids were obtained via the isolated 
microspore in vitro culture using 11 selection lines of late-ripening white cab-
bage (Brassica oleracea L. convar. сapitata var. alba DC). Donor plants were 
grown in a climatic chamber at 20-22 С and 16 h/8 h (day/night) with illumi-
nation of 9000 lux. Buds harvested at the initial stage of flowering were sterilized 
for 30 sec in 96 % ethanol, then 5 min in a 50 % aqueous solution of the com-
mercial preparation Belizna (KhimAlians, Russia) with the addition of 1 drop 
Tween 20 (PanReac Quimica S.L.U, Spain) per 100 ml, followed by 3-fold 
washing in sterile distilled water. Sterile buds 4-5 mm in size were transferred to 
Lichter's medium with half concentration of components (1/2NLN) and 13 % su-
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crose, pH 5.8 [29], 30 buds per 6 ml medium, and homogenized. The micro-
spore suspension was passed through a nylon filter with a cell size of 40 μm 
and precipitated for 5 min at 125 g in an Eppendorf 5804R centrifuge (Eppen-
dorf AG, Germany). Microspores were washed twice in 1/2NLN. The washed 
microspores were placed in Petri dishes of 6 cm in a diameter (10 buds per 
dish) with 5 ml of the nutrient medium of the above composition and incubat-
ed for 2 days in the dark at 32 C. The incubation was then carried out at 25 C 
in the dark to form embryoids. When the embryoids reached the stage of large 
globules, the heart-shaped or torpedo phase, they were placed in Petri dishes on 
Gamborg's medium (B5) [30] supplemented with 0.5 % glucose, 0.5 % sucrose 
and phytogel (3 g/l). 

The shoots that embryoids formed were separated, placed on 1/2 Mu-
rashige-Skoog medium (MS) with 2 % sucrose and 3 g/l phytogel, and cultured 
at 25 C and a photoperiod of 14 h (2500 lux, fluorescent lamps). Plants with 
normally developed leaves and root system were transferred to vegetation vessels 
with a mixture of peat and perlite (7:3) and covered with perforated plastic cups 
for adaptation in vivo. Regenerated plants grown under the same conditions as 
donor plants [32] were evaluated for ploidy and combination ability.  

The number of chromosomes in the cells of the meristematic root tissue 
was calculated by spreading method. Root tips of 0.5-1.0 cm in length were 
placed in a solution of -bromide-naphthalene (1 μl per 10-15 ml) and kept for 
12 hours in the cold. The roots were then transferred to a Clarke's fixative (al-
cohol and glacial acetic acid at a 3:1 ratio) and left for 1 hour in the cold, then 
thoroughly washed in water and transferred to 0.3 ml of a mixture of enzymes 
(10 ml citrate buffer, pH 4.5, cellulase 0.2 g, 5S pectinase 0.2 g, macerozyme 
0.25 g, dreizelase 0.1 g) with the addition of cellulase 0.006 g and 2.7 ml of 
citrate buffer. The specimen was covered and put on a water bath (37 C) for 
1 hour. After softening the roots, the enzyme mixture was replaced with water. 
The white tip of the root was separated and pipetted onto the glass. A drop of 
acetic acid and a freshly prepared Clarke's fixative were added and the prepara-
tion was dried in air. The preparations were examined using an Axio Imager A2 
fluorescence microscope (Carl Zeiss, Germany) with filter kits for DAPI (Zeiss 
Filter set 1, Carl Zeiss, Germany) [33]. 

For indirect determination of ploidy, chloroplasts were counted in the 
guard stomatal cells and their length was measured using an Axio Imager A2 mi-
croscope (Carl Zeiss, Germany) with fluorescence (filter set BR 490 and 515) 
[34]. The epidermal layer of cells was removed from the underside of the leaves, 
washed in distilled water, placed on a slide in a drop of water, covered with a 
cover slip and viewed under a microscope. Photos of at least 20 pairs of stomatal 
cells in each plant were used for documentation and chloroplast counting was 
performed. Visualization, measurements and calculations were carried out using 
an AxioVision software (Carl Zeiss, Germany).  

Seed progenies were obtained by crossing regenerants in an artificial cli-
mate chamber during the winter-spring 2014-2015 (under the same conditions as 
in cultivating donor plants). The scheme for creating self-incompatible lines and 
obtaining two-line hybrids of white cabbage was used [35]. Field trials with seeds 
were laid out in 2014-2015 on experimental plots prepared according to standard 
for vegetable crops [36]. Seeds were sown in the third decade of April in cas-
settes with a cell diameter of 5½5 cm. In the third decade of May, the seedlings 
were planted in an open soil per 10 plants in 2-fold replication. The plantation 
scheme is 70½50 cm. 

At technical ripeness of the head, lines of doubled haploids and hybrid 
combinations were characterized for a number of agriculturally important traits 
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(the weight and size of the head, the diameter of the rosette of leaves, the height 
of the outer and inner cabbage stump, the size of the leaf), comparing with the 
standard (Severyanka F1). The vegetation period was estimated as time for matur-
ing 90 % of the heads, after which the yield was harvested. The location of the 
lower leaves of the rosette, the color of the leaves, the intensity of the wax coating, 
the state of the surface of the leaf blade, the venation pattern were assessed visual-
ly. Biochemical parameters were determined in the integrated sample of the most 
typical heads, i.e. dry matter — after drying to constant weight, nitrates —by po-
tentiometry, vitamin C — iodometrically [37].  

Field resistance to fusarium wilt, alternaria, and pest damage were stud-
ied under natural field conditions at technical ripeness of the head. Resistance to 
the club root disease (damage, %) was evaluated under artificial infection with a 
randomly distributed placement of plants in 2-fold replication per 10 pcs in each 
variant [38]. 

Statistical processing included the determination of the arithmetic mean 
(X) and the mean error (m). 

Results. Among the 10 white cabbage selection lines only 5 lines were re-
sponsive to introduction into culture in vitro. As a result, from 20 to 1000 regen-
erant plants per parent line were obtained from isolated microspores in vitro. 

It was found that haploid cells in the in vitro culture were unstable, 
and tended to endomitosis (doubling of chromosomes without nuclear fission) 
with formation of cells of different ploidy. This made it possible to divide all 
the studied samples into groups according to the ploidy in accordance with the 
proposed indicators (Table 1). It was shown that the frequency of spontaneous 
doubling of the number of chromosomes in regenerative plants varied from 
50.0 to 87.5 % depending on the genotype. In the works of other authors, the 
doubled haploid frequency in white cabbage was 10-40 % [39], 21-67 % [40], 
and 50-70 % [41]. In our studies, the proportion of haploid and tetraploid 
plants ranged from 0 to 25.0 %.  

 In all variants, we 
observed a direct relationship 
between the average number 
of chromosomes, the num-
ber of chloroplasts in the 
stomata guard cells, and the 
length of these cells. It is re-
ported that in plants the 
number of chloroplasts cor-
relates with the number of 

chromosomes, that is, the number of chloroplasts in diploid plants is about half 
as many that in haploids [34]. According to the literature, B. oleracea ssp. plants 
have the following number of chloroplasts in the stomata guard cells: 6-9 for 
haploids, 10-15 for diploids, and 20-25 for tetraploids [42]. The results of our 
studies confirmed that the calculation of the number of chloroplasts could be the 
simplest and fastest method to estimate plant ploidy.  

The scheme we used for obtaining heterosis hybrids F1 was based on 
sporophytic physiological self-incompatibility of the lines of white cabbage dou-
bled haploids. Artificial geitenogamic pollination of flowers, with bud pre-
emasculation, resulted in varying manifestation of self-incompatibility in lines 
of regenerated plants which was determined by the number of seeds (high for 0-
1 pcs/seedpod, medium for 2-5 pcs/seedpod, low or absent for > 5 pcs/seedpod). 
Depending on the genotype, from 11 to 73 % of the lines of doubled haploids

1. Ploidy of regenerated plants of late-ripening 
white cabbage (Brassica oleracea L. convar. 
capitata var. alba DC) based on the results of 
cytological analysis (X±m) 

Ploidy  NCGC, psc. GCL, nm 
Haploids (n = 9) 9.00±0.63 20.45±0.80 
Diploids (2n = 18) 13.73±0.80 24.15±0.55 
Tetraploids (4n = 36) 24.53±1.46 34.12±0.70 
N o t e. n — the number of chromosomes; NCGC — the number of 
chloroplasts in  stomata guard cells, GCL — stomata guard cells 
length. 
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2. Complex evaluation of the main agriculturally important traits in prospective hybrid combinations based on doubled haploid lines of late-ripening 
white cabbage (Brassica oleracea L. convar. Capitata var. alba DC) (X±m, Moscow region) 

Hybrid  
combination 

Vegeta-
tion, days 

Head 
weight, kg 

Yield, t/ha 
Stump size, cm Biochemical parameters Plant infection, % 

Pest damage, 
% 

inner outer dry matter, 
% 

sugars, % 
vitamin 
C, mg% 

nitrates, 
mg/kg 

club root 
disease 

fusarium  
wilt 

Alternaria 
blight length width height 

3-3-3½1-19-1  160 2.76±0.26 78.66±7.41 4.57±0.39 5.07±0.29 4.72±0.80 10.50 5.10 38.70 81 6.3±0.4 1.5±0.1 0.6±0.2 6.5±1.0 
2-45-1½1-18-2 165 2.72±0.19 77.52±5.42 6.80±0.36 4.60±0.18 5.93±0.61 9.00 5.00 92.00 33 12.5±2.7 2.7±0.6 2.0±0.5 7.2±0.7 
2-45-1½5-13 165 3.18±0.02 90.63±0.57 9.00±1.00 4.00±0.50 7.00±0.40 9.90 4.40 35.20 59 15.0±1.8 0.5±0.1 1.5±0.1 11.8±2.5 
3-3-3½2-331 160 2.26±0.18 64.41±5.13 8.12±0.55 6.43±1.02 9.33±3.79 10.06 4.42 26.40 100 25.0±5.2 5.0±0.8 3.0±0.2 7.0±0.5 
11-124-1½2-307 158 2.41±0.35 68.69±9.98 6.26±1.28 4.57±0.43 5.36±0.69 10.13 4.85 37.60 80 17.5±2.2 3.8±0.1 3.3±0.2 6.0±0.2 
5-13-2½2-307 165 2.49±0.48 70.97±13.68 6.19±0.96 4.00±0.51 6.00±1.33 9.85 4.36 21.12 124 20.0±4.9 6.6±0.3 1.6±0.4 6.6±0.1 
3-3-3-2½1-19-2 160 3.18±0.07 90.63±2.00 7.00±0.60 5.00±0.40 10.00±0.10 9.52 4.21 24.64 69 31.0±2.5 7.5±0.1 2.5±0.5 10.0±1.3 
2-331½11-1-1 165 3.09±0.34 88.07±9.69 8.25±0.53 5.17±0.34 12.85±0.99 9.60 4.40 33.40 105 15.0±1.0 3.1±0.7 2.2±0.2 3.5±0.8 
11-68½5-13 158 2.99±0.28 85.22±7.98 6.43±0.29 3.07±0.29 7.57±0.96 9.80 4.90 33.40 100 38.0±3.6 5.0±0.4 3.0±0.1 10.6±0.5 
2-331½5-13 165 3.67±0.29 104.60±8.27 8.94±0.40 4.34±0.29 9.86±1.99 9.80 4.70 37.00 89 7.5±0.8 1.0±0.1 0.5±0.1 6.0±0.1 
Severyanka F1 
(standard) 160 2.98±0.54 84.93±15.39 9.00±0.90 5.00±0.40 5.00±0.20 9.00 4.10 31.70 109 45.0±2.7 0.5±0.1 2.0±0.5 11.0±1.5 

 
 
 

 
 629  



148 

showed high self-incompatibility, and from 0 to 29 % — medium self-incom-
patibility. It was these lines (12 genotypes) that were further used in the creation 
of heterotic hybrids F1 (lines with no self-incompatibility were involved in other 
breeding programs). As a result of the topcross in the artificial climate chamber, 
42 hybrid combinations were obtained on the basis of self-incompatibility.  

For further planning experiments, the target model F1 of the hybrid was 
compiled for the main agrotechnical and consumer characteristics. For the mod-
el, the vegetation period is 150 days or more (from planting the seedlings to the 
technical ripeness of the head); heads are equal in maturation terms, transporta-
ble, suitable for mechanized harvesting, medium sized, rounded, dense, weighing 
2.5-3.5 kg, with excellent internal structure, small internal stump, with dry mat-
ter content of 9-10 %, high vitamin C and sugars level, and low nitrates, re-
sistant to major diseases and pests. 

In the complex evaluation of all samples within 2 years, 10 promising 
hybrid combinations were identified under field conditions by the agricultur-
ally important traits (Table 2). The vegetation of hybrids lasted for 158-165 
days, which corresponded to the late maturation period. Yields ranged from 
64.41±5.13 to 104.60±8.27 t/ha, which made the cultivation of these hybrids 
cost-effective. The inner stump was small, that corresponded to the standard 
pattern, and in most cases inner stump turned out to be almost 2 times smaller 
than the standard, due to which the eatable part of the head increased. Among 
the hybrids the samples with high outer stump (from 9.33±3.79 to 12.85±0.99 
cm) were detected which made them suitable for mechanized harvesting. All 
hybrids were characterized by a high content of dry matter (from 9.0 to 
10.5%). The amount of ascorbic acid ranged from 21.12 to 38.70 mg%. An ex-
ception was a hybrid combination 2-45-1½-18-2 with ascorbic acid content of 
92.0 mg%, which was almost 3 times higher than in the remaining samples. In 
the same hybrid combination, the accumulation of nitrates was the lowest (33 
mg/kg). In the remaining samples, their amount was from 33 to 124 mg/kg, 
which did not exceed the MPC 500 mg/kg for wet weight (GOST R 51809-
2001) of late-ripening white cabbage. Sugar content (4.21-5.10 %) exceeded 
the standard in all hybrid combinations.  

Consequently, all hybrid combinations had high biochemical indices. 
Therefore, in the analysis it is necessary to proceed from their comprehensive as-
sessment, which also includes productivity and resistance to major diseases and 
pests. Note that the hybrids remained mostly low-injured by major diseases and 
pests, which indicates their relative field resistance. 

Thus, from isolated microspore culture in vitro, we obtained regenerated 
plants of white cabbage with different ploidy. There was a direct dependence be-
tween the average number of chromosomes and the number of chloroplasts in 
the stomata guard cells, and also the length of these cells. The frequency of 
spontaneous doubling in culture varied from 50.0 to 87.5 % and was the largest 
for doubled haploids. The involvement of homozygotic lines of such haploids in 
the breeding allowed us to create hybrid combinations of late-ripening white 
cabbage for a short time (2-3 years), which correspond to the declared require-
ments of competitive F1 hybrids. 
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