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Abstract Blackleg disease, caused by the fungal path-
ogen Leptosphaeria maculans, is a serious disease of
Brassica napus. The disease is mainly controlled by
genetic resistance and crop rotation. However,
L. maculans has displayed a high evolutionary potential
to overcome major resistance genes in B. napus. This
study aimed to analyze the major-gene and adult-plant
resistance (APR) of Canadian B. napus varieties/lines
(accessions) and the avirulence allele frequency in
L. maculans populations in western Canada. For resis-
tance identification, a set of L. maculans isolates with
known avirulence genes were used to characterize major
resistance (R) genes in 104 Canadian B. napus acces-
sions and 102 seed samples collected from growers’

fields; with 104 B. napus accessions further evaluated
for APR under controlled conditions. In addition,
avirulence genes of 300 L. maculans isolates collected
from infected canola stubbles in growers’ fields were
determined by cotyledon inoculation and gene-specific
PCR assays. The results indicated that R genes were
present in the majority of these B. napus accessions,
with the Rlm3 gene being predominant while other R
genes were rarely detected. APR was identified in more
than 50 % of the accessions. Predominance of Rlm3 in
102 seed samples from growers’ fields suggested Rlm3-
carrying B. napus varieties were currently widely used
in western Canada. Avirulence allele frequency identifi-
cation of field L. maculans isolates revealed the scarcity
of the avirulence allele towards Rlm3, AvrLm3. This
indicated the breakdown of Rlm3 resistance, which
could be due to the over use of this single resistance
gene in Canadian B. napus germplasm.
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Introduction

Canola (oilseed rape, Brassica napus) is one of the
major oilseed crops of the world. Blackleg, caused by
the fungal pathogen Leptosphaeria maculans, is a seri-
ous disease of canola in North America, Australia,
Europe and many other regions around the world (Fitt
et al. 2006). The disease can be controlled by crop

Eur J Plant Pathol
DOI 10.1007/s10658-015-0819-0

X. Zhang :W. G. D. Fernando (*)
Department of Plant Science, University of Manitoba, Winnipeg,
MB R3T 2N2, Canada
e-mail: dilantha.fernando@umanitoba.ca

G. Peng
Saskatoon Research Centre, Agriculture and Agri-Food Canada,
Saskatoon, SK S7N 0X2, Canada

H. R. Kutcher
Department of Plant Sciences, University of Saskatchewan,
Saskatoon, SK S7N 5A8, Canada

M.<H. Balesdent
INRA, UMR 1290 BIOGER, Campus AgroParisTech,
F78850 Thiverval-Grignon, France

R. Delourme
INRA, UMR 1349 IGEPP, BP35327, F-35653 Le Rheu Cedex,
France

http://crossmark.crossref.org/dialog/?doi=10.1007/s10658-015-0819-0&domain=pdf


rotation, fungicide application as well as the use of
resistant varieties (West et al. 2001; Fitt et al. 2006).
As an environmentally friendly strategy, genetic resis-
tance is generally very effective in disease control. Both
seedling resistance controlled by major or seedling R
genes and adult plant resistance (APR) mediated by
quantitative resistance (minor) genes to L. maculans
have been identified in B. napus varieties (Pongam
et al. 1998; Balesdent et al. 2001; Pilet et al. 1998,
2001; Jestin et al. 2011, 2015). R genes confer race-
specific resistance and follow the gene-for-gene concept
proposed by Flor (1971). To date, at least 18 major R
genes against L. maculans have been identified in
Brassica species: Rlm1, Rlm2, Rlm3, Rlm4, Rlm7 and
Rlm9 from B. napus, which have been mapped to two
B. napus linkage groups, N7 and N10 (Ferreira et al.
1995; Mayerhofer et al. 1997; Ansan-Melayah et al.
1998; Zhu and Rimmer 2003; Rimmer 2006;
Delourme et al. 2006); Rlm8 and Rlm11 from B. rapa
(Balesdent et al. 2002, 2013); Rlm5 and Rlm6 from
B. juncea (Chèvre et al. 1997; Balesdent et al. 2002);
Rlm10 from B. nigra (Chèvre et al. 1996; Eber et al.
2011); LepR1, LepR2, LepR3, LepR4 and RlmS from re-
synthesized B. rapa subsp. Sylvestris (Yu et al. 2005,
2007, 2008; Van deWouw et al. 2009); and BLMR1 and
BLMR2 from Surpass 400 (Long et al. 2011). To date,
two R genes, LepR3 (that interacts with AvrLm1) and
Rlm2, have been cloned (Larkan et al. 2013, 2015). By
contrast, at least seven of the corresponding avirulence
(Avr) genes have been cloned: AvrLm1 (Gout et al.
2006b), AvrLm2 (Ghanbarnia et al. 2015), AvrLm3
(Plissonneau et al., 2015), AvrLm5/AvrLmJ1 (Van de
Wouw et al. 2014a; Balesdent & Howlett unpublished
data), AvrLm4-7 (Parlange et al. 2009), AvrLm6 (Fudal
et al. 2007), and AvrLm11 (Balesdent et al. 2013).

The cotyledon inoculation assay has been used to
identify resistance to L. maculans (Williams and
Delwiche 1979; Rimmer and van den Berg 1992;
Rouxel et al. 2003b; Marcroft et al. 2012a). The char-
acterization of R genes in a given canola variety can be
achieved by analyzing its interactions with a set of
L. maculans isolates carrying known avirulence genes.
Based on reactions to isolates with known avirulence
alleles, Rouxel et al. (2003b) deduced race-specific re-
sistance genes to blackleg in accessions of B. napus
mainly originating from Europe. Marcroft et al.
(2012a) identified seedling resistance genes in
Australian B. napus varieties using L. maculans isolates
harbouring known avirulence genes. In Canada,

blackleg resistance breeding programs have successful-
ly developed resistant varieties for commercial release.
However, R genes for blackleg resistance in Canadian
B. napus varieties are unknown (Rimmer 2006).

Both seedling and adult plant resistance play
important roles in blackleg control. It has been
shown that a combination of major gene resistance
and adult plant resistance can provide effective and
durable resistance against blackleg (Kiyosawa
1982; Brun et al. 2010). Selection of blackleg
resistant breeding materials is usually based on
field evaluations without genetic characterization
of R genes (Rouxel et al. 2003b). Moreover, the
interaction between specific R genes and their cor-
responding avirulence genes in the seedling stage
normally results in very low disease severity at the
adult plant stage. Therefore, it is difficult to dis-
sect blackleg resistance evaluated under field con-
ditions into major gene resistance and/or adult
plant resistance. To develop varieties with a com-
bination of seedling resistance and adult plant re-
sistance, it is necessary to characterize R genes in
breeding lines and then evaluate APR by reducing
the interference of R genes.

Large-scale utilization of single gene resistance
sources in commercial fields will exert strong se-
lection pressure on L. maculans populations
through the co-evolution of host and pathogen. In
France, the increased commercial use of Rlm1
resistance resulted in a rapid decrease of the pro-
portion of isolates carrying AvrLm1 (Rouxel et al.
2003a). Similarly, ‘sylvestris’ resistance in
Australia was overcome within three years after
commercial release of the cultivar (Sprague et al.
2006; Van de Wouw et al. 2010). It has been
reported that pathogenicity of L. maculans popula-
tions changed over time in western Canada. In
early studies, L. maculans isolates were classified
into pathogenicity groups (PGs) based on the in-
teraction phenotypes (IP) of the isolate on a few
B. napus varieties. The majority of L. maculans
isolates collected during 1984–2000 in western
Canada were classified as PG2 (Kutcher et al.
1993; Chen and Fernando 2006). Keri et al.
(2001) and Kutcher et al. (2007) observed addi-
tional PGs (PG3 and PGT) from collections be-
tween 1998 and 2004. Chen and Fernando (2006)
observed more aggressive isolates (PG4) in 2002–
2004 collections. Kutcher et al. (2010) also
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reported changes in the population structure of
L. maculans in western Canada, which was be-
lieved to be the result of the use of specific R
gene(s). Liban et al. (2013) provided further evi-
dence of this when they reported a shift in
avirulence allele frequency in isolates collected in
2010 and 2011. The association between the spe-
cific R gene(s) in canola varieties as mentioned by
Kutcher et al. (2010) and the corresponding
avirulence gene(s) in L. maculans populations can
be revealed by investigating R genes in canola
varieties and avirulence allele frequencies in field
fungal populations.

The objectives of this study were to characterize
R genes and evaluate adult plant resistance of
Canadian B. napus varieties/lines. Furthermore, R
genes in seed samples collected from growers’
fields were characterized to investigate the propor-
tion of R genes used in the fields. Additionally,
avirulence alleles of L. maculans populations were
assessed to understand the effectiveness of R genes
identified in Canadian canola cultivars.

Materials and methods

Brassica napus varieties/lines and seed sample
collection

B. napus varieties/lines with known R genes were con-
sidered as differentials and used to characterize
avirulence genes in L. maculans isolates. The B. napus
differentials used in this study are listed in Table 1. A
total of 104 B. napus varieties/lines, which will be
referred to as B. napus accessions, included commercial
varieties released since 1980s and advanced breeding
lines, were kindly provided by commercial seed com-
panies and research institutions. These 104 B. napus
accessions were used to investigate R genes in
Canadian B. napus germplasm. A collection of 102
B. napus seed samples were directly collected from
different growers’ fields across Manitoba in 2012.
These 102 seed samples were used to determine
the proportion of R genes used in the fields. Of
102 seed samples, 35 were from fields where
canola stems were collected and L. maculans iso-
lates were identified in this study. These 35 sam-
ples were considered a subset of field seed
samples.

Leptosphaeria maculans isolates and canola stem
collection

Isolates of L. maculans previously characterized
for avirulence genes were used to identify R genes
in canola varieties/lines; these were referred to as
differential isolates. A total of 12 isolates (D1-
D10, D13, and D14) were provided and previously
characterized by scientists at the University of
Melbourne to identify 10 avirulence genes
(AvrLm1-AvrLm9 and AvrLmS). The avirulence ge-
notypes of AvrLm1-9 and AvrLmS in isolates D8,
D9, D13 and D14 were described in Marcroft
et al. (2012a). In addition, seven L. maculans iso-
lates (ICBN14, PHW1223, JN2/v23.1.2, JN3/
v23.1.3, S7, R2, and AD746) were characterized
previously. The genotypes of AvrLm1-AvrLm9 in
four isolates (ICBN14, PHW1223, and JN2/
v23.1.2) were described in Balesdent et al.
(2005); in isolates R2 and S7 were described in
Leflon et al. (2007); and in isolate JN3/v23.1.3
was described in Balesdent et al . (2013).
Genotypes of AvrLepR1 and AvrLepR2 in these
19 differential isolates were characterized in this

Table 1 Brassica napus varieties/lines used as differentials to
identify avirulence genotypes of Leptosphaeria maculans isolates

Variety/line Resistance genes Reference

Darmor Rlm9 Delourme et al. 2004

MT29 Rlm1, Rlm9 Delourme et al. 2008

Falcon Rlm4 Rouxel et al. 2003b

Cooper Rlm1, Rlm4 Dilmaghani et al. 2009

Samourai Rlm2, Rlm9 Rouxel et al. 2003b

01–23-2-1 Rlm7 Dilmaghani et al. 2009

Quinta Rlm1, Rlm3 Kutcher et al. 2010

Surpass 400 LepR3, RlmS Larkan et al. 2013

1065 LepR1 Kutcher et al. unpublished

Verona Rlm2, Rlm4 Kutcher et al. 2010

1135 LepR2 Kutcher et al. unpublished

Columbus Rlm1, Rlm3 Balesdent et al. 2002

Jet Neuf Rlm4 Gout et al. 2006a

Goéland Rlm9 Balesdent et al. 2006

Bristol Rlm2, Rlm9 Balesdent et al. 2005

02–22-2-1 Rlm3 Gout et al. 2006a

Westar No resistance gene Balesdent et al. 2002
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study. Genotypes of some Avr genes in these 19
differential isolates were further confirmed in this
study, using differential varieties/lines listed in
Table 1. Additional isolates were collected from
western Canada and characterized in this study.

The L. maculans differentials used in this study
are described in Table 2. Canola stems collected
after harvest were randomly sampled from 37
growers’ canola fields across Manitoba in 2012.
Seed samples of 35 of these fields were collected

Table 2 Avirulence genotypes of Leptosphaeria maculans differential isolates

Isolates Avirulence genotypes

AvrLm1 AvrLm2 AvrLm3 AvrLm4 AvrLm5 AvrLm6 AvrLm7 AvrLm8 AvrLm9 AvrLmS AvrLepR1 AvrLepR2

D1 -a +a − − + + − − + + + +

D2 − − − − + + − + − + + −
D3 − − − − + − − − − − + −
D4 − − − + + + + + − − + +

D5 + + − + − − + − − + + +

D6 + − − − + + − + − + − −
D7 + − + − + + − + − nd + −
D8 − − − − + − + nd − − + −
D9 − − − − + + + nd − − + −
D10 − − − − + + − + + + − −
D13 − − − + nd b + + nd − − − −
D14 + − − − nd − + nd − + + −
S7 + − − − + + + nd − nd + −
ICBN14 − − − − + + − − − nd + −
PHW1223 − − − − + + − + + nd − −
R2 − − − − + − + nd − nd + −
AD746 − − + − − + − nd − nd + −
JN2 − − − − + + + + − nd + −
JN3 + − − + + + + + − nd − −
J3 − + + − + + − nd − + − −
J20 − + + − − + − nd − + + −
Q12 − + − + + − + nd − − + −
L-MD7-14 − − − + + + + nd − − − −
L-PC4-1 − + − + − − − nd − − − −
L-MP1-8 − + − + + + + nd − − − −
L-Sb1 − + + − + + + nd − + − −
L-MP1-6 − − − + + + + nd − − − −
L-Sb7-6 − − − + + + + nd − − + −
L-Br17-1 − − − nd + + + nd − − + −
L-Mo5-1 − + − + + + + nd − − − +

L-Br1-16 + − − + + + + nd − nd − −
L-RL25 − − − − + + + nd − + − −
L-DS103 − − − − + − − nd + − − −
L-CV8-7 − + − + + + + nd − + − −

a +/− indicates the presence/absence of a specific avirulence gene
b nd indicates the genotype was not determined
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and included in 102 seed samples that were used
to determine the proportion of R genes used in the
fields, whereas seed samples were not available for
two fields.

Leptosphaeria maculans isolation, inoculum
preparation and DNA extraction

A total of 300 L. maculans isolates from 37 growers’
canola fields were collected from blackleg infected ca-
nola stems. L. maculans isolates isolation and
characterization was performed as described by Chen
and Fernando (2006) with some modification: the stems
were surface disinfected with 5 % bleach treatment for
1 min, and V8® agar mediumwas amended with 0.35%
(w/v) streptomycin sulfate. All L. maculans isolates
were stored as pycnidiospores at −20 °C on small sterile
filter paper discs in 1.5 mL centrifuge tubes for further
use.

Fungal inoculum was prepared according to Chen
and Fernando (2006). The concentration of spores was
diluted to a final spore concentration of 2 × 107 spores
mL−1. DNA was extracted from fungal mycelium ac-
cording to Calderon et al. (2002) with some modifica-
tion. Briefly, fungal mycelium was homogenised using
0.2 mm ceramic beads for 45 s at 6500 rpm in a
Precellys® 24 homogenizer (Bertin Technologies,
France) before DNA extraction.

Characterization of avirulence genotypes
of Leptosphaeria maculans isolates

Cotyledon inoculation and gene-specific PCR assays
were used to identify avirulence genotypes of the
L. maculans isolates. In the cotyledon inoculation assay,
B. napus differentials used to confirm/characterize the
L. maculans differential isolates wereWestar (no known
resistance gene, susceptible check), Darmor, MT29,
Falcon, Cooper, Samourai, 01–23-2-1, Quinta, Surpass
400, 1065, Verona, 1135, Columbus, Jet Neuf, Goéland,
Bristol, and 02–22-2-1 (Table 1).Avirulence genotyping
of 300 L. maculans isolates collected from the field was
performed with 11 B. napus differential varieties/lines:
Westar, Quinta, Bristol, Jet Neuf, 01–23-2-1, Goéland,
1065, 1135, 02–22-2-1, Surpass 400, and MT29
(Table 1).

In the cotyledon inoculation assay, plant materials
were seeded in a growth chamber at 16 °C (night) and
21 °C (day) with a 16-h photoperiod. Cotyledons of

seven-day-old seedling were punctured with a modified
tweezer and inoculated with a 10-μL droplet (2 × 107

spores mL−1) of inoculum (four inoculation sites per
plant). Inoculated cotyledons were air dried for at least
12 h before watering. Each isolate was inoculated onto at
least 8 different plants of each variety. Symptoms on the
cotyledons were scored 14 days post inoculation (dpi)
using the rating scale of 0–9 (Williams and Delwiche
1979). The average rating score (ARS) was calculated
from 32 inoculation sites: ARS 6.1–9.0 was considered
susceptible (S), ARS 4.6-6.0 intermediate (I) and ARS
≤4.5 resistant (R). When intermediate reactions were
observed the assay was repeated to confirm the scoring.

Polymerase chain reaction (PCR) characterization of
six cloned avirulence (Avr) genes in L. maculans iso-
lates collected from growers’ field (2012) was per-
formed: AvrLm1 (Gout et al. 2006b), AvrLm2
(Ghanbarnia et al. 2015), AvrLmJ1/AvrLm5 (Van de
Wouw et al. 2014a, Balesdent & Howlett unpublished
data), AvrLm4-7 (Parlange et al. 2009), and AvrLm6
(Fudal et al. 2009) and AvrLm11 (Balesdent et al.
2013). HaeIII enzyme (GG^CC) was used to digest
the PCR product of AvrLm4-7 to detect the SNP muta-
tion of C358 to G358 that leads to virulence against Rlm4.
The avirulence/virulence ofAvrLm1, AvrLm2, AvrLmJ1,
AvrLm6, and AvrLm11 were decided by presence/
absence of the corresponding PCR products. The
avirulence genotypes of AvrLm1, AvrLm2, and AvrLm4
in 300 isolates were a combination of PCR assay and
differential test results. The genotypes of AvrLmJ1/
AvrLm5, AvrLm6, and AvrLm11 were only determined
by gene-specific PCR assay as we do not have access to
any differential varieties that can identify the presence/
absence of these three genes.

Characterization of R genes in Brassica napus varieties/
lines

A total of 206 B. napus accessions/seed samples were
collected for R gene characterization, and two trials
were performed. Trial I included 104 Canadian
B. napus accessions. A set of 22 ((D1-D10, D13,
D14, S7, ICBN14, PHW1223, R2, AD746, JN2, JN3,
J3, J20 and Q12); Table 2) differential isolates, which
were able to detect 12 R genes (Rlm1, Rlm2, Rlm3,
Rlm4, Rlm5, Rlm6, Rlm7, Rlm8, Rlm9, RlmS, LepR1,
LepR2), were used to characterize R genes in these
accessions. Three canola accessions (DF78, DF79 and
DF80) were resistant to 21 differential isolates and as a
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result the R genes they carried were difficult to postu-
late. Thus, twelve more L. maculans isolates from
Canada (L-MD7-14, L-PC4-1, L-MP1-8, L-Sb1, L-
MP1-6, L-Sb7-6, L-Br17-1, L-Mo5-1, L-Br1-16, L-
RL25, L-DS103 and L-CV8-7) were used to further
detect R genes in these three accessions (Table 2). Trial
II included 102 canola seed samples collected from
different growers’ fields in Manitoba in 2012. This
analysis identified the R genes present in the canola
varieties grown by Manitoba growers in 2012. For this
trial, a set of 11 L. maculans differentials (D3, D4, D5,
D7, D10, AD746, JN3, J3, ICBN14, PHW1223 and R2)
were used (Table 2). In trial II, 35 seed samples were
collected from fields where blackleg infected stems
were collected and analyzed in this study.

In both triwals, methods for inoculum and plant
preparation, inoculation and disease evaluation follow-
ed the same methods as described in the avirulence gene
characterization section; however, at least 12 different
plants were used for each isolate-variety/line combina-
tion. Due to the genetic heterogeneity of seed samples
collected from the field and some canola varieties/lines,
the percentage of resistant reactions (rating scores 0, 1,
3) was calculated from inoculation sites. When the
percentage of resistant reactions was over 50 % but less
than 100%, genetic heterogeneity was considered as the
major cause of the variation and the variety was consid-
ered resistant. The R genes were postulated based on the
gene-for-gene theory. For example, if a variety was
resistant to all differential isolates that carried AvrLm3,
but was susceptible to all isolates carrying avrLm3, the
R gene deduced to be present in this variety was Rlm3.

Adult plant resistance evaluation

Adult plant resistance of 104 Canadian B. napus acces-
sions provided by companies and research institutions
were evaluated under controlled conditions, where cv.
Westar was used as a susceptible check. Among differ-
ential isolates, D3 infected 101 accessions and caused
lesions on the cotyledons as early as 12 dpi. Three
accessions, DF78, DF79 and DF80 were resistant to
isolate D3 but susceptible to isolate D13. To reduce
the interference of seedling resistance during adult plant
resistance evaluation, isolate D13 was used to inoculate
accessions DF78, DF79 and DF80, and isolate D3 was
used to inoculate the other 101 accessions. Seeds were
directly seeded into plastic pots (18 cm in diameter), and
inoculated with a single L. maculans isolate. The

experiment was a completely randomized design of
three replicates, each with nine plants. The inoculation
methods and spore concentration were the same as for
the R gene identification. Seedling infection was ob-
served 14 days after inoculation and plants without
visible symptoms were removed. Infected plants were
grown to maturity and evaluated for their blackleg re-
sistance by inspecting internal infection on the cross-
section of the crown. Disease severity of basal stems
was scored on a 0–5 rating scale (WCC/RRC): 0 - no
noticeable infection, 1 - diseased tissue occupies ≤25 %
of the cross-section, 2 - diseased tissue occupies 25–
50 % of cross-section, 3 - between 50 and 75 % of the
cross-section infected, 4 - more than 75 % of the cross-
section infected, 5–100 % of cross-section were dis-
eased, plant dead.

The blackleg resistance category system used was
based on relative disease severity: the percentage of
the mean disease severity of a canola line was assessed
as a proportion of the susceptible cv. Westar. Relative
disease severity scores of ≤35 % were considered resis-
tant (R), 35–50 % as moderately resistant (MR), 51–
65 % as moderately susceptible (MS), and 66–100 % as
susceptible (S).

Data analysis

Excel 2010 was employed for data recording and pre-
liminary analysis. APR data analysis was carried out
using analysis of variance (ANOVA) in SAS 9.1.
Relative disease severity was root square transformed
before ANOVA for normal distribution of data.
Diversity of L. maculans populations were analysed
with two indices: the Margalef index (which measures
the richness in species/races of a population) and the
Simpson index of diversity (Balesdent et al. 2006).

Results

Prevalence of Rlm3 in Canadian canola varieties/lines

In Experiment I, 85 % of the accessions showed seed-
ling resistance. A total of eight known R genes (Rlm1,
Rlm2, Rlm3, Rlm4, Rlm9, RlmS, LepR1 and LepR2)
were detected (Fig. 1, Table 4). However, 16 accessions
were susceptible to all L. maculans differential isolates
and therefore no R gene was detected for these acces-
sions. Some of the accessions carried uncharacterized
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resistance genes that could not be deduced using the 22
differential isolates (Fig. 1, Table 4). This type of resis-
tance was considered as unknown resistance in this
study. The presence of unknown R gene resistance
might be due to the effect of a novel R gene, other
known R genes that were not tested in this study, or a
combination of a few R genes. Among the R genes
detected, Rlm3 was present in 59 accessions, followed
by Rlm1 in 5 accessions, and Rlm2 in 5 accessions. Both
Rlm9 and LepR1 were detected in three accessions,
while Rlm4 was present in two accessions, and RlmS
in two accessions. LepR2 appeared to be present in only
one accession. In addition, some of the other R genes
such as Rlm5 and Rlm8 might be present in some
accessions, however further confirmation is required.
Although we do not have access to variety names of
the majority of the 104 accessions tested in this study,
variety names of six accessions developed and provided
by the University of Alberta, and 11 accessions devel-
oped by the University of Manitoba were available and
were described in Table 3. Although R genes in Q2,
Quantum, Conquest, and Hi-Q have been previously
characterized (Kutcher, Personal communication), this
study confirmed their R genes and the results were
consistent with the previous study. All six varieties
(Conquest, Hi-Q, Q2, Quantum, Cougar CL, Peace)
developed by the University of Alberta were released
during 1995–2001 and carried Rlm3. Of 11 varieties
developed by the University of Manitoba, one released
in 1995, two released in 2008 and 2012, respectively,
carried Rlm3, four carried unknown resistance, and four

did not carry any R gene. The results indicated that Rlm3
was available in commercial varieties in the early 1990s.

Among 104 accessions, a total of 35 accessions car-
ried a single R gene, including Rlm1 in one accession,
Rlm3 in 32 accessions, Rlm4 in one accession, and
LepR2 in one accession. A total of 19 accessions carried
two resistance genes, and/or a combination of a known
resistance gene and an unknown resistance gene or
genes, such as Rlm3 and LepR1 or Rlm3 and an un-
known R gene. Eight B. napus accessions carried three
or more R genes. A total of 26 B. napus accessions
carried only unknown R genes. The rest 16 accessions
were susceptible to all 22 differential isolates and did not
carry any R gene (Table 4).

In Experiment II, R gene was present in 58 % of seed
samples. Only three R genes (Rlm1, Rlm2, and Rlm3)
were detected. Among the 102 seed samples, 50 carried
Rlm3, three carried Rlm2, and two carried Rlm1. An
unknown R gene or genes were detected in nine seed
samples. Most seed samples showing seedling resis-
tance carried single Rlm3. Seed samples from only three
fields carried more than one R gene: BR1: Rlm2, Rlm3;
BR5: Rlm2, Rlm3; BR21: Rlm1, Rlm2, Rlm3.
Surprisingly, 43 seed samples carried none of the 12 R
genes that could be detected using the L. maculans
differential isolates in this study.

For the subset of 35 seed samples, 14 carried single
Rlm3, one carried single Rlm1. Two seed samples each
carried two R genes: Rlm2 and Rlm3. Unknown R gene
resistance was identified in four seed samples. R gene
was not detected in 14 seed samples.

0.0

10.0

20.0

30.0

40.0

50.0

60.0

Fr
eq

ue
nc

y 
(%

)

Fig. 1 Percentage of R genes in
104 Canadian Brassica napus
accessions. Unknown means the
resistance genotype could not be
determined in this study,
accessions that carried unknown
R genes might be due to the
presence of a new R gene, other
known R genes that were not
tested in this study, or
combinations of several R genes.
Rlm5 and Rlm8 might be present
in some accessions, but further
confirmation is required. Rlm6
and Rlm7 were not detected in the
accessions tested
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Our results clearly indicated that Rlm3 was the major
R gene prevalent in Canadian canola varieties and
germplasm.

Adult plant resistance evaluation under controlled
environment

In this study, the resistance observed in the APR
evaluation of 104 B. napus accessions was assumed
to be mediated by adult plant resistance genes since
none of the varieties/lines tested showed seedling
resistance after infection. Disease severity of 104
accessions ranged from 0 to 4.8 (0–5 scale). More

than 50 % of B. napus accessions showed disease
severity of lower than 2. Five accessions showed
disease severity of higher than 4 (Fig. 2). Significant
differences of the relative disease severity among
accessions were observed (F = 8.30, p < 0.0001).
APR evaluation indicated that 58 accessions were
either resistant or moderately resistant to blackleg,
while the rest accessions were susceptible or moder-
ately susceptible at the adult plant stage (Table 4).
Among 58 accessions that exhibited APR, 50 also
had R gene resistance at seedling stage, and eight
exhibited only APR. Of 46 susceptible or moderately
susceptible accessions, 8 were susceptible to all dif-
ferential isolates at the seedling stage, and all others
carried seedling resistance. In summary, a large pro-
portion of B. napus accessions had both adult plant
resistance and seedling resistance due to an R gene
(most commonly Rlm3).

Table 4 Summary of R genes and adult plant resistance in 104
Canadian B. napus accessions

Resistance
type

Resistancea No. of
accessions

Percentage
(%)

R gene resistance Rlm1 1 1.0

Rlm3 32 30.8

Rlm4 1 1.0

LepR2 1 1.0

Rlm3, Unknown 18 17.3

Rlm3, LepR1 1 1.0

Rlm1, Rlm2, Rlm3 3 2.9

Rlm1, Rlm3, Rlm9 1 1.0

Rlm2, Rlm3,
Unknown

1 1.0

Rlm2, Rlm3, Rlm4 1 1.0

Rlm3, Rlm9,
RlmS, LepR1

2 1.9

Unknown 26 25.0

None 16 15.4

Adult plant
resistance
(APR)

Resistant (R) 41 39.4

Moderately
resistant (MR)

17 16.3

Moderately
susceptible
(MS)

17 16.3

Susceptible (S) 29 27.9

a Unknown means the resistance genotype could not be deter-
mined in this study, accessions that carried unknown R genes
might be due to the presence of a new R gene, other known R
genes that were not tested in this study, or combinations of several
R genes. None refers to the absence of R gene resistance

Table 3 R genes and adult plant resistance of 17 Canadian
B. napus accessions with known variety names

Accession Variety Year
released

R genesa APRb

DF-1 Stellar 1987 None MS

DF-2 Apollo 1990 None R

DF-3 Allons 1995 Rlm3 (H) S

DF-4 Reward 1991 Unknown S

DF-5 Sentry 1996 Unknown S

DF-6 Hero 1989 None MS

DF-7 MillenniUM
03

2000 None MR

DF-8 Red River
1826

2006 Unknown (H) MR

DF-9 Red River
1852

2006 Unknown (H) MS

DF-10 Red River
1997

2008 Rlm3 MR

DF-11 Red River
1861

2012 Rlm2 (H), Rlm3,
unknown (H)

R

DF-12 Conquest 2000 Rlm3 S

DF-13 Hi-Q 1999 Rlm3 MR

DF-14 Q2 1998 Rlm3 R

DF-15 Quantum 1995 Rlm3 R

DF-16 Cougar CL 2003 Rlm3, unknown (H) R

DF-17 Peace 2001 Rlm3 S

DF1-11 were developed by the University of Manitoba, DF12-17
were developed and provided by the University of Alberta
a None refers to the absence of R gene resistance. Unknown means
the resistance genotype could not be determined in this study,
accessions that carried unknown R genes might be due to the
presence of a new R gene, other known R genes that were not
tested in this study, or combinations of several R genes. (H) refers
to accessions with heterogeneous seeds whereby R gene was
detected in 50–80 % of the plants
b APR refers to adult plant resistance, R-resistant, MR-moderately
resistant, MS-moderately susceptible, S-susceptible
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Avirulence genotype characterization of Leptosphaeria
maculans isolates

The avirulence genes of all isolates used as differentials
in this study are listed in Table 2. The frequency of 12
avirulence alleles in 300 L. maculans isolates collected
from fields were identified (Fig. 3). Among the 12
avirulence alleles, the frequency of AvrLm3 was the
lowest (2.7 %) and was detected in only eight isolates.
Five of the AvrLm3-carrying isolates were from
Brandon, two were from Morden, and one from
Morris. The avirulence alleles of AvrLm9 and
AvrLepR2 were detected in 3.3 % and 10.7 % of the
isolates collection, respectively. A few avirulence genes

were detected in higher frequency: AvrLm1, 22.0 %;
AvrLepR1, 39.1 %; AvrLm2, 64.3 %; AvrLm11, 65.3 %
and AvrLm6, 66.0 %. The proportion of avirulence
alleles AvrLm4, AvrLm5 and AvrLm7 were the highest,
which accounted for 77.1 %, 80.7 %, and 89.2 % of the
isolates collection, respectively. Only one differential
variety, Surpass 400 (RlmS, LepR3) could be used to
identify AvrLmS, and LepR3 in Surpass 400 interacts
with AvrLm1. Therefore, we were not able to identify
AvrLmS in 73 isolates due to the presence of AvrLm1.
The frequency of AvrLmS accounted for 34.4 % of 227
isolates. The number of avirulence genes per isolate
ranged from 2 to 9. The majority of the isolates (226)
carried five or more avirulence alleles..
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Fig. 3 Frequency of avirulence
alleles in a collection of
300 Leptosphaeria maculans
isolates collected in Manitoba in
2012. AvrLmS was assessed in
227 L. maculans isolates
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The race structure of L. maculans was assessed fol-
lowing the nomenclature of Balesdent et al. (2005).
Combinations of 12 avirulence/avirulence alleles can
produce 212 (4096) races. In this study, a total of 150
races were identified and the number of isolates per race
ranged from 1 to 21. A total of 43 races were comprised
of more than two isolates per race (Fig. 4), while 107
races were represented by a single isolate. The three
most frequent races were: Av 2–4-5-6-7-11, Av 1–4-5-
6-7-11-(S) and Av 2–4-5-6-7-11-LepR1, which
accounted for 17 % of all isolates. All AvrLm3-carrying
isolates appeared to belong to 8 different races; race
structures of the 5 isolates from Brandon were: Av 1–
2-3-4-6-(S)-LepR2, Av 1–3-4-9-(S)-LepR2, Av 2–3-5-
LepR1-(S), Av 3–4-5-6-7-11-(S), Av 2–3-4-5-6-
7-(LepR2), the two isolates from Morden were: Av 2–
3-4-7-LepR1-LepR2-(S), Av 2–3-7-LepR1-(S), and the
isolate from Morris was: Av 2–3-9-LepR2.

The richness of the population appeared to be very
high, as indicated by the Margalef index value of 26.1.
Moreover, the Simpson diversity index value of 0.98
revealed that the population was quite diverse.

Frequency of Avr alleles in L. maculans isolates from
37 canola fields were compared (Table 5). Variations
between fields were observed for some avirulence al-
leles. The frequency of AvrLm2, AvrLm4, AvrLm5,

AvrLm6, AvrLm7, and AvrLm11 were high in the major-
ity of fields, whereas variations between fields were
observed in the frequency of AvrLm1, AvrLm3,
AvrLm9, AvrLmS, AvrLepR1, and AvrLepR2. AvrLm3
was only detected in five fields. Among these 5 fields,
seed samples from three fields did not carry any R gene,
seed sample from one field carried unknown resistance,
whereas seed samples from one field carried AvrLm3.

Overall, the L. maculans population within canola
fields in Manitoba were highly variable. The AvrLm3
allele was not present in the majority of L. maculans
isolates. Although Rlm3 is present in the majority of
Canadian canola varieties/lines, the low frequency of the
AvrLm3 allele in the pathogen population was indicative
of a breakdown of Rlm3 resistance.

Discussion

To the best of our knowledge, this is the first thorough
report on the R genes present in Canadian B. napus
germplasm. A total of eight known R genes were de-
tected in 104 B. napus accessions with Rlm3 being
clearly the predominent R gene identified within the
collection. The presence of Rlm3 within Canadian
B. napus accessions, and the deficiency of the
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Table 5 R genes in seed samples and frequency of avirulence alleles in L. maculans isolates collected from 37 canola fields in Manitoba

Fields R genes a No. of
isolates

No. of
races

AvrLm1 AvrLm2 AvrLm3 AvrLm4 AvrLm7 AvrLm9 AvrLepR1 AvrLepR2

BR1 Rlm2(H),
Rlm3(H)

17 15 17.6 82.4 0.0 94.1 100.0 0.0 35.3 0.0

BR2 None 6 5 0.0 50.0 0.0 33.3 100.0 0.0 16.7 0.0

BR3 Rlm3 (H) 5 3 0.0 80.0 0.0 80.0 80.0 0.0 20.0 0.0

BR4 Rlm3 (H) 4 3 0.0 75.0 0.0 100.0 100.0 0.0 50.0 0.0

BR5 Rlm2, Rlm3 12 11 16.7 75.0 0.0 75.0 66.7 8.3 0.0 33.3

BR6 Rlm3 5 5 0.0 40.0 0.0 100.0 100.0 0.0 20.0 0.0

BR7 Unknown 8 7 37.5 62.5 0.0 75.0 75.0 0.0 25.0 0.0

BR8 None 6 6 0.0 66.7 16.7 16.7 33.3 0.0 83.3 0.0

BR9 None 4 3 0.0 50.0 0.0 100.0 100.0 0.0 75.0 0.0

BR10 N/A 3 2 0.0 66.7 0.0 100.0 100.0 0.0 100.0 0.0

BR11 None 3 3 0.0 66.7 66.7 66.7 100.0 0.0 33.3 0.0

BR17 Unknown 3 3 0.0 66.7 0.0 33.3 66.7 0.0 66.7 33.3

BR20 None 9 8 0.0 88.9 0.0 55.6 88.9 0.0 66.7 0.0

BR22 Rlm3(H) 10 10 30.0 60.0 0.0 70.0 90.0 0.0 60.0 0.0

BR23 Rlm3 10 10 40.0 50.0 20.0 40.0 70.0 20.0 30.0 70.0

MD1 None 2 2 - b - - - - - - -

MD2 None 1 1 - - - - - - - -

MD4 None 11 11 9.1 72.7 0.0 72.7 81.8 9.1 27.3 27.3

MD6 None 7 6 28.6 57.1 0.0 71.4 100.0 0.0 85.7 0.0

MD7 Unknown 9 7 22.2 55.6 0.0 88.9 100.0 0.0 44.4 0.0

MD8 None 5 5 0.0 80.0 40.0 60.0 100.0 0.0 40.0 20.0

MD9 Rlm3 2 2 - b - - - - - - -

MD11 none 4 3 0.0 75.0 0.0 50.0 100.0 0.0 50.0 0.0

MD14 Rlm3 13 9 0.0 76.9 0.0 53.8 100.0 7.7 61.5 15.4

MD15 Rlm3 8 6 0.0 87.5 0.0 12.5 50.0 0.0 62.5 0.0

MO5 Rlm3(H) 15 11 26.7 66.7 0.0 100.0 93.3 6.7 33.3 20.0

MP1 Rlm3(H) 12 8 25.0 50.0 0.0 100.0 100.0 0.0 0.0 0.0

MP3 Rlm3 12 11 16.7 66.7 0.0 91.7 91.7 16.7 8.3 0.0

PC2 Rlm3 16 10 25.0 75.0 0.0 87.5 100.0 0.0 62.5 6.3

PC4 Unknown 7 7 28.6 71.4 14.3 71.4 28.6 28.6 14.3 28.6

SB1 Rlm1 9 6 0.0 77.8 0.0 77.8 33.3 0.0 11.1 0.0

SB2 None 9 8 44.4 66.7 0 88.9 100 0 11.1 11.1

SB3 Rlm3(H) 14 12 35.7 64.3 0.0 78.6 100.0 0.0 50.0 0.0

SB4 N/A 10 9 40.0 70.0 0.0 90.0 100.0 0.0 40.0 10.0

SB5 None 14 14 50.0 35.7 0.0 92.9 100.0 0.0 28.6 35.7

SB7 Rlm3(H) 5 4 40.0 20.0 0.0 80.0 100.0 0.0 20.0 20.0

SW20 None 10 8 60.0 30.0 0.0 100.0 100.0 0.0 30.0 0.0

Frequency was calculated as the percentage of isolates carrying a given avirulence allele
a (H) refers to accessions with heterogeneous seeds whereby R gene was detected in 50–80% of the plants. N/A refers to seed samples were
not collected in these fields. Unknownmeans the resistance genotype could not be determined in this study, accessions that carried unknown
R genes might be due to the presence of a new R gene, other known R genes that were not tested in this study, or combinations of several R
genes. None refers to the absence of R gene resistance
b Frequency of avirulence alleles in isolates collected from the field was not calculated due to small sample size
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corresponding AvrLm3 in the L. maculans population
clearly indicated the breakdown of Rlm3 resistance in
western Canada. The high frequency of Rlm3 in
Canadian canola accessions is likely due to the use of
a single source of resistance in breeding programs since
the first report of this disease in Canada in the 1970s
(Gugel and Petrie 1992). When pathogenicity groups
(PGs) were used to describe L. maculans populations,
the predominant PG in western Canada was PG2 (Chen
and Fernando 2006; Kutcher et al. 2007, 2010). It can be
hypothesized that breeding for blackleg resistance was
conducted against a pathogen population of limited
variability, only PG2 isolates (virulent on B. napus cv.
Westar, avirulent on Glacier and Quinta). The corre-
sponding R genes in differential varieties to PG2 iso-
lates, are Rlm2 and Rlm3 in Glacier (Balesdent et al.
2002), Rlm1 and Rlm3 in Quinta (Kutcher et al. 2010).
Due to the presence of Rlm3 in both Glacier and Quinta,
the probability of introducing Rlm3 into canola varieties
was extremely high. Our findings support this theory as
Rlm1, Rlm2, and Rlm3 were the top three R genes
present in the B. napus accessions. Furthermore,
Canadian blackleg resistant canola varieties were re-
leased in the early 1990s (Kutcher et al. 2011), and this
study clearly indicated that Rlm3 was present in
Canadian canola varieties released in the 1990s, such
as Quantum (1995), Allons (1995), Q2 (1998), and Hi-
Q (1999).

The breakdown of Rlm3 resistance demonstrates the
high evolutionary potential of L. maculans populations
in western Canada where PG2 isolates were dominant
for a very long time (Chen and Fernando 2006). More
specifically, between 1984 and 1998, only PG1
(Leptosphaeria biglobosa) and PG2 isolates were ob-
served, but other PGs (PG3, PG4, PGT) were identified
by 1998 (Keri et al. 2001; Chen and Fernando 2006).
Balesdent et al. (2005) reported thatAvrLm3was present
in 69.2 % of Canadian L. maculans isolates collected
during 1985–1992. The frequency of AvrLm3 in
L. maculans isolates collected between 1997 and 2005
in western Canada was 17.7 %, much lower than the
frequency of other avirulence alleles (Kutcher et al.
2010). Dilmaghani et al. (2009) reported the AvrLm3
allele was present in about 60 % of L. maculans isolates
collected in western Canada between 2005 and 2006,
but variations between locations were observed. In 2010
and 2011, 8.7 % of L. maculans isolates collected in
western Canada carried the AvrLm3 allele (Liban et al.
2013). By 2012, our results demonstrate that the

frequency of AvrLm3 in L. maculans isolates collected
in Manitoba had dropped to 2.7 %. The frequency of
AvrLm3 isolates varied between locations and years in
Canada, which could be indicative of a transitory situa-
tion towards Rlm3. In addition to changes in the fre-
quency of Avr alleles, disease incidence and severity of
blackleg on canola has fluctuated (Canadian disease
survey, http://phytopath.ca/publication/cpds). The
increase in disease severity correlates with the
declining frequency of AvrLm3 observed from 2005 to
2012, and the increasing use of resistant varieties with
Rlm3 resistance over the years. In addition, the effect of
intensive production of canola from the common
practice of one canola crop every four years on a field
to the very common one canola crop every two years has
likely played a role in increased frequency and severity
of blackleg (Kutcher et al. 2013). This finding strongly
supports the observation of increased disease incidence
as a result of the shift from AvrLm3 to avrLm3, mainly
due to the repeated use of Rlm3 (Kutcher et al. 2010;
Liban et al. 2013).

Previous studies highlighted the ‘boom and bust’
nature of the disease of blackleg (Marcroft et al.
2012b). In Australia, breakdown of ‘sylvestris’ resis-
tance on the lower Eyre Peninsula was observed in
2003, three years after the commercial release of varie-
ties harbouring ‘sylvestris’ resistance (Sprague et al.
2006). However, the frequency of L. maculans isolates
avirulent on these varieties had increased by 2005 when
alternative varieties were made available (Marcroft et al.
2012b; Van de Wouw et al. 2014b). Similarly, although
the frequency of the AvrLm3 allele is currently very low
in field fungal populations, reduced production of Rlm3
varieties may prevent further breakdown and perhaps
result in a gain of AvrLm3 in fungal populations in the
coming years.

Knowledge onAvr alleles of L. maculans isolates has
major implications in deploying R genes in management
of diseases. For example, studies on avirulence alleles in
field populations (2002, 2003) of L. maculans suggested
potential effectiveness of Rlm6 and Rlm7 in Europe
(Stachowiak et al. 2006). Results from our study indi-
cated very high frequency of AvrLm2, AvrLm4, AvrLm5,
AvrLm6, AvrLm7, and AvrLm11, while very low fre-
quency of AvrLm3 and AvrLm9 in L. maculans popula-
tions in Manitoba (2012 collection). According to our
knowledge on Avr alleles in L. maculans populations
and R genes in B. napus germplasm, Rlm2 and Rlm4 are
probably very useful in current Canadian R gene
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deployment. In addition, other useful R genes such as
Rlm5, Rlm6, Rlm7, and Rlm11 can be introduced into
Canadian canola varieties. In contrast, Rlm3 and Rlm9
were overcome and Rlm1, LepR1, and LepR2 are in the
process of being overcome. However, except for Rlm3,
there is no evidence that Rlm1, LepR1, and LepR2 are
widely used in Canada. We also do not know whether
Rlm9 was used in blackleg control in Canada as Rlm9
was not detected in this study. In Canada, the frequency
of both AvrLm3 and AvrLm9 in blackleg populations
decreased with time (Kutcher et al. 2010; Liban et al.
2013; Fernando et al. unpublished). This phenomenon
suggested intensive use of Rlm3 in Canada may have
resulted in decrease of both AvrLm3 and AvrLm9 in
isolates as they are in the same gene cluster. In contrast,
with the decrease of AvrLm3, the frequency of AvrLm7
in Canadian L. maculans populations increased with
time (Dilmaghani et al. 2009; Liban et al. 2013).
Moreover, only a small number of L. maculans isolates
have been found to carry both AvrLm3 and AvrLm7 in
previous studies (Balesdent et al. 2006; Kutcher et al.
2010; Dilmaghani et al. 2009). Our study’s findings
corroborate this as further evidence of this phenomenon
suggesting the co-existence of these two genes in
L. maculans to be uncommon. Recently, Plissonneau
et al. (2015) found AvrLm3 was only expressed if the
isolate did not carry AvrLm7, and illustrated the ‘hide-
and-seek’ relationship between AvrLm3 and AvrLm7.
These phenomena can be at least partially explained
by the fact that AvrLm3, AvrLm7 and AvrLm9 are part
of the AvrLm3-4-7-9-LepR1 genetic cluster (Balesdent
et al. 2002, 2005; Ghanbarnia et al. 2012), and can
further provide guidance to blackleg management
through appropriate R-gene rotations.

Marcroft et al. (2012b) demonstrated that rotation of
R genes can minimize disease pressure by manipulating
fungal populations. However, rotation of R genes to
manage blackleg in Canada is a challenge at present
due to limited R gene availability in our canola
varieties other than Rlm3. Although unknown resistance
was detected at the seedling stage in several canola
accessions, further investigation is required to better
understand the reactions by these accessions before
using them as Bnew^ resistance sources in breeding
programs. Previous studies have shown that the durabil-
ity and effectiveness of R genes varied in different
circumstances (mainly different fungal population struc-
tures). For example, in Australia, research by Marcroft
et al. (2012a) indicated that Rlm3 and Rlm4 were less

effective than other seedling resistance genes most like-
ly due to the low frequency of AvrLm3 and AvrLm4 in
L. maculans populations (Dilmaghani et al. 2009); how-
ever, in Canada the durability or effectiveness of R
genes was difficult to predict due to the lack of knowl-
edge of R genes in commercial canola varieties. We are
currently investigating the durability of several R genes
under field conditions, which will be useful in terms of
strategies to manage resistance breakdown (Fernando
et al. unpublished).

Durability of resistance is particularly important in
blackleg control (Pietravalle et al. 2006). One effective
strategy to improve the durability of blackleg resistance
is through the development of canola varieties with a
combination of R genes and APR (Kiyosawa 1982;
Pietravalle et al. 2006; Brun et al. 2010; Delourme
et al. 2014). Canola accessions that have both APR
and R gene resistance can increase the durability of R
gene resistance (Brun et al. 2010;Marcroft et al. 2012b).
In our study, about half of the Canadian canola acces-
sions had both APR and R gene resistance. Although
APR was evaluated under controlled conditions in this
study, APR identified under controlled conditions can
improve the process of blackleg resistance breeding
(Huang et al. 2014), and it may be considered a prelim-
inary evaluation that can be further confirmed by field
evaluations. Although APR can be isolate-specific in
some cases, as described by Marcroft et al. (2012a),
APR is usually considered as race non-specific
(Delourme et al. 2006).

Unlike the rapid breakdown of ‘sylvestris’ resistance
in Australia and Rlm1 in Europe (Rouxel et al. 2003a;
Sprague et al. 2006; Van de Wouw et al. 2010) that
occurred within a few years, the breakdown of Rlm3
resistance in western Canada appears to have been much
slower. Although Rlm3-carrying varieties were released
in 1990s, Rlm3 appeared to be still very effective in 2005
because the AvrLm3 allele was present in about 60 % of
L. maculans isolates collected in western Canada be-
tween 2005 and 2006 (Dilmaghani et al. 2009). This
could be due to the fact that Rlm3 resistance was de-
ployed in different canola varieties with different genetic
backgrounds (with different levels of APR). Although
other R genes were rarely detected in Canadian canola
accessions, they still have a role to play in blackleg
control. In addition, a combination of Rlm3 and APR,
or the combination of Rlm3 with other R genes in some
commercial varieties may have reduced the speed of the
breakdown of Rlm3 observed. Although both ascospores
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(sexual) and pycnidiospores (asexual) can infect oilseed
rape, ascospores have many advantages over
pycnidiospores during disease epidemiology and there-
fore contributed more in generating variations at
avirulence loci to overcome R genes (Dilmaghani et al.
2013). In western Canada, pycnidiospores are a major
source of primary inoculum (Ghanbarnia et al. 2011; Guo
et al. 2005) and this is another reason that may explain
the slowdown of breakdown as it limits genetic variabil-
ity of the pathogen, along with a very limited spread in
space of pycnidiosopres compared to ascospores. In ad-
dition, high clonal fractions in L. maculans populations
in western Canada further confirmed a lack of ascospore-
mediated infection and of sexual reproduction
(Dilmaghani et al. 2009, 2013). Furthermore, crop rota-
tion, and short cultivation season (3 months) of canola in
Canada are not in favour of sexual mating. With this in
mind, canola breeders might use the less common R
genes to develop new varieties, to increase the number
of varieties to facilitate R gene rotation.

Using genetic resistance is very effective to control
the disease of blackleg. Characterization of R genes in
commercial varieties and advanced breeding lines is
essential for blackleg resistance breeding (Marcroft
et al. 2012a). In Australia, diversification of blackleg
resistance in canola varieties resulting from changes in
their breeding programs (Marcroft et al. 2012a) provides
alternative disease management strategies such as rota-
tion of R genes (Marcroft et al. 2012b). The work
presented here will be the starting point of the founda-
tion of canola breeding programs in Canada that will
combine APR with diversified and efficient R genes.
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