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Abstract Clubroot, caused by the protozoan parasite

Plasmodiophora brassicae Woronin, is one of the most

damaging diseases of Brassica napus worldwide.

Resistant plant material is valuable for cultivation in all

areas of high incidence of the disease and intensive

growth of oilseed rape. We have evaluated clubroot

resistance, plant morphology and seed quality in 15 lines

of an F4 generation and selected six lines of F5 generation

of interspecific hybrids obtained from a cross between a

male sterile line of B. napus ‘MS8’, selected from

resynthesized oilseed rape (B. rapa ssp. chinensis ×

B. oleracea var. gemmifera) and an ecotype of B. rapa

ssp. pekinensis. Clubroot resistance was evaluated using

a bioassay with P1-P5 pathotypes of P. brassicae

(according to the classification of Somé et al. 1996).

The resistance to the pathotype P1was successfully fixed

in the F5 generation, and improved in some lines in

respect to the pathotypes P2-P4. The resistance to P1
and the other tested pathotypes was not linked.

Characterization of plant material included recent tech-

niques of FISH and BAC-FISH with a special focus on

the analysis of ribosomal DNA (rDNA) of selected indi-

viduals. Two hybrid lines combined high levels of resis-

tance with appropriate plant morphology, good seed

quality traits and a stable chromosome number and ar-

rangement. Recent techniques of ‘chromosome painting’

provided good insight into chromosome organization in

the hybrids obtained, and offered opportunities of further

improvement of the breeding process.
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Introduction

Clubroot, caused by the obligate plant pathogen

Plasmodiophora brassicae Woronin, is one of the most

important and commonly occurring diseases of oilseed

rape, especially in Europe and North America (Robak

1991; Agrios 2005; Dixon 2009a; Lüders et al. 2011).

For the last few years the disease has been an increasing

concern for farmers in Poland (Korbas et al. 2009).

Clubroot occurs in large areas of rapeseed cultivation,

although the disease severity greatly differs between

regions of the country. According to recent reports

(Konieczny 2012; Jedryczka et al. 2013, 2014; Korbas
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et al. 2014), clubroot infestation is estimated to affect

over 250,000 ha of agricultural soils in Poland,

representing around one third of the acreage of oilseed

rape cultivation. This outbreak is a result of the intensive

cultivation of oilseed rape and lack of rotations, or only

brief rotations, with non-cruciferous crop species, which

is known to increase disease incidence (Robak 1994;

Dixon 2009b). The pathogen (P. brassicae) is highly

variable, with P1 and P3 pathotypes prevailing in Poland

(Ričařová et al. 2016), according to the classification by

Somé et al. (1996).

Clubroot disease development is characterized by

the formation of large galls on the roots of affected

plants, which hinder water and nutrient uptake and

lead to yield and seed quality losses. Research on

clubroot disease in Sweden has shown that infesta-

tion of about 90 % of plants resulted in a 50 % loss

in seed yield (Wallenhammar et al. 1999). Grain

yield losses for Polish B. rapa cultivars were 69 %,

96 % and 89 % in field trials in 1998, 1999 and 2000,

respectively (Pageau et al. 2006). Very similar yield

losses were observed for Argentine cultivars of B. napus

(80 %- 91 %) conducted in Quebec, Canada (Pageau

et al. 2006). Moreover, a significant decrease in oil

content (2–6 %) and an increase in chlorophyll content

in the oil were often associated with P. brassicae infec-

tion (Engqvist 1994).

The ability of P. brassicae to survive in soil as resting

spores for long periods makes it difficult to control by

cultural practices or chemical treatments (Voorrips

1995). Thus, breeding of resistant cultivars is a desirable

means of minimizing crop losses, especially when re-

sistance is incorporated into integrated disease manage-

ment systems (Piao et al. 2009). According to Rahman

et al. (2014), growing resistant cultivars in appropriate

rotations is the most effective, efficient and environmen-

tally friendly solution for the long-term management of

clubroot.

Plant breeders investigate resistance in related wild

species or genera and incorporate it by interspecific

hybridization (Allard 1960). The backcross or pedigree

methods of breeding are performed to overcome

unsuitable agronomic properties of wild-type lines.

With either method, one of the parents, chosen for

its good agronomic characteristics, is crossed with

another parent that has a high level of resistance,

preferably conferred by multiple dominant genes

against a wide range of clubroot pathotypes (Allard

1960; Moreno-Gonzalez and Cubero 1993). In cabbage

breeding programs for disease resistance, the identifica-

tion of resistance sources is performed in parallel with

the recovery of marketing type and the elimination of

undesirable traits from the resistance source. This is

particularly difficult when inter-specific crosses are

made with resistance sources (Nomura et al. 2005), or

during the incorporation of the resistance trait into the

desired morphotypes of B. oleracea (Bagget and Kean

1985). However, significant variability in resistance to

clubroot was found among different cultivars of

B. oleracea (Diederichsen et al. 2009). Resistance in

B. oleracea has traditionally been considered to be non-

differential, determined by a series of recessive resis-

tance genes, and thus difficult to use in conventional

breeding (Tewari and Mithen 1999; Diederichsen et al.

2009). Since the discovery and development of

clubroot-resistant European turnips (Wit and Van De

Weg 1964), there has been an increasing effort

by researchers from different parts of the world

to screen Brassica germplasm for clubroot resis-

tance genes (CR). Among the two progenitor spe-

cies of B. napus, clubroot resistance is found more

frequently in turnips (B. rapa; A genome; n = 10)

(Hirai 2006). Yoshikawa (1981) found CR lines in

European fodder turnips and used them as sources

for breeding CR Chinese cabbages. More than 50

CR F1 hybrid cultivars of Chinese cabbage have been

released in Japan (Yoshikawa 1981; Kuginuki et al.

1999). However, expression of resistance is often quan-

titative and the genetic basis of the resistance to clubroot

in B. rapa is not clear. Moreover, breakdown of disease

resistance resulting from genetic variability of the path-

ogen has been reported (Suwabe et al. 2003; Strelkov

et al. 2016). Previous experience in other countries has

shown that genetic resistance can quickly break down,

because the pathotype composition can shift rapidly in

response to selection pressure. Changes in the popula-

tion of Leptosphaeria maculans, a wind-transmitted

necrotrophic ascomycete fungus causing stem canker

of brassicas, have been frequently reported in oilseed

rape (Li et al. 2003; Rouxel et al. 2003; Stachowiak et al.

2006; Kutcher et al. 2010; Van de Wouw et al. 2010;

Kaczmarek et al. 2014).

Cultivars resistant to P. brassicae are catalogued in

the CommonCatalogue of Varieties of Agricultural Plant

Species (CCA, European Union 2009). The first cultivar

of winter oilseed rape resistant to clubroot (cv. ‘Mendel’)

was a re-synthesized line of B. napus obtained from a

cross between B. rapa ECD-04 × B.oleracea ECD-15,
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further intercrossed with the high yielding B. napus cv.

‘Falcon’ (Diederichsen and Sacristán 1996; Diederichsen

et al. 2006). The same resistance source is now common-

ly used in other cultivars resistant to clubroot.

Exploitation of a resistance gene in a resistant genotype

is an approach to control the disease. It is, therefore,

essential to identify the sources of resistance to clubroot.

The objective of this work was to fix the resistance to

clubroot of B. rapa ssp. pekinensis accession, in plants

retaining oilseed rapemorphology and good seed quality

in hybrids resulting from a cross with B. napus. This is

the first study in which the number and rearrangement of

different A and C genome chromosomes, observed

using fluorescence in situ hybridization (FISH) and

genomic in situ hybridization (GISH)-like techniques

was implemented to achieve a deeper insight into the

cytogenetic background of hybrid development.

Materials and methods

Plant material

The study of an F4 generation was carried out using 15

lines of interspecific hybrids, obtained from a cross

between B. napus × B. rapa ssp. pekinensis (Fig. 1).

The maternal form used for obtaining hybrids was a

male sterile line of an F8 generation of B. napus

(MS8), selected from resynthesized oilseed rape

(B. rapa ssp. chinensis × B. oleracea var. gemmifera)

using in vitro cultures of isolated embryos. The maternal

form B. rapa ssp. chinensis, accession number KW 171,

was obtained from the Research Centre for Cultivar

Testing (COBORU) located in Słupia Wielka near

Poznań in 1980 and the paternal form B. oleracea var.

gemmifera cultivar Maczuga (Brussels sprouts) was a

Polish cultivar obtained by Produkcja i Hodowla Roślin

Ogrodniczych Krzeszowice sp. z o.o. (Production and

Breeding of Horticultural Plants Krzeszowice Ltd.). The

genotype of B. rapa ssp. pekinensis was a local ecotype,

accession number KW 786, obtained in 1978 from

COBORU. All interspecific hybrid lines were sister-

pollinated (five plants were placed under the same cover

during flowering) for four generations in order to stabi-

lize the fertility (Fig. 1). Earlier generations of hybrids

were selected and tested for several traits such as fertility,

yield, plant morphology and the uniformity of shape and

size. The hybrids of the F4 generation had reasonably

uniform morphological characteristics. As the maternal

and paternal forms contained genotypes resistant to club-

root, this character was also studied in their progeny. The

B. rapa ssp. pekinensis was fully resistant to P1 and

partially resistant to the remaining pathotypes (P2-P5),

with higher levels of resistance to P2 and P4 and low

resistance to P3 and P5. The second round of resistance

tests – done according to the identical procedure, was

performed using six lines of F5 generation, selected from

the plant material tested in F4 generation. The following

hybrids were selected: HL05 HL06, HL07, HL08, HL10

and HL13. The selection of plants of the F4 generation,

for pollination under the covers to obtain F5, was based

on the results of resistance tests: lines HL05, HL06 and

HL07 were selected due to very high levels of resistance

to the pathotype P1, while lines HL08, HL10 and HL13

showed intermediate resistance to P1 combined to some

resistance to P3. Each time the resistance test was done

using the maternal and paternal forms and two standards:

a susceptible B. rapa ssp. chinensis ‘Granaat’ and

B. napus cv. ‘Mendel’ as a resistant control.

Evaluation of morphotypes

Morphotypes of plants of the F4 generation hybrid lines

were observed and compared with the parental lines, as

proposed by Wojciechowski (1993). To determine

whether obtained plants were of the B. napus or B. rapa

type, analysis of some selected morphological traits was

performed, based on: a) leaf color (green or light-green),

b) presence of trichomes on the lower side of the leaf

blade (yes or no), c) position of the buds relative to the

open flowers (above, in between, under), d) growth

habit, e) type of inflorescence, and f) flower characters

(sterile or fertile).

Resistance tests

The resistance of parental lines and intergeneric hybrids

was assessed using a bioassay with P. brassicae isolates

belonging to pathotypes P1-P5, as classified by the sys-

tem of Somé et al. (1996). The isolates were obtained

from clubroot galls found on oilseed rape plants in

Poland (Table 1). The galls were chopped into small

fragments and a piece of every gall was propagated in a

glasshouse, in soil with the pH adjusted to 5.7 ± 0.1, on

the susceptible genotype B. rapa ssp. chinensis

‘Granaat’. The screening of plants for resistance to

clubroot was carried out in glasshouse conditions with

a controlled temperature of 20-21 °C. The clubs were
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ground in distilled water with a blender, Ultra Turrax

T25 Digital (IKA, Germany), and the suspension was

filtered through cheese-cloth. The concentration of rest-

ing spores was determined by haemocytometer and

adjusted to 1 × 106 spores/ml. Seeds of the hybrids

and parental genotypes were germinated in Petri dishes

for 5 days. They were planted by hand on soil and

inoculated with 2 ml of spore suspension per plant. To

avoid plants escaping from the infection, the inoculum

was distributed by a plastic syringe; it was always

injected to the soil, very close to the plant root. Seeds

of the tested genotypes were sown in peat of neutral pH,

mixed 2:1 with acidic peat of pH 5.5 (Biovita Ltd.,

Poland). There were five seeds sown to four pots

(5 × 5 cm) in a potted palette, with three replicates.

The assessment was carried out 6 weeks after inocula-

tion. Before the assessment, all plants were removed

from the soil, and the roots were washed for easier

inspection. The evaluation of the development of the

root system and general condition of the plant was

assessed on a 4 point scale, where: 0 means no symp-

toms of the disease; 1 – stunted roots, shorter than in

control plants, slightly swollen; 2 – very small clubs on

some roots; 3 – big clubs, but roots still partially

existing; 4 – the presence of large galls on the roots of

inoculated plants, main and lateral roots entirely

changed to clubs. Disease symptoms divided into 0–4

grades were used for statistical analyses. Grades 0, 1 and

2 were then jointly grouped as resistant plants (R),

whereas grades 3 and 4 jointly formed the category

of susceptible plants (S). The reaction of the ana-

lyzed plants was compared based on the results of

statistical calculations, not only with parental forms

but also with the standards. Namely, a susceptible

genotype B. rapa ssp. chinensis ‘Granaat’ as well as the

resistant control, B. napus cv. ‘Mendel’ (oilseed rape,

winter form) were used.

Seed quality

During the growing season, two parental lines and 15 F4
hybrid lines were grown at the Poznan University of

Life Sciences (PULS) experimental station Dlon,

located 100 km south of Poznan. The experiment

Fig. 1 The origin of F4 and F5
hybrids of Brassica obtained by

crossings combined with the

selection process for clubroot

resistance, derived from B. rapa

ssp. p ekinensis
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to evaluate the field performance and seed quality

was done for the parental lines and 10 hybrids with

the highest resistance to P. brassicae (HL02, HL03,

HL05-HL08, HL10, HL12-HL14). The field study was

conducted in a completely randomized block design

with three replicates. The plot size was 5 m2with 4 rows

spaced 25 cm apart.

Seeds at the stage of technological ripeness from the

ten most highly yielding hybrid lines and from the

parental lines were harvested and analyzed for oil, pro-

tein and sinapine content. The seed samples for this

analysis were collected from 20 self-pollinated plants

from each tested line per plot. To determine the chemical

constituents of seeds for oil content (%), protein content

(%) and sinapine content (%), whole seed samples

(minimum 3 g of intact seeds) were scanned on a Near

Infra-Red (NIR) Spectroscopy System (6500 NIR Inc.,

Silverspring, MD, USA) according to the manufac-

turer’s protocol. The samples were scanned in triplicate

to minimize sampling error.

Chromosome preparation

The study was done using the male sterile allotetraploid

B. napus (MS8), diploid B. rapa ssp. pekinensis and two

allotetraploid B. napus individuals of the F4 generation.

Hybrids selected for the studies differed with seed qual-

ity: hybrid line HL06 had a combination of high oil and

protein content (37.21 % and 22.31 %, respectively),

whereas HL14 had significantly lower amounts of oil

and protein (29.80 % and 20.81 %, respectively), as

indicated in Table 4. Both lines contained 1.35 % of

sinapine. Seeds of the selected genotypes were germi-

nated on filter paper moistened with tap water at 20–

22 °C in the dark until the roots were 1.5–2 cm long.

Whole seedlings were then treated with 2 mM 8-

hydroxyquinoline for 1–4 h at room temperature, fixed

in a 3:1 (v/v) mixture of ethanol and glacial acetic acid,

and stored at −20 °C until required. Further treatment

was performed according to Hasterok et al. (2006).

Chromosome analysis was carried out using an Olympus

BX 60 epifluorescence microscope on 3–5 well-spread

metaphase phase cells. Each chromosomal preparation

was derived from a different single root tip, so that each

preparation corresponded to one individual.

Fluorescence in situ hybridization (FISH)

The species-specific BoB014O06 BAC clone from a

B. oleracea BAC library was used as a probe for the

C-genome (GISH-like technique; Książczyk et al.

2011). The BoB014O06 clone was labelled by random

priming with digoxigenin-11-dUTP (Roche). For ribo-

somal genes, we followed the nomenclature allowing

attribution of each chromosome to a linkage group in

B. rapa (Kim et al. 2009) and B. oleracea (Howell et al.

2002). In case of sites which are located on the cytoge-

netically undistinguishable A5, A6, and A9 chromo-

somes (collectively grouped as Brassica chromosomal

type VIII), we followed the nomenclature proposed by

Hasterok et al. (2006). The base chromosomal types,

numbered I–VIII, have been introduced and described

in detail by Hasterok et al. (2001), with the exception

that the 5S rDNA site in chromosome type V is now

assigned to the short arm (Hasterok et al. 2006). The

ribosomal probes used in this study were 26S rDNA

(Unfried and Gruendler 1990), used for detection of 35S

rDNA loci, and pTa794 (Gerlach and Dyer 1980), which

contained the 5S rDNA. The 26S rDNA was labelled

with digoxigenin-11-dUTP by nick translation and

pTa794 with tetramethyl-rhodamine-5-dUTP (Roche)

using PCR. The FISH procedure was performed as

Table 1 The origin of isolates of Plasmodiophora brassicae used in this study

Pathotype Site Year Region Geographical coordinates

latitude longitude

P1 Siemysl 2010 West Pomerania N50° 2′ 27.78^ E21° 59′ 56.76^

P2 Przeworsk 2011 Carpathian Foothills N50° 3′ 31.32^ E22° 29′ 37.68^

P3 Wrzesiny 2011 Lubuskie N51° 42′ 9^ E15° 26′ 50.64^

P4 Ketrzyn 2010 Masuria N54° 4′ 35.76^ E21° 22′ 30^

P5 Walcz 2011 West Pomerania N53° 16′ 24.6^ E16° 28′ 31.08^
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described by Książczyk et al. (2010). Digoxigenin-

labelled probes were detected with anti-digoxigenin anti-

body conjugated with FITC (Roche). All images were

acquired using either an Olympus XM10 CCD camera

attached to anOlympus BX 61 automatic epifluorescence

microscope, or an F-View II CCD camera attached to an

Olympus BX 60 epifluorescence microscope. Image pro-

cessing and superimpositions were carried out using

Olympus Cell-F imaging software and Micrografx

Picture Publisher software.

Statistical calculations

Null hypothesis about the lack of differences between

genotypes was verified using single factor Kruskal-

Wallis test followed by post-hoc Dunn’s test for multiple

comparisons (Kruskal 1952). The inference regarding

the significance of differences between the seed quality

was carried out on the basis of one-way analysis

of variance. When analysis of variance showed no

significance differences between the groups under

consideration, no subsequent tests were made. If

the null hypothesis was rejected, i.e., the analysis

of variance showed a statistically significant difference

between the seed quality, study of the differences

between the means of individual groups were per-

formed using Tukey’s test. All the reported differ-

ences and correlation coefficients were regarded as

statistically significant at α ≤ 0.05. Calculations were

performed according to standard procedures with

Statistica 9.0 (StatSoft, Poland).

Results

Morphology of hybrid plants

Whereas the resulting plants in the F1 generation inmost

cases combined the characteristics of the parental geno-

types, plants of the F4 generation lines were very uni-

form in growth habit. Morphotypes of these plants were

close to oilseed rape and only in individual cases some

characters were more similar to turnip rape, e.g., lighter

leaf color, trichomes on the lower side of the leaf blade,

and turnip rape-like inflorescence. Over 85 % of the

plants were classified as ‘B. napus type-like plants’.

No significant new characters, absent in either parent,

were observed in the F4 hybrid lines (Fig. 2).

Resistance of parental and hybrid genotypes to clubroot

The maternal, male sterile B. napus genotype ‘MS8’

was heterogeneous in its resistance to the pathotypes

P2 and P4 of P. brassicae (43 % resistant plants, that is

26 plants out of 60 tested for each of the pathotypes), but

it was fully susceptible to the pathotypes P1, P3 and P5
(Table 2). The paternal genotype of B. rapa ssp.

pekinensis was fully resistant to the pathotype P1 and

heterogeneous in its resistance to the other pathotypes

tested: P2 and P4 (60 % of resistant plants, 36 plants out

of 60 tested), P5 (20%, 12 plants out of 60 tested) and P3
(9 %, 5 plants out of 55 tested). The hybrid genotypes of

the F4 generation, resulting from the cross between the

parental lines, greatly differed in their resistance to

particular pathotypes of P. brassicae, but it was possible

to select numerous individual plants resistant to

pathotypes P1-P5. The highest resistance was observed

in the case of the pathotype P1, where 12 of 15 hybrid

genotypes showed a resistant reaction. The highest re-

sistance was found in line HL06 (83.3 % resistant

plants, or 50 plants of 60 tested). High resistance to

pathotype P1 was also found in line HL08 (62.5 %, 35

of 56 tested), HL07 (60 %, 36 of 60 tested), HL05 and

HL10 (both 50%, 30 of 60 tested). Plants resistant to the

pathotype P2 were found in seven hybrid lines, with the

highest percent of resistant plants in HL11 (26.7 %, 16

of 60 tested). The most resistant hybrid to the pathotype

P3was line HL02, with 36.7 % resistant plants (22 of 60

tested). There were nine hybrid lines with different

levels of resistance to pathotype P3. The same number

of lines showed resistance to the pathotype P4, and the

line with the highest number of resistant plants was

again HL06 (25 %, 15 plants of 60). This line is

regarded as very promising as it had a nearly fixed

resistance to the pathotype P1, as reported above.

There were four lines bearing some level of resistance

to the pathotype P5, with HL04, where 8 plants showed

stunting of roots and 7 plants showed a few minute galls

on roots, which was also regarded as a resistant reaction.

In the F5 generation resistance to pathotype P1 has

been fixed in HL05, HL06 and HL07 hybrid lines

(Table 3). Lines HL06 and HL07 were also more resis-

tant to P4 and P2 respectively. Higher levels of resistance

to P2 has been also found in hybrid line HL10. In lines

HL08 and HL13 the resistance to P3 has been greatly

increased, although it was still lower compared to

B. napus cv. ‘Mendel’. In contrast to cv. ‘Mendel’, none

of the lines was resistant to P5.
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There was a high correlation between the results of

parental forms as well as susceptible and resistant stan-

dards, the Pearson’s correlation coefficient was 0,865

and it was significant at α ≤ 0.05. When calculated

separately, the correlation coefficient for parental lines

B. rapa ssp. pekinensis and B. napus ‘MS8’ was 0.725

and 0.765 respectively, whereas for the standards of

susceptibility and resistance it was 0.980 and 0.990.

In 10 out of 30 cases (33 %) the resistance to clubroot

in F4 generation was significantly higher as compared to

the results of the assessment of F5 generation. The

increase of resistance to the pathotype P1 was obtained

in HL05, HL07 and HL10 hybrid lines and in HL08 the

decrease of resistance was also significant (Fig. 3). In

case of F4 and F5 generations the significant increase in

disease resistance to the pathotype P2 was achieved in

lines HL07 and HL10 and the other four lines remained

the same (Fig. 3). Regarding the pathotypes P3 and P4
there were both times two hybrid lines with higher

resistance (HL08 and HL13 as well as HL06 and

HL10, respectively) and both times it was one line with

decreased resistance (HL10 and HL13). Statistical

analysis conducted with Kruskal – Wallis test are pre-

sented in supplementary data (Tables ST 1- ST 10).

Seed quality

The oil content in seeds of the parental forms was

33.55 % in B. rapa ssp. pekinensis and 39.74 % in

B. napus ‘MS8’. In four hybrid lines, i.e. HL10-HL14,

the oil content in seeds was lower than in B. napus. In

six hybrid lines HL02-HL03 and HL05-HL08, this pa-

rameter was higher than in B. rapa ssp. pekinensis. In

none of the lines did the oil content exceed that of

B. napus ‘MS8’ (Table 4). The protein content in seeds

of the parental forms was 18.41 % in B. rapa ssp.

pekinensis, and 20.13 % in B. napus ‘MS8’. Although

all studied HL lines had protein content higher than both

parents, only in lines HL03, HL12 and HL13 was this

parameter significantly higher than in the parental forms

(Table 4). The Pearson’s correlation coefficient between

oil and protein content in all lines (including the two

parental genotypes) was −0.439, whereas in HL lines

Fig. 2 Parental and hybrid

plants: (a) B. napus ‘MS8’ (male-

sterile line), (b) ‘MS8’ × B. rapa

ssp. p ekinensis F4 hybrid (fertile

line), (c) B. rapa ssp. p ekinensis

(fertile line)

Eur J Plant Pathol (2017) 147:181–198 187



T
a
b
le
2

T
h
e
re
si
st
an
ce

o
f
st
an
d
ar
d
,
p
ar
en
ta
l
an
d
h
y
b
ri
d
g
en
o
ty
p
es

to
fi
v
e
p
at
h
o
ty
p
es

o
f
P
.
b
ra
ss
ic
a
e
(P

1
-P

5
)
in

th
e
F
4
g
en
er
at
io
n

P
1

P
2

P
3

P
4

P
5

G
en
o
ty
p
es

R
S

R
S

R
S

R
S

R
S

0
1

2
3

4
0

1
2

3
4

0
1

2
3

4
0

1
2

3
4

0
1

2
3

4

B
R
G

0
.0

0
.0

1
0
.0

2
3
.3

6
6
.7

0
.0

0
.0

11
.6

1
6
.7

7
1
.7

0
.0

5
.0

8
.3

1
6
.7

7
0
.0

0
.0

0
.0

1
3
.3

1
0
.0

7
6
.7

0
.0

0
.0

1
.7

1
.7

9
6
.6

M
S
8

0
.0

0
.0

0
.0

7
5
.0

2
5
.0

3
3
.3

0
.0

0
.0

0
.0

6
6
.7

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

3
3
.3

0
.0

0
.0

0
.0

6
6
.7

0
.0

0
.0

0
.0

1
0
0
.0

0
.0

H
L
0
1

0
.0

0
.0

2
0
.0

8
0
.0

0
.0

0
.0

0
.0

0
.0

1
4
.3

8
5
.7

0
.0

0
.0

0
.0

6
0
.0

4
0
.0

0
.0

0
.0

0
.0

2
2
.2

7
7
.8

0
.0

0
.0

0
.0

1
0
0
.0

0
.0

H
L
0
2

0
.0

0
.0

11
.1

2
2
.2

6
6
.7

0
.0

0
.0

0
.0

7
.1

9
2
.9

0
.0

1
8
.1

1
8
.2

2
7
.3

3
6
.4

0
.0

0
.0

2
0
.0

4
0
.0

4
0
.0

0
.0

0
.0

0
.0

8
0
.0

2
0
.0

H
L
0
3

0
.0

0
.0

4
0
.0

4
0
.0

2
0
.0

0
.0

0
.0

0
.0

2
1
.4

7
8
.6

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

8
.3

0
.0

8
.3

0
.0

8
3
.4

0
.0

0
.0

0
.0

3
3
.3

6
6
.7

H
L
0
4

0
.0

0
.0

0
.0

8
3
.3

1
6
.7

0
.0

0
.0

0
.0

2
8
.6

7
1
.4

0
.0

0
.0

0
.0

2
0
.0

8
0
.0

0
.0

0
.0

9
.0

2
7
.3

6
3
.7

0
.0

1
3
.3

1
1
.7

2
5
.0

5
0
.0

H
L
0
5

5
0
.0

0
.0

0
.0

0
.0

5
0
.0

0
.0

0
.0

9
.0

2
7
.4

6
3
.6

0
.0

0
.0

1
4
.2

4
2
.9

4
2
.9

0
.0

0
.0

0
.0

2
5
.0

7
5
.0

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

H
L
0
6

3
3
.3

1
6
.7

3
3
.3

1
6
.7

0
.0

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

0
.0

0
.0

2
5
.0

0
.0

7
5
.0

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

H
L
0
7

6
0
.0

0
.0

0
.0

2
0
.0

2
0
.0

0
.0

0
.0

2
0
.0

2
0
.0

6
0
.0

0
.0

0
.0

0
.0

1
0
0
.0

0
.0

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

0
.0

0
.0

0
.0

7
1
.4

2
8
.6

H
L
0
8

2
5
.0

1
2
.5

2
5
.0

1
2
.5

2
5
.0

0
.0

0
.0

0
.0

1
2
.5

8
7
.5

0
.0

1
2
.5

0
.0

2
5
.0

6
2
.5

0
.0

0
.0

0
.0

5
.9

9
4
.1

0
.0

0
.0

1
2
.5

7
5
.0

1
2
.5

H
L
0
9

0
.0

0
.0

4
0
.0

2
0
.0

4
0
.0

0
.0

0
.0

0
.0

3
3
.3

6
6
.7

0
.0

0
.0

0
.0

1
6
.7

8
3
.3

0
.0

0
.0

0
.0

1
2
.5

8
7
.5

0
.0

0
.0

1
4
.3

7
1
.4

1
4
.3

H
L
1
0

2
5
.0

0
.0

2
5
.0

3
7
.5

1
2
.5

0
.0

0
.0

1
6
.7

3
8
.9

4
4
.4

0
.0

1
4
.2

1
4
.3

4
2
.9

2
8
.6

0
.0

0
.0

1
1
.1

1
1
.1

7
7
.8

0
.0

0
.0

0
.0

5
7
.1

4
2
.9

H
L
1
1

0
.0

0
.0

0
.0

6
6
.7

3
3
.3

0
.0

0
.0

2
6
.7

6
0
.0

1
3
.3

0
.0

0
.0

1
1
.1

8
8
.9

0
.0

0
.0

0
.0

6
.7

1
3
.3

8
0
.0

0
.0

0
.0

0
.0

7
1
.4

2
8
.6

H
L
1
2

0
.0

0
.0

3
5
.7

5
7
.1

7
.2

0
.0

0
.0

6
.2

2
5
.0

6
8
.8

9
.0

0
.0

0
.0

7
2
.8

1
8
.2

0
.0

0
.0

0
.0

6
.2

9
3
.8

0
.0

0
.0

1
1
.1

5
5
.6

3
3
.3

H
L
1
3

0
.0

0
.0

2
6
.7

6
0
.0

1
3
.3

0
.0

0
.0

0
.0

2
6
.7

7
3
.3

1
2
,5

1
2
.5

0
.0

5
0
.0

2
5
.0

0
.0

0
.0

1
4
.3

5
7
.1

2
8
.6

0
.0

0
.0

0
.0

8
7
.5

1
2
.5

H
L
1
4

0
.0

0
.0

1
5
.4

6
9
.2

1
5
.4

0
.0

0
.0

9
.0

2
7
.3

6
3
.7

0
.0

0
.0

1
8
.2

2
7
.3

5
4
.5

6
.7

0
.0

6
.7

3
3
.3

5
3
.3

0
.0

0
.0

0
.0

5
7
.1

4
2
.9

H
L
1
5

0
.0

0
.0

0
.0

0
.0

1
0
0
.0

0
.0

0
.0

6
.2

1
8
.8

7
5
.0

0
.0

0
.0

11
.1

2
2
.2

6
6
.7

0
.0

0
.0

1
5
.4

1
5
.4

6
9
.2

0
.0

0
.0

0
.0

8
3
.3

1
6
.7

B
R
P

2
0
.0

0
.0

8
0
.0

0
.0

0
.0

1
0
.0

3
0
.0

2
0
.0

3
0
.0

1
0
.0

8
.3

0
.0

0
.0

7
3
.4

1
8
.3

1
0
.0

3
0
.0

2
0
.0

3
0
.0

1
0
.0

0
.0

0
.0

2
0
.0

2
0
.0

6
0
.0

M
en
d
el

6
5
.0

2
0
.0

1
3
.3

1
.7

0
.0

6
0
.0

1
3
.3

2
0
.0

6
.7

0
.0

8
0
.0

6
.7

1
0
.0

3
.3

0
.0

6
5
.0

8
.3

2
1
.7

3
.3

1
.7

7
6
.7

1
3
.3

5
.0

5
.0

0
.0

G
ra
d
es
:
R
–
re
si
st
an
ce
,
S
–
su
sc
ep
ti
b
il
it
y

0
–
n
o
d
is
ea
se

sy
m
p
to
m
s
fu
ll
y
d
ev
el
o
p
ed

m
ai
n
an
d
la
te
ra
l
ro
o
ts
(R
)

1
–
st
u
n
te
d
ro
o
ts
,
sl
ig
h
tl
y
sw

o
ll
en
,
sh
o
rt
er

th
en

in
co
n
tr
o
l
p
la
n
ts
(R
)

2
–
o
n
e
o
r
a
fe
w
v
er
y
sm

al
l
cl
u
b
s
(R
)

3
–
cl
u
b
s
p
re
se
n
t,
b
u
t
so
m
e
ro
o
ts
st
il
l
v
is
ib
le
(S
)

4
–
m
ai
n
an
d
la
te
ra
l
ro
o
ts
en
ti
re
ly

ch
an
g
ed

to
cl
u
b
s
(S
)

G
en
o
ty
p
es
:
B
R
G
–
B
.
ra
p
a
ss
p
.c
h
in
en
si
s
‘G

ra
n
aa
t’
;
M
S
8
-
m
al
e
st
er
il
e
li
n
e
o
f
an

F
8
g
en
er
at
io
n
o
f
B
.
n
a
p
u
s;
H
L
–
h
y
b
ri
d
li
n
e;

B
R
P
–
B
.
ra
p
a
ss
p
.
p
ek
in
en
si
s;
M
en
d
el
–
B
.
n
a
p
u
s
cu
lt
iv
ar

188 Eur J Plant Pathol (2017) 147:181–198



T
a
b
le
3

T
h
e
re
si
st
an
ce

o
f
st
an
d
ar
d
,
p
ar
en
ta
l
an
d
se
le
ct
ed

h
y
b
ri
d
g
en
o
ty
p
es

to
fi
v
e
p
at
h
o
ty
p
es

o
f
P
.
b
ra
ss
ic
a
e
(P

1
-P

5
)
in

th
e
F
5
g
en
er
at
io
n

P
1

P
2

P
3

P
4

P
5

G
en
o
ty
p
es

R
S

R
S

R
S

R
S

R
S

0
1

2
3

4
0

1
2

3
4

0
1

2
3

4
0

1
2

3
4

0
1

2
3

4

B
R
G

0
.0

0
.0

6
.6

2
1
.7

7
1
.7

0
.0

0
.0

0
.0

11
.7

8
8
.3

0
.0

3
.3

3
.3

1
5
.0

7
8
.4

0
.0

0
.0

3
.3

8
.3

8
8
.4

0
.0

0
.0

0
.0

5
.0

9
5
.0

M
S
8

0
.0

0
.0

3
.3

4
6
.7

5
0
.0

1
3
.3

8
.3

1
3
.3

2
8
.4

3
6
.7

0
.0

0
.0

0
.0

2
0
.0

8
0
.0

1
5
.0

6
.7

6
.7

3
0
.0

4
1
.6

0
.0

0
.0

1
.7

4
3
.3

5
5
.0

H
L
0
5

5
8
.4

1
5
.0

1
3
.3

1
3
.3

0
.0

0
.0

0
.0

0
.0

1
0
.0

9
0
.0

3
.3

1
.7

7
.7

2
3
.3

6
4
.0

0
.0

0
.0

0
.0

1
0
.0

9
0
.0

0
.0

0
.0

1
.7

2
0
.0

7
8
.3

H
L
0
6

5
6
.7

1
8
.3

8
.4

1
3
.3

3
.3

0
.0

0
.0

0
.0

2
0
.0

8
0
.0

0
.0

0
.0

0
.0

1
.7

9
8
.3

2
3
.3

1
0
.0

1
5
.0

1
6
.7

3
5
.0

0
.0

0
.0

0
.0

11
.7

8
8
.3

H
L
0
7

7
1
.7

1
6
.6

1
0
.0

1
.7

0
.0

3
0
.0

11
.7

1
8
.3

2
8
.3

1
1
.7

0
.0

0
.0

0
.0

8
.3

9
1
.7

0
.0

0
.0

0
.0

1
3
.3

8
6
.7

0
.0

0
.0

0
.0

1
5
.0

8
5
.0

H
L
0
8

0
.0

1
.7

1
5
.0

1
6
.7

6
6
.6

0
.0

0
.0

0
.0

5
.0

9
5
.0

3
0
.0

2
1
.7

2
0
.0

1
5
.0

1
3
.3

0
.0

0
.0

1
.7

1
8
.3

8
0
.0

0
.0

1
.7

5
.0

0
.0

9
3
.3

H
L
1
0

4
1
.6

1
0
.0

2
6
.7

1
1
.7

1
0
.0

6
.7

1
5
.0

2
8
.3

3
5
.0

1
5
.0

0
.0

0
.0

1
.7

1
0
.0

8
8
.3

5
.0

1
3
.3

1
5
.0

1
6
.7

5
0
.0

0
.0

0
.0

0
.0

3
.3

9
6
.7

H
L
1
3

1
3
.3

6
.7

1
8
.3

3
0
.0

3
1
.7

0
.0

0
.0

3
.3

6
.7

9
0
.0

3
1
.7

2
1
.6

2
8
.3

1
1
.7

6
.7

0
.0

0
.0

0
.0

8
.3

9
1
.7

1
.7

1
.7

5
.0

8
.3

8
3
.3

B
R
P

5
3
.4

2
3
.3

2
3
.3

0
.0

0
.0

1
3
.3

2
3
.3

1
3
.3

2
8
.4

2
1
.7

5
.0

8
.3

8
.3

2
1
.7

5
6
.7

1
6
.7

2
0
.0

1
5
.0

2
6
.7

2
1
.6

3
.3

6
.7

1
6
.7

3
8
.3

3
5
.0

M
en
d
el

6
6
.7

1
5
.0

1
3
.3

5
.0

0
.0

6
3
.3

1
0
.0

1
5
.0

1
0
.0

1
.7

8
0
.0

0
.0

1
5
.0

5
.0

0
.0

5
6
.7

1
5
.0

2
0
.0

5
.0

3
.3

7
0
.0

1
5
.0

8
.3

6
.7

0
.0

G
ra
d
es
:
R
–
re
si
st
an
ce
,
S
–
su
sc
ep
ti
b
il
it
y

0
–
n
o
d
is
ea
se

sy
m
p
to
m
s
fu
ll
y
d
ev
el
o
p
ed

m
ai
n
an
d
la
te
ra
l
ro
o
ts
(R
)

1
–
st
u
n
te
d
ro
o
ts
,
sl
ig
h
tl
y
sw

o
ll
en
,
sh
o
rt
er

th
en

in
co
n
tr
o
l
p
la
n
ts
(R
)

2
–
o
n
e
o
r
a
fe
w
v
er
y
sm

al
l
cl
u
b
s
(R
)

3
–
cl
u
b
s
p
re
se
n
t,
b
u
t
so
m
e
ro
o
ts
st
il
l
v
is
ib
le
(S
)

4
–
m
ai
n
an
d
la
te
ra
l
ro
o
ts
en
ti
re
ly

ch
an
g
ed

to
cl
u
b
s
(S
)

G
en
o
ty
p
es
:
B
R
G
–
B
.
ra
p
a
ss
p
.c
h
in
en
si
s
‘G

ra
n
aa
t’
;
M
S
8
-
m
al
e
st
er
il
e
li
n
e
o
f
an

F
8
g
en
er
at
io
n
o
f
B
.
n
a
p
u
s;
H
L
–
h
y
b
ri
d
li
n
e;

B
R
P
–
B
.
ra
p
a
ss
p
.
p
ek
in
en
si
s;
M
en
d
el
–
B
.
n
a
p
u
s
cu
lt
iv
ar

Eur J Plant Pathol (2017) 147:181–198 189



Fig. 3 Comparison of the

resistance of standard, parental

and selected hybrid genotypes to

five pathotypes of

Plasmodiophora brassicae

(P1-P5) in F4 and F5 generations

(*statistically significant

differences between F4 and F5
generation of each genotype at

p < 0.05; BRG – B. rapa ssp.

c hinensis ‘Granaat’; MS8- male

sterile line of B. napus F8
generation; HL – hybrid line;

BRP – B. rapa ssp. p ekinensis;

MEN – B. napus cultivar

‘Mendel’)
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the negative correlation between these two main param-

eters of seed quality was even stronger (−0.501).

The mean sinapine content in all analyzed hybrids

lines was intermediate between parental genotypes. In

parental forms, the sinapine content was as low as

0.91 % in B. rapa ssp. pekinensis and as high as

2.04 % in B. napus ‘MS8’ line, while in hybrid lines it

ranged from 1.30 to 1.52 % (Table 4).

Use of known chromosome markers to identify brassica

chromosomes

Cytogenetic analysis was carried out on the diploid plant

B. rapa ssp. pekinensis (A-genome; a paternal form) and

three synthetic allotetraploid plants: B. napus ‘MS8’

(AC-genome; a maternal form), high oil and protein

hybrid line HL06 (AC-genome) and low oil hybrid line

HL14 (AC-genome), two individuals of the F4 genera-

tion (Fig. 4 and Table 5). Investigation of mitotic chro-

mosomes showed that the somatic complement of

B. rapa spp. pekinensis had eight 5S rDNA loci and

10 35S rDNA loci (Fig. 4a). Due to co-localization of

rDNA loci in some chromosomes, the two rDNA probes

provided landmarks for a total of 10 A-genome chro-

mosomes. The A3 chromosome contains the nucleolus

organizer region (NOR) and usually has a distended

secondary constriction in its short arm. It has two adja-

cent sites of 5S rDNA and 35S rDNA in its NOR. Two

pairs of A1 chromosomes also have the two kinds of

ribosomal RNA genes closely linked and located

proximal to the centromere. A single pericentromeric

locus of 35S rDNA is characteristic for the two pairs

of chromosomes type VIII (cytogenetically indistin-

guishable A5, A6 and A9 chromosomes), while a

short arm terminal locus of 5S rDNA is typical for

the pair of A10 chromosomes (Fig. 4a). The 18

chromosomes of B. oleracea are shown in Fig. 4b.

One pair bears the secondary constriction with a

large 35S rDNA locus in the short arm of C8

chromosome. Another pair of a similar morphology,

the C7 chromosome, also has a locus in the short

arm, but the signal is usually less pronounced than

in the C8 chromosome. One pair of C4 chromo-

somes exhibits a 5S rDNA signal in the proximal

region of the long arm and these are two adjacent

bands (Fig. 4b). In B. napus ‘MS8’, we observed 12

35S rDNA signals (Fig. 4c).

Hybridization with the BoB014O06 BAC probe re-

vealed that 8 signals of 35S rDNA were located on A-

genome-like and 4 other ones on C-genome-like chro-

mosomes (Fig. 4d).

Ten 5S rDNA sites were counted with eight loci on

A-genome-like chromosomes and two on C-genome-

like ones. The origin of the latter is evidenced by stain-

ing of the C4 chromosome by BoB014O06 with dis-

persed signals along the chromosome, and by the 5S

rDNA probe providing a highly condensed signal

(similarly, two adjacent bands) close to the centro-

mere. In the genomes of HL06 (36 chromosomes)

and HL14 (38 chromosomes) individuals, 12 35S

rDNA and 10 5S rDNA sites were detected, which

is the expected rDNA loci pattern (Fig. 4e and g).

Table 4 The quality of seeds of parental and hybrid lines obtained in this study (F4)

No. Plant material Oil content (%) Protein content (%) Sinapine (%)

1 B. rapa ssp. pekinensis1 33.55 bcd* 18.41 a 0.91 a

2 B. napus MS82 39.74 e 20.13 ab 2.04 d

3 HL01 38.26 de 20.58 abc 1.42 bc

4 HL02 36.69 de 23.62 cde 1.39 bc

5 HL03 33.84 cd 22.09 bcde 1.45 bc

6 HL04 37.21 de 22.31 bcde 1.35 bc

7 HL05 37.44 de 21.97 bcde 1.52 c

8 HL06 35.39 de 21.48 abcd 1.3 b

9 HL07 33.28 abcd 22.04 bcde 1.52 bc

10 HL08 28.32 a 25.15 e 1.43 bc

11 HL09 28.73 ab 23.96 de 1.43 bc

12 HL10 29.8 abc 20.81 abcd 1.35 bc

*The same letter marks no statistical differences (α ≤ 0.05); 1 paternal form; 2 maternal form
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To determine the parental origin of rDNA loci in

hybrids, we also used a B. oleracea BAC-based

probe (BoB014O06), which hybridized to all B. oleracea

chromosomes showing dispersed green signals, including

the ones carrying 35S rDNA (C7, C8) and 5S rDNA

loci (C4) (Fig. 4e-h). However, closer inspection of the

chromosomes using the BoB014O06 BAC-based probe

revealed intergenomic imbalances in HL06, and we

observed 19 chromosomes in the A-genome and 17

chromosomes in the C-genome (16 complete and one

recombined). One non-rDNA A-genome-like chromo-

some was stained with BoB014O06, indicating the

presence of an intergenomic chromosomal transloca-

tion, probably involving the A7 chromosome (one of

the smallest A-genome chromosomes). Unlike the pre-

vious B. napus genotype, the species-specific BAC

probe hybridized to the 18 C-genome-like chromo-

somes in the second B. napus genotype (hybrid line

HL14; Fig. 4h), and there was no signal on B. rapa-

like chromosomes in this individual (Fig. 4g and h). In

the synthetic genome of B. napus ‘MS8’, genotype

HL06 and genotype HL14, for the 35S rDNA locus,

only two sites of the chromosome type VIII were

found instead of the expected four sites, indicating a

reduction of rDNA loci at the A-genome-like 35S

rDNA, when compared with the A-genome in B. rapa

spp. pekinensis.

Discussion

In the present study, 15 hybrid lines of the F4 generation

were evaluated for their resistance to clubroot and plant

morphology, and 10 lines showing the highest level of

resistancewere also tested for seed quality. The behavior

of different A- and C-genome chromosomes in hy-

brid and parental lines was observed using advanced

cytogenetic tools. Afterwards the resistant plants of 6

hybrid lines of F4 generation were pollinated under

�Fig. 4 FISH analyses of somatic metaphase chromosomes of

diploid B. rapa ssp. p ekinensis (a), B. oleracea (b), and

synthetic allotetraploids derived from B. rapa ssp. c hinensis ×

B. oleracea var. gemmifera hybrid (‘MS8’ line; c-d) and B. napus

‘MS8’ × B. rapa ssp. p ekinensis hybrid (HL06; e-f and HL14; g-

h). rDNA-FISH images (a, b, c, e, g) were created using probes as

follows: (i) 5S rDNA labelled with rhodamine (red) and (ii) 26S

rDNA labelled with digoxigenin and detected by anti-digoxigenin

conjugated with FITC (green). BAC-FISH images (d, f, h) were

created using BoB014O06 C-genome-specific probe labelled with

digoxigenin and detected by anti-digoxigenin conjugated with

FITC (green); chromosomes after rDNA-FISH and BAC-FISH

were counterstainedwith DAPI (blue). FISH images (e-f) are marked

by white arrows indicating A7/C6 recombinant chromosome and by

the white lines with intervals indicating recombination breakpoints.

The nomenclature of rDNA-bearing chromosomes (Arabic

numerals) follows the system of the Multinational Brassica

Genome Project (MBGP) Steering Committee Meeting, while

linkage group assignments of the A- and C-genome chromosomes

were done using A1-A10 and C1-C9, respectively (http://www.

brassica.info/information/lg_assigments.htm). The Roman numerals

(VIII) represent cytogenetically indistinguishable chromosomes

(A5, A6 and A9). Uppercase letters denote the genomic origin

of tagged chromosomes. Scale bars represent 5 μm

Table 5 Number and chromosomal position of rDNA sites in selected Brassica material used in this study

Taxon (common name; genome) 2n Chromosome ratio A/C R (genome) Number of rDNA sites Fig.

5S* 26S** (5S + 26S)

B. rapa (Chinese cabbage; A)

spp. pekinensis 20 n.a. - 8 10 (6) a

B. oleracea (cabbage group; C)

var. gemmifera 18 n.a. - 2 4 - b

B. napus (oilseed rape; AC)

MS8 (resynthesized) 38 20:18 - 10 12 (6) c,d

HL06 (resynthesized) 36 19:17 1 (A) 10 12 (6) e,f

HL14 (resynthesized) 38 20:18 - 10 12 (6) g,h

A – A-genome chromosomes, C – C-genome chromosomes, R – Number of recombined chromosomes, n.a. means not analyzed, * means

no. of A- and C-genome 5S rDNA-bearing chromosomes (A1, A3, A10 and C4), ** means no. of A- and C-genome 26S rDNA-bearing

chromosomes (A1, A3, A5/A6/A9 and C7, C8); the chromosomes A5, A6 and A9 represent cytogenetically indistinguishable chromosomes

(chromosomes type VIII specific for the A-genome acc. to Hasterok et al. 2001)
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the same cover, what led to increase of plant resis-

tance, primarily to the pathotype P1 of P. brassicae

in the F5 generation.

For breeding new crops, i.e., resistant cultivars or

improvement of existing cultivars, it is necessary to

have diverse germplasm sources. In order to broaden

the genetic base of crop species, different approaches

could be employed. Species of Brassicaceae are espe-

cially amenable to genetic manipulation to improve oil

type or to transfer other desired characters (Scarth and

Tang 2006). Characterization is the first step was using

available germplasm resources (McFerson 1998). In this

study, the maternal male sterile B. napus line ‘MS8’

which was used to obtain hybrids with B. rapa ssp.

pekinensis, showed heterogeneous resistance to the

pathotypes P2 and P4 of P. brassicae, but it was suscep-

tible to the pathotypes P1, P3 and P5. The paternal

B. rapa ssp. pekinensis genotype was completely resis-

tant to pathotype P1 and it was heterogenous in its

resistance to P2, P3, P4 and P5. Hybrid lines of the F4
generation, resulting from the cross between the parental

lines, greatly differed in their resistance to particular

pathotypes of P. brassicae. In the case of all five tested

pathotypes (P1-P5) of P. brassicae, it was possible to

select numerous or at least some resistant hybrid plants.

Generally, the highest resistance was observed against

pathotype P1, with as much as 80% of the obtained lines

(12 out of 15) being resistant. In case of the pathotypes

P3-P4, both times there were nine hybrids lines showing

a resistant reaction. Moreover, there were seven hybrid

lines with different levels of resistance to the pathotype

P2 and four hybrid lines resistant to the pathotype

P5.Two hybrid lines of F4 generation, i.e. HL10 and

HL14, produced plants resistant to four of five

pathotypes (P1-P4). Line HL06 was resistant to just

two pathotypes, but the percentage of resistant plants

was very high; 83.3 % of tested plants were resistant

to the pathotype P1 and 25 % of plants were resistant

to the pathotype P2.
When found, it was relatively easy to fix the

resistance to P1 and five such hybrid lines have been

obtained, representing the F5 generation, with two

resistant at levels similar to the resistant control

B. napus cv. ‘Mendel’. The resistance to P1 was

not combined with P3 and one may speculate that

these two sources of resistance are not linked. Three

lines resistant to pathotype P3 were also not associated

with increased resistance to P1, which further supports

this hypothesis. All in all, the resistance has been greatly

improved to all pathotypes with the exception of P5,

because both parental lines lacked resistance to this

pathotype.

Host resistance should be used rationally to avoid

development of new virulent pathotypes of the disease

causal agent (Korbas et al. 2009). In clubroot, the stew-

ardship of resistance genes is complicated by a lack of

knowledge on the nature of, and relationship among,

sources of resistance in commercial hybrids. In Canada,

a concerted effort to produce clubroot resistant canola

hybrids, led by various private companies and public

breeders, has resulted in the recent release of six culti-

vars into the Canadian market (Pioneer ‘45H29’ and

‘D3152’, Dekalb ‘73-67RR’ and ‘73-77RR’ and

Canterra ‘1960’ and Proven ‘9558C’) (Strelkov et al.

2011). In Poland, a new clubroot resistant oilseed rape

variety, SY Alister has been available for at least two

years (Syngenta), but the sources of resistance are not

publicly available.

Surveys of clubroot resistant canola crops in Alberta,

Canada, in 2013 revealed several fields in which disease

incidence and severity were higher than expected for

a resistant crop (Strelkov et al. 2016). Surveys of

P. brassicae were made from these fields and tested

for virulence on a suite of cultivars representing the

various resistant canola products available in Canada.

Collections of the pathogen from at least one of the

fields were highly virulent on all clubroot ‘resistant’

cultivars tested, indicating that resistance was no

longer effective against those strains of the pathogen.

Reports in the literature on the performance of higher

generations of B. napus canola hybrids with respect to

seed quality traits or their potential for heterosis in

canola and rapeseed are relatively rare. In this paper,

the fourth generation of hybrid lines obtained from the

sexual cross B. napus (MS8) × B. rapa ssp. pekinensis

was studied and found to be morphologically uniform,

with the plants most closely resembling oilseed rape. In

contrast, the first generation of these hybrids was inter-

mediate, which is consistent with common observations

(Mohanty et al. 2009). Grant and Beversdorf (1985)

reported that high parent heterosis for oil concentration

did not occur in their canola hybrids, while Sernyk and

Stefansson (1983) observed that their canola hybrids

performed well, but did not exceed the oil concentration

of the parents. Similar results to those of Sernyk and

Stefansson (1983) were obtained in this study. There

were visible differences in oil content between tested

hybrid lines and parents and among hybrid lines, so
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contrast lines with high and low rates could be selected.

For instance, one tested hybrid line had only 28.32 %

seed oil content, whereas the more common value for

Brassicacea is usually around 30–45 % depending on

the species, the variety and climatic conditions under

which it is grown (El-Beltagi and Mohamed 2010). In

contrast, Sabaghnia et al. (2010) reported a high degree

of parent heterosis for oil concentration in canola

hybrids.

In the current study, the hybrid lines displayed parent

heterosis for seed protein concentration. Screening of 10

hybrid lines revealed that the protein content in hybrid

lines ranged from 20.58 % to 25.15 %, while parental

forms had a protein content of 18.41 % and 20.13 %.

Sernyk and Stefansson (1983) found that seed oil con-

centration and seed protein concentration in canola were

strongly negatively correlated.

Sinapine is an anti-nutritional component affecting

the quality of canola meal and it has several undesirable

properties as a constituent in animal feeds. It is a bitter

tasting compound, making it less palatable to animals,

while its presence in the diet of certain brown egg laying

hens at levels exceeding 1 g/kg leads to a fishy odour or

taste in the eggs (Goh et al. 1985). The elimination of

sinapine content will improve the flavor, palatability and

nutritional properties of canola seeds and canola meal.

Although several methods for removing sinapine have

been reported (Wojciechowski et al. 1994), none has

proven economical thus far (Wang et al. 1998).

Conventional plant breeding or genetic engineering

would be a more efficient long term means of lowering

or eliminating sinapine levels. The success of a conven-

tional plant breeding program depends on finding ge-

netic variability for sinapine content and developing a

suitable analytical methodology to select plants with

low sinapine content in the seed. Average sinapine con-

centrations among the tested hybrid lines ranged from

1.30 % to 1.52 %. There were no significant differences

in sinapine content between hybrid lines, but they had

significantly lower sinapine content in seeds than their

maternal forms. Our results were similar to those report-

ed in earlier studies by Niemann et al. (2012).

The most crucial aspect in the selection of lines is to

ensure as good stacking of desirable characters as pos-

sible. In the current study, there were three hybrid lines

combining very high levels of resistance with appropri-

ate plant morphology and good seed quality traits.

Hybrid lines HL06 and HL07 combined high resistance

to pathotype P1 with a high oil content and satisfactory

amount of proteins as well as low sinapine content in

seeds. The hybrid line HL03 was resistant to the

pathotypes P1 and P4 and also contained a relatively

high amount of oil and high content of proteins

and a low amount of sinapine. Such plant materials

are very good sources for further improvement, by

crossing with high yielding and high oil content

breeding materials, provided the plants have stable

numbers of chromosomes.

Amphidiploid rapeseed is widely cultivated as an

important oilseed crop in many countries worldwide.

Searching for forms with improved traits is highly de-

sirable and from that point of view, interspecific cross-

ing is a valuable tool for widening the variability of

useful traits, e.g., seed quality and resistance to diseases

such as clubroot, which is known as damaging to oilseed

rape and vegetable brassicas (Dixon 2009a). The main

sources of resistance used to date originate from differ-

ent species of the genus Brassica, including B. rapa (A-

genome), B. oleracea (C-genome) and B. napus (AC-

genome). Different experimental approaches have been

applied to study chromosome rearrangements in the

Brassica allotetraploid and ancestral genomes, such as

the production of synthetic allopolyploids relative to

natural forms, using chromosome mapping and cytoge-

netic analysis including FISH (Leflon et al. 2006;

Książczyk et al. 2011; Xiong et al. 2011; Fredua-

Agyeman et al. 2014; Grandont et al. 2014). Physical

mapping of 5S and 18S–5.8S–26S (35S) rRNA genes

by FISH provides valuable chromosomal landmarks,

and their characteristic positions enable chromosome

identification allowing detection of chromosome vari-

ability (Maluszynska and Heslop-Harrison 1993;

Hasterok et al. 2006). It also revealed a high degree of

polymorphism in A-genome-like rDNA loci in succes-

sive generations of the B. napus × B. rapa ssp. pekinensis

hybrids with known resistance to clubroot.

The presence of intergenomic chromosome transloca-

tions in the hybrid genome, indicating that the two paren-

tal genomes may have undergone some rearrangements

following hybridization, was revealed in newly synthe-

sized Brassica allopolyploids (Książczyk et al. 2011;

Xiong et al. 2011), which can be a rapid response to

formation of the allotetraploid genome. The use of a

species-specificB. oleraceaBAC clone revealed the chro-

mosome rearrangements between A- and C-genomes in

the synthetic B. napus forms (Książczyk et al. 2011), and

our present work confirmed this observation presenting

possible A7/C6 chromosome translocation in theB. napus

Eur J Plant Pathol (2017) 147:181–198 195



genotype HL06. Similarly, an A7/C6 chromosomal trans-

location was observed in synthetic Brassica allotetra-

ploids by Xiong et al. (2011) and Grandont et al. (2014),

indicating known patterns of genome duplication within

the Brassica napus genome (Parkin et al. 2003). It is

worth mentioning that none of the rDNA-bearing chro-

mosomes were involved in recombination showing the

A7/C6 translocation, because the number of rDNA loci is

stable and A-genome-like chromosomes are not painted

by a C-genome-specific BAC clone. Other A/C recombi-

nations changing the rDNA loci pattern, showing locus

gain or loss, would also be possible.

The base chromosomal types have been introduced

and described in detail by Hasterok et al. (2001). These

types were used originally to describe the rDNA loci

patterns in the three genomes (A, B and C) that consti-

tute the six most studied crop species of Brassica.

Comparative analyses revealed that variation in the

number and chromosomal position of 5S and 35S

rDNA occurs and that only chromosomes with proxi-

mally and/or pericentromerically distributed ribosomal

rRNA genes were polymorphic (Hasterok et al. 2006).

These chromosomes represented types II and VIII

and it seems that the same chromosome may occur

in different materials as type II or type VIII, as they

were observed in three of six B. rapa accessions

(Hasterok et al. 2006), leading to the more frequent

occurrence of type VIII compared with type II chro-

mosomes. In the present work, we observed two

instead of the expected four 35S rDNA sites

pericentromerically located in B. napus chromo-

somes, indicating a reduction in rDNA loci carried

by the A genome corresponding to the chromosomal

type VIII. It can be concluded that more detailed FISH

analyses of mitotic chromosomes and their rearrange-

ments will be required beyond study of ribosomal land-

marks. This could be accomplished through the use of

either chromosome-specific or even arm-specific sets of

BAC clone-based probes for both the B. rapa and

B. oleracea chromosomes, together with PCR-based

disease resistance markers (Koo et al. 2004; Xiong

et al. 2011; Fredua-Agyeman et al. 2014).
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