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Abstract  Broadening the genetic base of the C genome of Brassica napus canola by use of B. 10 

oleracea is important. In this study, the prospect of developing B. napus canola lines from B. 11 

napus × B. oleracea var. alboglabra, botrytis, italica and capitata crosses and the effect of 12 

backcrossing the F1’s to B. napus were investigated. The efficiency of the production of the F1’s 13 

varied depending on the B. oleracea variant used in the cross. Fertility of the F1 plants was low – 14 

produced, on average, about 0.7 F2 seeds per self-pollination and similar number of BC1 seeds on 15 

backcrossing to B. napus. The F3 population showed greater fertility than the BC1F2; however, 16 

this difference diminished with the advancement of generation. The advanced generation 17 

populations, whether derived from F2 or BC1, showed similar fertility and produced similar size 18 

silique with similar number of seeds per silique. Progeny of all F1’s and BC1’s stabilized into B. 19 

napus, although B. oleracea plant was expected, especially in the progeny of F1 (ACC) owing to 20 

elimination of the A chromosomes during meiosis. Segregation distortion for erucic acid alleles 21 

occurred in both F2 and BC1 resulting significantly fewer zero-erucic plants than expected; 22 

however, plants with ≤15% erucic acid frequently yielded zero-erucic progeny. No consistent 23 

correlation between parent and progeny generation was found for seed glucosinolate content; 24 

however, selection for this trait was effective and B. napus canola lines were obtained from all 25 

crosses. Silique length showed positive correlation with seed set; the advanced generation 26 

populations, whether derived from F2 or BC1, were similar for these traits. SSR marker analysis 27 

showed that genetically diverse canola lines can be developed by using different variants of B. 28 

oleracea in B. napus × B. oleracea interspecific crosses. 29 

 30 
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 33 

Introduction 34 

 35 

The oilseed crop Brassica napus L. canola supplies about 15% of the total vegetable oil in the 36 

world. It is the major oilseed crop in the European Union, Canada, Australia, China and India, 37 

and makes significant contribution to their national economy. Therefore, improvement of this 38 

crop through breeding is important; for this, presence of adequate genetic diversity in the 39 

breeding population is essentially needed. The short history of domestication of B. napus 40 

(Prakash et al. 2012) and the breeding strategies, such as selection for low erucic acid and 41 

glucosinolate content (Friedt and Snowdon 2010) and the use of canola quality germplasm in 42 

repeated cycle of breeding, as well as growing of a specific form, such as spring, semi-winter or 43 

winter type, in a specific growing region and keeping these gene pools isolated from each other 44 

are some of the reasons for the lack of adequate genetic diversity in B. napus canola (Hasan et al. 45 

2006; Cowling 2007; Fu and Gugel 2010; for review, see Rahman 2013). According to Gyawali 46 

et al. (2013), the Canadian and Australian populations carry the lowest richness of unique alleles 47 

as well as the least genetic diversity. 48 

Genetic diversity analysis by use of molecular markers placed the European winter, 49 

Chinese semi-winter, rutabaga and spring type of B. napus into distinct gene pools (Diers and 50 

Osborn 1994; Hasan et al. 2006; Bus et al. 2011); and the genomes of the two diploid progenitor 51 

species B. rapa and B. oleracea are found to be genetically distinct from each other as well as 52 

from their corresponding genome of B. napus (Thormann et al. 1994; Abel et al. 2005). Efforts 53 

have been made to broaden the genetic base of the spring B. napus canola through the use of the 54 

European winter type (Butruille et al. 1999; Kebede et al. 2010) or Chinese semi-winter type B. 55 

napus (Udall et al. 2004, Qian et al. 2007, 2009) or rutabagas (Rahman et al. 2014). The diploid 56 

progenitor species B. rapa has been used in the breeding of Chinese (Liu 1985 cited by Chen et 57 

al. 2008; Qian et al. 2006; Mei et al. 2011; Li et al. 2013) as well as Canadian (Kubik et al. 1999; 58 

Attri and Rahman 2018) B. napus. Indeed, introgression of allelic diversity from B. rapa into B. 59 

napus has made the Chinese oilseed B. napus germplasm quite distinct from other B. napus 60 

germplasm (Qian et al. 2006), and this germplasm has shown the potential for increasing 61 
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heterosis in European winter and Canadian spring B. napus hybrid canola cultivars (Qian et al. 62 

2005, 2007, 2009). In the case of the other parental species B. oleracea, very little effort have 63 

been made to utilize this gene pool in the breeding of B. napus canola. To our knowledge, only 64 

two accessions of kale (B. oleracea var. alboglabra and var. acephala) have been used for 65 

broadening the genetic base of spring (Bennett et al. 2012; Rahman et al. 2015) or Chinese semi-66 

winter B. napus (Li et al. 2014).  67 

Seeds of B. oleracea generally contain a high level of erucic acid in oil (> 40 %) and a 68 

high level of glucosinolate (GSL) (>100 µmol per g meal) in seed meal, and this species also 69 

show low crossability with B. napus (Bennett et al. 2008). High sterility in the progeny of B. 70 

napus × B. oleracea interspecific hybrids, due to meiotic abnormalities (Chiang et al. 1978; 71 

Bennett et al. 2012; Li et al. 2014), also imposes the difficulty of getting a euploid line from this 72 

interspecific cross. These are some of the factors that may have contributed to the reluctance of 73 

the use of B. oleracea gene pool in the breeding of B. napus canola despite wide diversity exists 74 

in B. oleracea (dos Santos et al. 1994; Simonsen, and Heneen 1995; Lázaro and Aguinagalde 75 

1998; Izzah et al. 2013). Previously, we investigated the prospect of developing canola quality B. 76 

napus line from a B. napus × B. oleracea interspecific cross by use of a Chinese kale (var. 77 

alboglabra) accession (Rahman et al. 2015). Given the fact that wide morphological and genetic 78 

diversity exists in B. oleracea, it is important to study the different variants of this species for 79 

utilization of this wide diversity in breeding. It is also well-known that the allied species and exotic 80 

gene pool carry many alleles which are undersirable for B. napus canola; introduction of these alleles 81 

can disrupt the favourable allele combinations of the elite lines that have been established over cycles 82 

of breeding. In this context, limited backcrossing approach, as suggested by Falk (2010), can be 83 

advantageous for getting the benefit of the exotic alleles while maintaining the favourable allele 84 

combinations to some extent.  85 

The objective of this research was to evaluate the prospect of developing genetically 86 

diverse canola quality euploid B. napus lines by using different variants of B. oleracea, such as 87 

the Chinese kale (var. alboglabra), cauliflower (var. botrytis), broccoli (var. italica) and cabbage 88 

(var. capitata), in B. napus × B. oleracea interspecific crosses and following the approach of 89 

with or without backcrossing of the interspecific hybrids to the B. napus parent.  90 

 91 

Materials and methods 92 
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 93 

Parental Materials 94 

 95 

One canola quality (zero erucic acid and <15 μmol glucosinolates g-1 seed) spring type B. napus 96 

(AACC, 2n = 38) line A04-73NA and four B. oleracea lines/cultivars, viz. B. oleracea var. 97 

alboglabra-NRC, var. botrytis cv. BARI Cauliflower-1, var. italica cv. Premium Crop, and var. 98 

capitata cv. Balbro, were used. Seeds of B. oleracea var. alboglabra were obtained from the 99 

National Research Council (NRC), Saskatoon, Canada, BARI Cauliflower-1 from Bangladesh 100 

Agricultural Research Institute, Bangladesh, and cvs. Premium Crop and Balbro were obtained 101 

from Dr. Ron Howard, Alberta Agriculture and Rural Development, Brooks, AB, Canada from 102 

his germplasm colelction. All B. oleracea parents were of non-canola quality types (>40% erucic 103 

acid in seed oil and >80 μmol glucosinolates per g of seed meal).  The following four 104 

interspecific crosses were made using the B. napus as female:  105 

A04-73NA × B. oleracea var. alboglabra  106 

A04-73NA × B. oleracea var. botrytis cv. BARI Cauliflower-1  107 

A04-73NA × B. oleracea var. italica cv. Premium Crop 108 

A04-73NA × B. oleracea var. capitata cv. Balbro 109 

The F1 plants were produced through application of embryo culture technique (Bennett et al. 110 

2008) and were grown in a growth chamber (20/15 0C day/night temperatures, 16 h photoperiod, 111 

and photosynthetic flux density of 450 μE m-2 s-1 at plant level). The plants were self-pollinated 112 

for F2 seeds as well as backcrossed to the B. napus parent A04-73NA for backcross (BC1) seeds: 113 

(A04-73NA × B. oleracea var. alboglabra) × A04-73NA 114 

(A04-73NA × B. oleracea var. botrytis) × A04-73NA  115 

(A04-73NA × B. oleracea var. italica) × A04-73NA  116 

(A04-73NA × B. oleracea var. capitata) × A04-73NA 117 

 118 

Development of F2- and BC1-derived inbred lines 119 

 120 

The F2 and BC1 populations were grown in a greenhouse (21°/18° ± 2°C day/night) and 121 

subjected to self-pollination with selection of individual plants for canola quality traits 122 

irrespective of their morphology (B. napus or B. oleracea type). Selection for zero erucic acid 123 



  

5 

 

started from F2 generation, while analysis for glucosinolate content started one generation later 124 

as larger quantity of seeds was required for this analysis. The F3 and BC1F2, F4 and BC1F3, F6 125 

and BC1F5, and F8 and BC1F7 populations of all four crosses were grown in a greenhouse in 126 

spring 2012, and in winter 2012-13, 2013-14 and 2014-15, respectively; the F5 and BC1F4 127 

populations of A04-73NA × B. oleracea var. alboglabra and A04-73NA × B. oleracea var. 128 

botrytis were grown in field plots in 2013 at the Edmonton Research Station of the University of 129 

Alberta and of A04-73NA × B. oleracea var. italica and A04-73NA × B. oleracea var. capitata 130 

were grown in a greenhouse in 2013; and the F7 and BC1F6 population of all crosses were grown 131 

in field in 2014. Field plot size in 2013 and 2014 was 2.0 m long single row (unreplicated) with 132 

50 cm space between the rows. In greenhouse, plants were grown in six-inch pots filled with 133 

SunGrow Sunshine Mix 4 (composed of sphagnum peat moss, fine perlite, dolomitic limestone,  134 

and gypsum), and the plants were watered daily and fertilized every week with 15-30-15 N-P-K 135 

fertilizer. Self-pollinated seeds were obtained by bagging of individual plants with transparent 136 

and micro-perforated plastic bags and the seeds were used to grow the next generation 137 

population.  The detail of B. napus canola inbred line development from these interspecific 138 

crosses is presented in Fig. 1. 139 

 140 

Plant fertility analysis 141 

 142 

Plant fertility in the F2 and BC1 generation populations was estimated based on seed yield per 143 

plant (g), while plant fertility in the subsequent generations (F3, BC1F2, F4, BC1F3, F5, BC1F4, F6, 144 

BC1F5, and F7, BC1F6) was estimated based on silique length (mm), number of seeds per silique, 145 

and seed yield per plant (g). For measurement of silique length, three to five siliques from the 146 

middle to upper half of the main raceme were measured and the mean values were used in data 147 

analysis. Seeds from the same siliques were counted and the average number of seeds per silique 148 

was calculated. Data of these traits were compared with the B. napus parent A04-73NA grown 149 

along with these populations to estimate plant fertility. 150 

 151 

 152 

Fatty acid analysis  153 

 154 
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Erucic acid content was estimated in self-pollinated seeds of the F2 and F2-derived (F3, F4, F5 and 155 

F6) plants, and the BC1 and BC1-derived (BC1F3, BC1F4, and BC1F5) plants by gas 156 

chromatographic technique. For this, 0.2 g bulk seeds were used. The details of oil extraction and 157 

conversion to methyl esters, and gas chromatographic analysis of erucic caid content is reported 158 

elsewhere (Bennett et al. 2008). 159 

 160 

Glucosinolate analysis  161 

 162 

Total glucosinolate (GSL) content in seeds harvested from the F2- and BC1-derived populations 163 

(F3, F4, BC1F3, F5, BC1F4, F6, BC1F5, F7, BC1F6) was determined by near-infrared spectroscopy 164 

(NIRS, FOSS NIRSystems model 6500) method. For this, 2.5 to 4.0 g self-pollinated seeds 165 

harvested from individual plants grown in greenhouse or 5.0 to 8.0 g open-pollinated bulk seeds 166 

harvested from several plants grown in field plots were used. Glucosinolate content was 167 

calculated on 8.5% moisture basis and reported as μmol/g seed. 168 

 169 

Ploidy analysis 170 

 171 

Flow cytometric analysis for relative nuclear DNA content (or Partec value) was done on F8 and 172 

BC1F7 generation plants grown in a greenhouse to estimate their approximate chromosome 173 

number — whether the plants were similar to the B. napus or B. oleracea parent. For this, two 174 

leaf samples, each of approximately 0.5 cm2 in size, were collected from each plant (3-4 weeks 175 

old) and were chopped with a razor blade in extraction buffer (Partec GmbH, Münster, 176 

Germany). After that, the samples were filtered through 50 μm Partec CellTrics disposable filter 177 

and 1.6 ml nuclear fluorochrome DAPI (4,6-diaminido-2-phenylindole, Sigma, product no. D-178 

9542) staining buffer was added. The samples were incubated for 1-2 min and analyzed by a 179 

Partec Ploidy Analyzer (Partec GmbH, Münster, Germany). Mean value of the two samples were 180 

used for data analysis.  181 

 182 

Molecular marker analysis 183 

 184 
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Molecular marker analysis was done to study diversity of the interspecific cross-derived plants 185 

from the elite canola line A04-73NA. For this, a total of 76 F4 and 111 BC1F3 generation plants 186 

of the four crosses and their parents were used. Genomic DNA of the plants was extracted from 187 

leaf samples of 3-4 weeks old plants grown in a greenhouse using a SIGMA DNA extraction kit 188 

(Sigma-Aldrich, St. Louis, MO) and following manufacturer’s instructions, and the DNA was 189 

diluted to a concentration of 15 ± 5 ng μL–1 for polymerase chain reaction (PCR). A total of 366 190 

SSR markers from nine C genome linkage groups (C1-C9) were tested on the five parents for 191 

polymorphism. These markers were obtained from Agriculture and Agri-Food Canada (AAFC) 192 

(299 markers) through a material transfer agreement, and the markers published by Cheng et al. 193 

(2009) (10 markers) and Li et al. (2011) (57 markers). Based on parental polymorphism, 102 194 

markers from nine linakge groups were used to genotype the F4 and BC1F3 plants. PCR was 195 

performed according to Kebede et al. (2010) and genotyping data was obtained by analysing the 196 

samples with a capillary ABI sequencer No. 3730 (Applied Biosystems, Foster City, CA).  197 

 198 

Statistical analysis 199 

 200 

Data recorded on different agronomic and seed quality traits were analyzed for basic descriptive 201 

statistics such as mean, range, standard deviation and standard error by using MS Excel, and 202 

comparison of different generation populations was done by using Statistical Analysis Software 203 

(SAS version 9.3).  204 

For molecular marker data analysis, the marker amplicons were given a score of 1 when 205 

present in a sample and a score of 0 when absent. A binary data matrix based on these scores for 206 

different SSR markers was produced and used to calculate Dice genetic similarity coefficients 207 

(Nei and Li 1979) by using the software Numerical Taxonomy and Multivariate Analysis System 208 

(NTSYSpc 2.2) (Rohlf 2000). These similarity coefficients were used for cluster analysis 209 

following unweighted pair-group method with arithmetic mean (UPGMA).  210 

 211 

Results 212 

 213 

Production of interspecific F1 hybrids 214 

 215 
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A total of 214 fertilized ovules from 112 cross-pollinations of the four crosses were cultured in 216 

vitro from where 60 embryos were obtained which yielded 47 F1 plants. Hybrid nature of the 217 

plants was confirmed through morphological comparision with the B. napus parent. Number 218 

hybrid plants obtained per pollination varied, depending on the crosses, from 0.19 to 0.96 with a 219 

mean of 0.42 (Table 1).  220 

 221 

Production of F2 and BC1 generation population and their fertility 222 

 223 

All F1 plants showed high sterility and produced very little pollen; therefore, manual self-224 

pollination of individual flower (bud) was done to obtain sufficient number of F2 seeds. A total 225 

of 457 F2 seeds of the four crosses were obtained from 594 manual self-pollinations and this 226 

translated to 0.77 (range 0.04 to 1.61) seeds per self pollination (Table 2a). On the other hand, 227 

backcrossing of the F1 plants (female) to the B. napus parent (male) yielded 0.65 (range 0.26 to 228 

2.41) seeds per pollination (Table 2b). Of the four crosses, the F1 plants of B. oleracea var. 229 

italica produced the greatest number of F2 and the cross involving B. oleracea var. botrytis 230 

produced the greatest number of BC1 seeds per pollination. A total of 183 F2 and 210 BC1 plants 231 

were grown where 69% and 81% plants, respectively, of these two populations produced viable 232 

seeds (Table 2).  233 

 234 

Growing F3 and BC1F2, and subsequent generation populations  235 

 236 

To capture maximum genetic diversity of the F2 and BC1 populations in their progeny, a 237 

total of 636 F3 plants from all 127 families and 761 BC1F2 plants from all 170 families of the 238 

four crosses were grown (Table 2). About 60% of the F3 plants and 40% of the BC1F2 plants of 239 

the four crosses produced viable seeds. Selection in F3 and BC1F2 and in their progeny 240 

generations was done primarily for the two canola quality traits; however, plants with extremely 241 

low seed set in some cases were discarded.  A total of 420, 740, 384 and 514 plants, respectively, 242 

of the F4, F5, F6 and F7 generations, and 549, 835, 422 and 639 plants, respectively, of the BC1F3, 243 

BC1F4, BC1F5 and BC1F6 generations of the four crosses were grown. An increase in the length 244 

of silique and number of seeds per silique was observed with the progression of generations. For 245 

example, the F4 and BC1F3 populations, grown in greenhouse, on average, produced about 30 246 



  

9 

 

mm long silique carrying about 3 seeds per silique, while the F6 and BC1F5 populations, grown in 247 

greenhouse, produced about 10 mm longer silique with about 3-times greater number of seeds 248 

per silique. Silique length and number of seeds per silique of the F7 and BC1F6 populations, 249 

grown in field is presented in Fig. 2 (supplementary Table 1). No significant difference between 250 

the populations of the four crosses could be found for these two silique traits. These populations 251 

still produced about 10 mm shorter silique with fewer seeds than the B. napus parent. All F8 and 252 

BC1F7 plants grown in greenhouse produced viable seed under self-pollination.  253 

 254 

Erucic acid content in F2 and BC1, and in their progeny generations 255 

 256 

Frequency distribution of the F2 and BC1 plants for erucic acid content in seed oil is presented in 257 

Fig. 3A and 3B, respectively, and scatter diagrams for the content of this fatty acid in different 258 

parent vs. offspring generations are presented in Fig. 3C, 3D and 3E. Erucic acid content in both 259 

F2 and BC1 population ranged from 0 to about 20%.  Segregation for absence (<1%) vs. presence 260 

(>1%) of erucic acid in the F2 population deviated significantly from the expected 1:3 ratio (χ2 = 261 

5.33, p<0.05); and in the BC1 population, segregation deviated significantly from 1:1 ratio (χ2 = 262 

47.27, p<0.001). In both cases, significantly less number of plants fell into the zero erucic acid 263 

group (Fig. 3A, 3B). Considering additive effect of the erucic acid alleles, nine different 264 

genotypes resulting five phenotypes would be expected in the F2 generation, as outlined by 265 

Rahman et al. (2015). Based on data of the 36 F2 plants, only three phenotypic groups could be 266 

established while the two other groups of plants producing about 30% and 40% erucic acid could 267 

not be found (Fig. 3A); this deviation was apparently due to small population size. In case of the 268 

BC1 population, four genotypes resulting three phenotypic classes with about 0%, 10% and 15% 269 

erucic acid would be expected in 2:1:1 ratio. The observed distribution of the BC1 plants covered 270 

the expected range of variation for this fatty acid; however, the distribution deviated significantly 271 

from the expected distribution where significantly greater number of plants belonging to 10% 272 

erucic acid class was found (Fig. 3B). 273 

Scatter diagram of the F2 vs. F3 and F3 vs. F4 population showed that the zero-erucic acid 274 

type stabilized for this phenotype. On the other hand, the parent generation plants with erucic 275 

acid content up to about 10% often gave zero-erucic progeny (Fig. 3C and 3D). In case of the 276 

population derived from the BC1, parent-offspring relationship was studied in BC1F3 vs. BC1F4 277 
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populations. In this case, in addition to the zero and 10% erucic acid class, the 15% erucic acid 278 

class also yielded zero-erucic progeny (Fig. 3E). Despite the deviation from the expected 279 

segregation found in the progeny derived from this interspecific cross, selection for zero-erucic 280 

phenotype was quite effective; all F7 and BC1F6 generation populations were indeed zero-erucic 281 

acid type (data not shown). 282 

 283 

Glucosinolate (GSL) content in F2- and BC1-derived populations 284 

 285 

The estimation of seed GSL content was started on seeds harvested from the F3 and BC1F3 plants 286 

due to the lack of the quantity seeds needed for this analysis from the earlier generations. GSL 287 

content in the seeds harvested from 199 F3 plants of the four crosses grown in greenhouse ranged 288 

from 5.2 to 77.4 µmol/g seed with a mean of 29.3 ± 15.1 SD (B. napus parent, 8.9 ± 1.7 SD 289 

µmol/g seed). In this generation, the mean GSL content of the four crosses was similar (26.3 ± 290 

12.5 SD to 34.6 ± 12.7 SD). In case of the BC1-derived population, GSL content in the seeds 291 

harvested from 343 BC1F3 plants of the four crosses varied from 8.1 to 81.7 µmol/g seed with a 292 

mean of 33.6 ± 16.6 SD (B. napus parent, 9.7 ± 0.9 SD µmol/g seed); mean GSL content of the 293 

four crosses varied from 29.0 ± 10.4 SD to 42.2 ± 22.1 SD µmol/g seed. Seed GSL content is 294 

known to be influenced by the environment (Mailer and Pratley 1990) as well as seed set of the 295 

plants (Holm et al. 1985), therefore, no stringent selection for this trait was performed in the 296 

early generation populations – seed with more than 50 µmol/g seed were primarily discarded; 297 

however, stronger selection for low GSL content was performed in F5 and BC1F4 generation 298 

when higher fertility (seed set) of the plants was observed. 299 

The F2- and BC1-derived populations were grown under different growth conditions 300 

(greenhouse or field) and this trait is known to be significantly influenced by environment 301 

(Mailer and Pratley 1990); therefore, GSL content data of the F2 and BC1-derived plants was 302 

adjusted based on GSL content of the B. napus parent A04-73NA. For this, the GSL content of 303 

A04-73NA was subtracted from the GSL content of the F2- or BC1-derived plants grown under 304 

same growth condition. This resulted either positive (GSL content higher than confidence limits 305 

of A04-73NA) or negative (GSL content lower than confidence limits of A04-73NA) or zero 306 

(falling within confidence limits of A04-73NA) values for the F2- and BC1-derived plants. Based 307 

on this data, scatter diagrams of the parent vs. offspring generation of the F2- and BC1-derived 308 
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populations are presented in Fig. 4.Correlation between the parent and offspring generation was 309 

positive and varied from 0.27 to 0.72 (Fig. 4); no consistent pattern of the strength of this relation 310 

between the parent and offspring generations grown in greenhouse or the parent generation 311 

grown in greenhouse and the offspring grown in field or vice versa was found. However, 312 

selection for low GSL content was effective in all populations. GSL content in the F7 and BC1F6 313 

generation populations, grown in field, varied from about 10 - 50 µmol/g seed with mean of 17.5 314 

± 6.6 SD to 28.2 ± 11.0 SD (B. napus: range 12.7 – 24.5; mean 19.6 ± 2.4 SD) (Fig. 5), 315 

respectively, and the population selected for growing the next generation population had mean 316 

GSL content less than 20 µmol/g seed (Supplementary Table 2). Thus, it was possible to develop 317 

canola quality B. napus lines from all four crosses, with or without backcrossing. 318 

 319 

Ploidy analysis of the F8 and BC1F7 populations 320 

 321 

The F8 and BC1F7 populations had similar relative nuclear DNA content (partec value) and all 322 

were statistically similar (p > 0.05) to the B. napus parent A04-73NA; none of the plants had 323 

nuclear DNA content similar to B. oleracea (Fig. 6; Supplementary Table 3). This suggests that 324 

all F8 and BC1F7 plants stabilized into B. napus type (2n = 38).  325 

 326 

Molecular marker analysis of the F4 and BC1F3 population 327 

 328 

A total of 102 SSR markers from the Brassica C genome amplified a total of 325 alleles specific 329 

to the four B. oleracea parents (103 of B. oleracea var. alboglabra, 93 of var. botrytis, 60 of var. 330 

italica, and 69 of var. capitata).  Genetic similarity of the four variants of B. oleracea, var. 331 

albograbra, var botrytis, var. italica, and var. capitata, with the B. napus parent was 0.264, 332 

0.255, 0.184, and 0.160, respectively.    333 

Cluster analysis of the F4 and BC1F3 populations showed that, wide diversity existed 334 

among the populations derived from the four interspecific crosses where several lines were 335 

genetically distinct from the B. napus parent (Fig. 7); however, few lines lack B. oleracea alleles 336 

and showed similarity with the B. napus parent. No distinct grouping of the F4 and BC1F3 337 

populations could be found in case of the populations derived from B. napus × var. alboglabra 338 

and B. napus × var. botrytis crosses. However, the F4 and BC1F3 populations derived from the B. 339 
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napus × var. italica and B. napus × var. capitata crosses tended to form stronger genetically 340 

distinct groups where the most of the BC1F3 plants were genetically closer to the B. napus 341 

parent; the two B. oleracea parents involved in these crosses also showed greatest genetic 342 

distance from the B. napus parent.  343 

 344 

Discussion  345 

 346 

Breeding effort in the last few decades has substantially diversified the A genome of the Chinese 347 

B. napus through introgression of allelic diversity from its progenitor species B. rapa (Qian et al. 348 

2006; Liu 1985 cited by Chen et al. 2008; Mei et al. 2011; Li et al. 2013). In the recent years 349 

researchers, such as Bennett et al. (2012) and Li et al. (2014) emphasized the need of 350 

diversifying the C genome of B. napus through the use of the progenitor species B. oleracea.   351 

In the present study, we investigated the prospect of developing canola quality euploid B. 352 

napus lines from B. napus × B. oleracea interspecific crosses involving different variants of this 353 

progenitor species, viz. Chinese kale, cauliflower, broccoli and cabbage. In addition to this, 354 

backcrossing of the F1 to the B. napus parent was done with the hypothesis that fertile euploid B. 355 

napus (2n = 38) canola lines can be obtained relatively easily in the population derived from BC1 356 

as compared to the population derived from F2 due to higher contribution of the B. napus 357 

genome. Indeed, plant fertility in BC1 population was significantly higher than in F2 – about 25% 358 

greater number of BC1 plants produced viable seeds as compared to the F2 popualtion.  In 359 

contrast, when compared the BC1F2 and F3 poulation, the F3 population showed significantly 360 

higher fertility as compared to the BC1F2 population. This might be for the reason that the F3 361 

population passed through self-pollination for two times while the BC1F2 population passed 362 

through this only one time, and this resulted higher fertility in the F3 population as compared to 363 

the BC1F2 population. However, the difference between the populations derived from the F2 and 364 

BC1 was not evident after an additional generation of self-pollination. Thus, the results from this 365 

study, by using four variants of B. oleracea, demonstrated that self-pollination of the B. napus × 366 

B. oleracea populations in their early generation directs the population towards the euploid B. 367 

napus type; indeed, some of the F2- and BC1-derived plants had seed set similar to B. napus in 368 

their early generation (data not presented). This indicates that the early generation interspecific 369 

hybrid plants with aneuploid chromosome composition largely produce unviable gametes; 370 
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however, only a couple of generation of self-pollination improve fertility of the plants to a great 371 

extent. Indeed, Rahman et al. (2011) and Li et al. (2014) obtained stable euploid B. napus plant 372 

(2n = 38) in F2 and F3 population of B. napus × B. oleracea interspecific crosses using a single 373 

variant of B. oleracea in their study. The low seed set in the early generation populations could 374 

also be due to the effect of self-incompatibility allele’s introgressed from B. oleracea. However, 375 

the lack of consistent difference between the population derived from the cross involving var. 376 

alboglabra (self-compatible type) and the populations derived from the other three crosses 377 

(Table 2) suggests that aneuploidy played a greater role in this low seed set.  Despite several 378 

challenges associated with B. napus × B. oleracea interspecific cross, canola quality B. napus 379 

lines were obtained form all four crosses involving different variants of B. oleracea. 380 

The genome composition of the F1 plants of the B. napus × B. oleracea crosses was ACC. 381 

Theoretically, it was expected that these F1 plants will produce gametes with chromosome 382 

number ranging from 9C + 0A to 9C + 10A due to normal disomic segregation of the nine 383 

homologous chromosome pairs of the C genome and random assortment of the haploid set of the 384 

10 A genome chromosomes. Based on this, it was expected to obtain progeny plants with 385 

variable chromosomes composition ranging from euploid B. oleracea (CC, 2n = 18) to euploid 386 

B. napus (AACC, 2n = 38) with majority being aneuploids with variable chromosome 387 

composition (CC + 1A to CC + 19A). The aneuploid plants were expected to show variable 388 

degree of sterility. Indeed, majority of the F2 plants showed sterility and few B. napus type plant 389 

with high fertility was also obtained; however, no B. oleracea (CC, 2n = 18) type plant could be 390 

obtained in F2 or in subsequent generation populations of all four interspecific crosses.  Thus, 391 

through working with different variants of B. oleracea, we demonstrate that the progeny of the 392 

ACC digenomic triploid stabilizes into amphidiploid B. napus type; this is apparently due to 393 

greater viability of the gametes carrying greater number of chromosomes of these two genomes. 394 

Brassica allopolyploids can tolerate aneuploidy including simultaneous loss and gain of the A- 395 

and C-genome chromosomes to some extent (Zhou et al. 2016); therefore, it is probable that 396 

some of the B. napus lines developed in this study are not ‘true’ amphidiploid. However, Qian et 397 

al. (2005) found that the digenomic AAC triploid, derived from B. napus × B. rapa interspecific 398 

crosses, mostly produces AC euploid gametes, and working with a single B. oleracea variant, 399 

Rahman et al. (2015) showed that the progeny of B. napus × B. oleracea interspecific cross 400 

stabilizes into B. napus. Similarly, Attri and Rahman (2018) also reported that the AAC progeny 401 
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of B. napus × B. rapa interspecific crosses stabilizes into B. napus type. Thus, it is highly likely 402 

that most of the B. napus lines developed in the present study are euploid. This knowledge has 403 

important implication in breeding that, no special effort for selection of B. napus type plants will 404 

be needed in the self-pollinated progeny of the digenomic triploids carrying the A and C 405 

genomes – population will mostly stabilize into B. napus type.  Zaman (1988) and Rahman 406 

(2001) have also reported that the progeny of the amphidiploid B. carinata (BBCC, 2n = 34) × 407 

diploid B. oleracea mostly stabilizes into B. carinata type. In contrast, Pelé et al. (2016) 408 

developed AA (2n = 20) genome plants from (B. napus × B. rapa) × B. napus and (B. napus × B. 409 

rapa) × B. rapa crosses through selection of plants for chromosomeme number and composition. 410 

However, no selection was applied in the present study for chromosomeme number and 411 

composition and this might be the reason of stabilizing all plants into B. napus type. The A and C 412 

genomes of B. napus has close evolutionary relationship (Song et al. 1988); therefore, 413 

homoeologous pairing of chromosomes can occur (Mason et al. 2010; Cui et al. 2012) and this 414 

can result variable changes in the chromosomes including chromosomal recombination, 415 

translocation, and gain or loss of the entire or a part of the chromosome (Xiong and Pires 2011; 416 

Nicolas et al. 2012; Zhou et al. 2016). Occurrence of such chromosomal change in the 417 

populations developed in the present study cannot be ruled out; however, this investigation was 418 

beyond the scope of the present study.  419 

The four B. oleracea parents used in this study possess high content of erucic acid in seed 420 

oil and high content of glucosinolates in seed meal; therefore, segregation for these two traits in 421 

F2 and BC1 and in their progeny generations would primarily reflect the segregation of the C 422 

genome alleles. Segregation for erucic acid in an F2 population of B. napus × B. oleracea and in 423 

a backcross population of (B. napus × B. oleracea) × B. oleracea was studied by Rahman et al. 424 

(2015) and Bennett et al. (2008); they found a significant deviation from the expected 425 

segregation for this trait in these populations. To our knowledge, no study has so far been 426 

conducted on segregation of erucic acid alleles in backcross population of (B. napus × B. 427 

oleracea) × B. napus interspecific cross. Backcrossing of the F1 (AeCeCE where, e = zero erucic 428 

acid allele, E = high erucic acid allele) plants to the B. napus parent (AeAeCeCe) was expected to 429 

produce AeCeCe, AeAeCeCe, AeAeCeCE and AeCeCE genotypes for erucic acid alleles. The AeCeCe 430 

and AeAeCeCe genotypes were expected to be virtually free (<1%) from erucic acid, while the 431 

plants of AeAeCeCE and AeCeCE genotype were expected to produce about 10 % (8 – 15%) and 432 
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>15% erucic acid in seed oil, resectively (Chen and Heneen 1989; Bennett et al. 2008). However, 433 

segregation distortion for this trait was observed in the present study where significantly less 434 

number of plant was found in the zero erucic acid group and higher number of plants in 10% 435 

erucic acid group (AeAeCeC+).  436 

Seed glucosinolate (GSL) content is generally considered a quantitative trait controlled by 437 

multiple gene loci (Kondra and Stefansson 1970; Rücker and Rӧbbelen 1994; Toroser et al. 438 

1995; Howell et al. 2003; Hasan et al. 2008; Rahman et al. 2014) with both additive and non 439 

additive effect of the genes (Hill et al. 2003). With this genetic control of the trait, Bahrani and 440 

McVetty (2007) found significant correlation (r = 0.30 p =0.01) between the parent generation 441 

(F3) of B. napus grown in greenhouse vs. progeny generation (F4) grown in field for this trait. 442 

However, in the present study, correlation between the parent and progeny generation, based on 443 

pooled data of the crosses,  varied from 0.27 to 0.72. This wide variation is apparently due to the 444 

difference between the type of populations used in these two studies as well as the growth 445 

conditions. Despite these challenges, it was possible to develop low GSL lines from all four 446 

interspecific crosses, irrespective of whether the F1 plants were backcrossed to the low GSL B. 447 

napus parent or not. This is apparently due to simpler segregation of the trait involving the 448 

alleles only from the C genome. 449 

In conclusion, this research demonstrated the feasibility of developing canola quality 450 

genetically diverse euploid B. napus lines (2n = 38) by using different variants of B. oleracea in 451 

B. napus × B. oleracea interspecific cross. Furthermore, by the use of the different variants of B. 452 

oleracea, this study also demonstrated that no special attention need to be paid for selection of B. 453 

napus type plants in the self-pollinated progeny of this interspecific cross as all stabilizes into B. 454 

napus type. Thus, re-constitution of the C genome of B. napus canola with the C genome of the 455 

different variants of B. oleracea is expected to enrich the gene pool of this crop.  456 
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Table 1. Production of Brassica napus × B. oleracea interspecific hybrids through application of in vitro ovule culture technique 

Cross1 No.  

pollination 

No. ovules 

cultured 

No. ovules/ 

pollination 

No. embryo to 

solid media 

No. embryo/ 

pollination 

No. F1 plantlet   

to soil 

No. F1/ 

pollination 

B.nap × B.o.albo 29 55 1.90 9 0.31 8 0.28 

B.nap × B.o.bot 42 26 0.62 14 0.33 8 0.19 

B.nap × B.o.ital 26 51 1.96 27 1.04 25 0.96 

B.nap × B.o.capi 15 82 5.47 10 0.67 6 0.40 

Total 112 214 0.52 60 0.54 47 0.42 
1B.nap = B. napus line A04-73NA, B.o.albo = B. oleracea var. alboglabra, B.o.bot = B. oleracea var. botrytis cv. BARI Cauliflower-1, B.o.ital = B. oleracea var. italica cv. 

Premium Crop, B.o.capi = B. oleracea var. capitata cv. Blabro. 
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Table 2. Production of F2 and BC1 seeds and development of subsequent generation populations of four Brassica napus × B. oleracea 

interspecific crosses. 

(a) F2 and subsequent generation populations  
Cross1 No. bud 

pollination 

of F1 plants 

No. F2 

seeds 

harvested 

No. F2 

seeds/self-

pollination 

No. F2 

plants 

grown 

No. F2 

plants 

produced 

seeds 

% fertile 

F2 plants 

No. F3 

plants 

grown 

No. F3 

plants 

produced 

seeds 

% 

fertile 

F3 

plants 

B.nap × B.o.albo 219 67 0.31 60 37 61.7 170 137 80.6 

B nap × B.o.bot 97 66 0.68 60 35 58.3 126 74 58.7 

B.nap × B.o.ital 200 321 1.61 60 53 88.3 290 127 48.1 

B.nap × B.o.capi 78 3 0.04 3 2 66.7 50 42 84.0 

Total 594 457 0.77 183 127 69.4 636 380 59.7 

 

(b) BC1 and subsequent generation populations  
Cross No. 

crosses 

made 

No. BC1 

seeds 

harvested 

No. BC1 

seeds/ 

pollination 

No. BC1 

plants 

grown 

No. BC1 

plants 

produced 
seeds 

% 

Fertile 

BC1 
plants 

No. 

BC1F2 

plants 
grown 

No. BC1F2 

plants 

produced 
seeds 

% 

Fertile 

BC1F2 
plants 

(B.nap × B.o.albo) × B.nap 130 81 0.62 60 52 86.7 243 108 44.4 

(B.nap × B.o.bot) × B.nap 73 176 2.41 60 52 86.7 253 111 43.9 

(B.nap × B.o.ital) × B.nap 220 62 0.28 60 51 85.0 163 37 22.7 

(B.nap ×B.o.cap) × B.nap 117 30 0.26 30 15 50.0 102 47 46.1 

Total 540 349 0.65 210 170 81.0 761 303 39.8 
1B.nap = B. napus line A04-73NA, B.o.albo = B. oleracea var. alboglabra, B.o.bot = B. oleracea var. botrytis cv. BARI Cauliflower-1, B.o.ital = B. oleracea var. 

italica cv. Premium Crop, B.o.capi = B. oleracea var. capitata cv. Blabro. 


