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Abstract Leptosphaeria maculans L. causing blackleg
is a highly evolved fungal pathogen that damages the
rapeseed industry in Canada, Australia, and Europe.
Advanced backcross populations segregating for inter-
mediate resistance (BLMR2) and susceptible (blmr2)
alleles were planted and inoculated using cotyledons.
Near iso-genic lines (NILs) containing the intermediate
blackleg resistance locus along with the parent lines and
other controls were planted in a blackleg nursery at the
University of Manitoba. ANOVA indicated a correlated
significant difference between the genotypes with
BLMR2 and blmr2 alleles at the seedling and adult plant
stages. Heterozygous plants with both BLMR2 and
blmr2 alleles showed relatively lower disease severity
index (DSI) while other plants with only the blmr2 allele
induced a higher DSI at seedling and adult plant stages,
respectively, on a scale of 0–9. In the field, the NILs
with the BLMR2 alleles consistently showed lower stem
canker severity index similar to the resistant parent
Surpass 400 in three consecutive years. In comparison,
lines with known R genes (BLMR1 and Rlm2) showed

relatively higher DSI in the field test. This demonstrated
that the intermediate resistance locus performed well
under severe blackleg disease pressure in the field while
the NIL lines with single dominant R genes were inef-
fective. Because a group of isolates carrying various
Avr/avr alleles was used in the field evaluation, our
results suggest that the intermediate resistance locus
confers horizontal resistance and has excellent potential
in blackleg management in western Canadian canola
production regions.
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Introduction

Brassica napus L. (rapeseed or oilseed rape) is an eco-
nomically important global oilseed crop. Leptosphaeria
maculans, belonging to the Dothideomycetes, causes
blackleg disease in major rapeseed growing areas in-
cluding Canada, Australia, and Europe (West et al.
2001). The pathogen infects various plant parts includ-
ing the cotyledons, leaves, pods, stems, and roots,
resulting in yield and quality losses (Gugel and Petrie
1992; Salisbury et al. 1995). Wind-borne ascospores
and rain-splashed pycnidiospores, the potential sources
of inoculum (Salisbury et al. 1995; West et al. 2001),
penetrate stomatal openings to initiate infection (Li et al.
2004). After successful penetration, symptoms in the
plant are exhibited in two phases. First initial lesions
develop on the leaves, which are then followed by stem
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canker near the bottom of stems (Hammond et al. 1985;
Hammond and Lewis 1987a, b; West et al. 2001; Huang
et al. 2006). Absence of stem canker is an indicator of
blackleg resistance in rapeseed since severe stem canker
is associated with potential yield losses worldwide.
However, very early infection of cotyledons and young
leaves initiated by ascospores also leads to significant
yield losses in Australia (Salisbury et al. 1995; West
et al. 2001; Li et al. 2004; Delourme et al. 2008a).

Genetic resistance in the rapeseed and blackleg
pathosystem is classified as qualitative resistance con-
ferred by major and dominant R genes and quantitative
resistance (QR) by minor polygenes or quantitative trait
loci (QTL). Resistance in cotyledons and true leaves
severely restricts hyphal growth beyond penetration
sites (Hammond and Lewis 1987a, b; Li et al. 2004,
2008b; Huang et al. 2006). This type of resistance is
mainly associated with race-specific R genes. While at
later growth stages, reduced stem canker severity is due
to limited pathogen growth and multiplication in the
stem, which is most likely mediated by polygenes
(Hammond and Lewis 1987a, b; Li et al. 2004; Yu
et al. 2005; Huang et al. 2009, 2014; Travadon et al.
2009). Other commonly used terms used for these types
of resistance include seedling or cotyledon resistance at
the early stages and adult plant resistance (APR) at the
later plant growth stages (Delourme et al. 2006). How-
ever, seedling resistance and APR can be correlated in
some cases (Hammond et al. 1985; Huang et al. 2006).
Seedling resistance is often assessed in controlled envi-
ronmental conditions using cotyledon or leaf inocula-
tion assays, while APR is usually evaluated under field
conditions where a mixture of natural inoculum or ap-
plication of mixed inoculum is involved, so the term
“field resistance” is commonly used. The mechanism of
APR is thought to be mediated by QTL as compared to
qualitative resistance mediated by typical R genes. The
R genes evaluated at the seedling stage in controlled
environmental conditions are relatively simple and reli-
able as compared to the APR at the adult plant stage in
the field (Bansal et al. 1994). In addition, identification
of stable QTL for APR requires multi-year and multi-
location field trials. Some studies suggest evaluation of
quantitative resistance at the seedling stage in controlled
environmental conditions such as petiole and hypocotyl
inoculation methods using field collected ascospores
(Travadon et al. 2009; Huang et al. 2014).

Genetic resistance controlled by major and minor
genes (Dion et al. 1995; Delourme et al. 2004;

Rimmer 2006; Raman et al. 2012, 2016) in combination
with other management practices such as crop rotation
or sanitation have kept blackleg disease under control
(Salisbury et al. 1995; West et al. 2001). However,
serious breakdown of resistance in cultivars with single
R genes has been reported in France and Australia (Li
et al. 2003; Rouxel et al. 2003; Sprague et al. 2006),
mainly due to the use of a sole R gene in a tight crop
rotation practices. A recent study indicated the possible
loss of effectiveness of the resistant gene Rlm3, inferred
from the lack of the complementary avirulent allele
(AvrLm3) in the western-Canadian L. maculans popula-
tion (Zhang et al. 2016). They also noted the predomi-
nance of Rlm3 gene in the cultivars grown in western
Canada since the early 1990s. The occurrence of a single
R gene in most canola cultivars (Zhang et al. 2016;
Liban et al. 2016) and the wide range of cultivation of
these cultivars with the same R gene (Rouxel et al. 2003;
Sprague et al. 2006; Van de Wouw et al. 2014) exerts
evolutionary pressure on prevalent L. maculans races.
This had contributed to the disappearance of comple-
mentary Avr genes and the increased frequency of viru-
lent alleles in Canada, France, and Australia. Rlm3 had
been effective for a relatively long period of time in
Canada, while sudden losses of effectiveness of Rlm1
and LepR3 occurred in France and Australia, respective-
ly (Li et al. 2003; Rouxel et al. 2003). This could be due
to the Rlm3 introgression in a APR background in a
significant proportion of Canadian cultivars (Zhang
et al. 2016). APR is generally mediated by polygenes
that potentially exert less selection pressure on the prev-
alent L. maculans race mixture. Jet Neuf is a good
example of a cultivar with quantitative resistance that
remained effective for decades (Hammond and Lewis
1987a, b; Dilmaghani et al. 2009). A combination of
typical R genes and quantitative resistance (QR) was
proposed to increase the durability of the R genes in
B. napus cultivars (Brun et al. 2010). Recently, the use
of the more detailed labels for major R gene rotation has
been suggested especially in regions with tighter crop
rotation practices to ensure a better resistance steward-
ship (www.canolacouncil.org).

Surpass 400 is a rapeseed cultivar developed by
introducing blackleg resistance from the wild B. rapa
subsp. sylvestris that displayed a very high level of
resistance (Crouch et al. 1994). It was first released by
Pacific Seeds in 2000 as a cultivar with a high level of
APR in Australia (Easton 2001). Other hybrids and
open-pollinated cultivars with the sylvestris-derived
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resistance were developed and released in Australia and
Canada in 2001 (Easton 2001). However, the break-
down of resistance in Surpass 400 was reported in just
3 years after Surpass 400 was released (Li et al. 2003).
Initially, the high APR in Surpass 400 was thought to be
mediated by a single dominant gene (Easton 2001; Li
and Cowling 2003) and Yu et al. (2008) mapped this
gene (LepR3) on chromosome A10 (Larkan et al. 2013).
However, Van De Wouw et al. (2009) reported that at
least two dominant genes (Rlm1 and RlmS) that interact
with AvrLm1 and AvrLmS, respectively, are responsible
for the APR in Surpass 400 (Marcroft et al. 2012;
Larkan et al. 2016b). In another study, Long et al.
(2011) identified two independent loci (BLMR1 and
BLMR2) in this cultivar and mapped both on chromo-
some A10 approximately 20 cM apart, not so distant
from the previously mapped LepR3 locus (Yu et al.
2008). LepR3, which has already been cloned is the
same as BLMR1 (NCBI accession No. JQ979409).
The major A10 genes LepR3 and Rlm2 apparently are
allelic (Larkan et al. 2013, 2014, 2015) and function as
receptor-like protein while the second resistance locus;
however, BLMR2 that displayed intermediate cotyledon
resistance phenotypes (Long et al. 2011) remained cryp-
tic. The aim of the current study is to perform a thorough
phenotypic analysis of the BLMR2 locus. We hypothe-
size that BLMR2 is a QR locus with partial seedling
resistance that corresponds to APR.

Materials and methods

Molecular marker development and detection

According to the previous mapping data (Long et al.
2011), BLMR2 was located in a region close to a se-
quence characterized amplified region (SCAR) marker
12D09. Using the genomic sequence of chromosome
A10 in B. rapa, 35 simple sequence repeat (SSR)
markers were designed and tested. Four SSR markers
were identified to be closely linked to the BMLR2 locus
(Tables 1 and 2), and together with the previous SCAR
marker 12D09, all the five molecular markers were used
to develop near isogenic lines through molecular marker
assisted backcrossing.

DNAwas extracted from leaf tissues using the CTAB
method as described previously (Long et al. 2011). Also,
four SSR and one SCAR molecular markers were de-
tected following the same procedure as described by

Long et al. (2011). Two unlabelled primers and the
M13 primer labeled with four fluorescent dyes “6-
FAM,” “VIC,” “NED,” and “PET” were used to pro-
duce PCR products which were separated with the ABI
Genetic Analyzer 3130xl (ABI, CA, USA). PCR was
run at 94 °C, 3 min; 94 °C, 1 min; 60 °C with − 1.0 °C
each cycle 1 min and 72 °C, 1 min for 6 cycles; 94 °C,
1 min; 55 °C, 1 min; and 72 °C, 1 min for 25 cycles.

Brassica napus genotypes and populations

Genotypes containing BLMR2 were derived from
recombinants in the BC1F3 of a cross between Westar
(susceptible and recurrent parent) and Surpass 400 (re-
sistance donor parent) as described by Long et al.
(2011). Advanced backcrossed (BC5F3) B. napus pop-
ulation segregating for heterozygous BLMR2/blmr2 and
blmr2 alleles (Supplementary Table S1) were developed
by successively backcrossing the BC1F3-derived recom-
binant lines (Long et al. 2011) to the susceptible recur-
rent parent Westar. Homozygous near isogenic lines
(NILs) with BLMR2 (37-7-5-4, 37-7-5-3–BC2F4,
NJ13b–BC3F4, Hn7, and Hn10–BC5F4) were devel-
oped by selfing a series of recombinants in the
backcrossed generations. These recombinant-derived
NILs are presumed to harbor a range of segments based
on genotypic data (Table 2) in the BLMR2 region. Con-
trol checks used in the field experiment include 15-92-
11 (BLMR1 NIL derived from the cross between Westar
and Surpass 400, Long et al. 2011) and G4A36-1 (Rlm2
NIL derived from the cross between Westar and Gla-
cier), which were developed using similar procedures
(backcrossing and selfing) in our lab. Surpass 400 and
Westar were also used as resistant and susceptible con-
trols, respectively.

Leptosphaeria maculans isolates and inoculum

Five L. maculans isolates representing different patho-
genicity groups (PGs) (Mengistu et al. 1991), namely
87-41 (PG2), 3-42-6 (PG3), 09 Stonewall (PGT), Pl03-
02-01 (PG3), and PG4-1-M (PG4), were used to inocu-
late individual plants. Four of them (87-41, 3-42-6, 09
Stonewall and PG4-1-M) were tested for the Avr gene
patterns (AvrLm1, AvrLm2, AvrLm4-7, AvrLm6,
AvrLm11, and AvrlmJ1) by PCR (Supplementary
Table S2). The L. maculans isolates were prepared using
pycnidiospores collected from dried inoculated cotyle-
dons of Westar on V8 medium plates after surface
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sterilization under continuous light at 24 °C. After
7 days, pycnidiospores were sub-cultured into fresh
V8 agar media. Proliferated pycnidiospores were col-
lected from the medium surface by scraping using glass
slides and double distilled water. The suspension was
spinned down, and the supernatant was discarded. Dis-
tilled water was added, and the spores were re-
suspended to estimate the concentration using a hema-
cytometer under a microscope. The final inoculum was
adjusted to a concentration of 2 × 107 spores/ml
(Mengistu et al. 1991; Long et al. 2011).

Phenotyping and genotyping

A total of 896 segregating BC5F3 (Supplementary
Table S1—experiment 1) and 128 self-pollinated (37-
7-5-3, NJ13b, Hn7 and Hn10, and Westar—experiment
2) plants were cotyledon inoculated with a set of
L. maculans isolates (87-41, 3-42-6, 09 Stonewall,

Pl03-02-01, PG4-1-M) (Supplementary Table S2), ex-
cept isolate Pl03-02-01 was not used in the NIL testing
(experiment 2). About 80 to 96 plants were individually
inoculated on cotyledons by per isolate per segregating
population in experiment 1 (Supplementary Table S1)
while four plants were inoculated per isolate per line in
experiment 2. At the seedling stage, phenotypic data
was collected by observing the cotyledon lesion devel-
opment on a scale of 0–9 as described by Williams and
Delwiche (1979), after 14-day inoculation (dai). At the
adult plant stage, stem canker severity symptoms were
scored based on physiological maturity at the ripening
stage after all the pods were formed but the stems were
still green, by cutting at the base of the stem and eval-
uating the level of blackening using a 0–5 scale as
recommended by the Canola Council of Canada: 0—
no disease; 1—up to 25% of the cross section; 2—26–
50% of the cross section; 3—51–75% of the cross
section; 4—> 75 of the cross section with some seed

Table 1 Molecular markers used for genotyping backcross populations and near isogenic lines

Marker name Primer name Sequence (5′-3′) Marker type Physical position*

N10-56 n10-56 m13TAATACTGGTTAATTATGCT SSR 12.00
Rn10-56 ACAGTACATTCACGTTCTAG

N10-45 n10-45 m13CAGAAGAAGAAGGATATGGT SSR 12.06
Rn10-45 TCCAGTTAACCAATGCTGGT

N10-40 n10-40 m13CACAATTTCTGGTATACAGATTG SSR 12.13
Rn10-40 CTTTGGAGCGAATTGTTGAAG

N10-37 n10-37 m13CAGTCCTGACTTTGCCATCA SSR 12.60
n10-37 ACAGGCGAGAGGTTTGAAGA

12D09 12D09A m13TCCGATCACACGAGTGTTGA SCAR 14.36
12D09B m13 CAACACAGTACACACAAGCA CACGACGTTGTAAAACGAC

SSR simple sequence repeats, SCAR sequence characterized amplified region

*Physical position was obtained by BLAST analysis using the genome sequence data (http://brassicadb.org/brad/blastPage.php)

Table 2 Genotypes of near isogenic lines and their R gene donor parent Surpass 400 and recurrent parent Westar

Materials Generation Molecular marker

12D09a N10-56 N10-45 N10-40 N10-37

Surpass 400 Donor parent A A A A A

37-7-5-3 BC2F4 a A A A A

37-7-5-4 BC2F4 a A A A A

NJ13b BC3F4 a A A A a

HN7 BC5F4 a a A a a

HN10 BC5F4 a a A a a

Westar Recurrent parent a a a a a
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production; 5–100% of the cross section with no seed
production, tissue dry and brittle, and plant dead. Stem
crown canker data were converted to a standard 0–9
scale (Delourme et al. 2008b) and the mean disease
severity indices were calculated as described by Pilet
et al. (1998). DSI = [(N0 × 0) + (N1 × 1) + (N2 × 3) +
(N3 × 5) + (N4 × 7) + (N5 × 9)]/Nt, where N0, 1, …5 is
equal to the total number of scored plants for each
classification and Nt is the total number of plants
assessed. Genotypic information was collected using
co-dominant SRAP and SSR molecular markers
flanking the BLMR2 locus (Long et al. 2011). The
sub-populations with heterozygous BLMR2/blmr2 al-
leles showed heterozygous dominant, and those with
only blmr2 allele showed homozygous susceptible ge-
notypes; the homozygous BLMR2 NILs showed a ho-
mozygous resistant genotype (Table 2).

Experimental setup in controlled growth chamber
and greenhouse conditions

Seeds were planted in 96-well trays filled with premix
soil and kept in controlled growth chamber (14 h light at
20 °C and 10 h dark at 18 °C). The soil filled trays were
watered thoroughly before planting and every other day
after emergence. Awater-soluble 20-20-20 (N-P-K) fer-
tilizer was applied before planting and two to three times
after planting at seedling and rosette stages. In about
7 days after planting, plants were pierced using forceps,
one on each cotyledon, two wounds per plant, and
inoculated with 10 μl of spore suspension (Long et al.
2011). The plants were kept at room temperature over-
night and put back in the growth chamber (14 h light at
20 °C and 10 h dark at 18 °C). The first two true leaves
were trimmed to facilitate the progress of infection into
the stems. The inoculated seedlings were later
transplanted to pots at rosette stage and kept in green-
houses until physiological maturity (Marcroft et al.
2012).

The experiment was arranged in a split-plot design
with a set of isolates (87-41, 3-42-6, 09 Stonewall, Pl03-
02-01, PG4-1-M) (Supplementary Table S2) as main
plot, and a series of BC segregating populations
(Supplementary Table S1) were randomly allocated to
the sub-plots within each of the main plots. The popu-
lation is sub-divided into heterozygous resistant
(BLMR2/blmr2 alleles) and susceptible (blmr2 allele)
groups, based on flanking molecular markers (Long
et al. 2011). The experiment was repeated twice (spring

2015—GH-1 and fall 2015—GH-2) (Supplementary
Table S1), and each experiment was considered as com-
plete blocks.

Four homozygous BLMR2 NILs (37-7-5-3, NJ13b,
Hn7 and Hn10) and Westar were also tested in two sets
of experiment (Winter 2016—GH-3 andWinter 2017—
GH-4) to validate the data collected from the
backcrossing populations. Data was collected from four
plants per each experimental unit (sub-plot) at the seed-
ling and adult plant stages as mentioned above. The
experiment was conducted in split-plot as above, but
only four isolates (87-41, 3-42-6, 09 Stonewall, PG4-1-
M) (Supplementary Table S2) were considered as main
plot and the five genotypes as sub-plots.

Experimental setup and evaluation of blackleg
resistance under field conditions

A total of seven genotypes, three BLMR2 NILs, one
BLMR1 NIL, one Rlm2 NIL, Surpass 400, and Westar,
were evaluated in the blackleg nursery at Carman, Man-
itoba for 3 years (2014–2016). The nursery was infested
with blackleg pathogen from previous season’s stubble
which comprised of well-characterized isolates to their
Avr/avr profile that represent the most important races
from commercial fields. These isolates carry the virulent
genes avrLm1, 2, 3, 4, 6, 7, and 9 in various combina-
tions (from Dr. Fernando’s lab). Each genotype was
grown in a single 1-m length row and about 0.5 g of
seeds were sown in each row. Distance between adja-
cent rows was 0.25 m and between plots (incomplete
blocks) is 0.5 m. The experiments were arranged in an
alpha-lattice design in two replicates. Each replicate
consisted of six incomplete blocks and 4 (2014), 6
(2015), and 7 (2016) rows per block. The susceptible
check was arranged at each corner rows, and the test
genotypes were put in the middle rows. In all testing
rows, 15 to 20 plants were uprooted to score crown
canker severity at the physiological maturity on a scale
of 0–5 as mentioned above.

Statistical analysis

The controlled environment experiments were analyzed
as split-plot with isolates as main plot, genotype as sub-
plot, and two experiments as complete blocks. A com-
bined variance analysis was also conducted on repeated
randomized complete block (RCB) experiments (GH-1
and GH-2 in the controlled experiments and three-year
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field experiment) with isolates nested within an experi-
ment. Experiment could be environment or year, and we
assume that genotype is fixed and experiments and
blocks are random effects. Furthermore, to study the
correlation of seedling and adult plant resistances, re-
peated measures analysis of a RCB was conducted with
isolates as blocks; assuming genotype is fixed and
blocks are random effects. Least significant (Ls) means
were used to estimate the differences among genotypes.
All the data were analyzed using the proc. mixed in SAS
program (University Edition).

Results

Seedling and adult plant resistance phenotypes
in BLMR2/blmr2 alleles

The number of plants evaluated at BC5F3 generation in
two experiments is summarized in (Supplementary
Table S1). BLMR2 allele displayed an intermediate re-
sistance reaction at seedling stage when inoculated with
a set of L. maculans isolates as compared to their blmr2
allele counterparts (Fig. 1). Combined ANOVA (analy-
sis of variance) of the two experiments conducted in the
spring 2015 (GH-1) and fall 2015 (GH-2) predicted
non-significant difference between the two experiments
(environment) at seedling and adult plant stages (P =
0.6211 and P = 0.4068, respectively) (Supplementary
Table S3). As expected, significant differences were
observed between the two genotypes with BLMR2 and
blmr2 alleles at both seedling and adult plant stages
(P = 0 . 0 00 1 an d P < . 0 0 01 , r e s p e c t i v e l y )
(Supplementary Table S3). When comparing the two
genotypes, BLMR2 containing genotypes exhibited
higher disease resistance phenotypes at the seedling
(mean DSI = 4.6 + 0.4) and adult (mean DSI = 3.4 +
0.5) stages than genotypes with the blmr2 allele (mean
DSI = 7.2 + 0.4 and 7.4 + 0.5, respectively) (Table 3)
when inoculated with five L. maculans isolates (87-41,
3-42-6, 09 Stonewall, Pl03-02-01, and PG4-1-M)
(Supplementary Table S2). On the other hand, non-
significant differences were observed among the isolates
(P = 0.1075 and P = 0.3261) (Supplementary Table S4)
at seedling and adult stages, respectively. Significant
differences were observed between genotypes (seedling
and adult stages) and genotype by isolate interaction
(adult stage, P = 0.0465) (Supplementary Table S4). Re-
peated measure analysis indicated non-significant

differences (P = 0.3520) between the two stages (seed-
ling vs adult) but difference (P < .0001) between the two
genotypes (BLMR2 vs blmr2) (Supplementary
Table S5). These results demonstrated that there was
positive relationship between intermediate cotyledon
resistance and adult plant resistance of genotypes with
the BLMR2 alleles under controlled conditions.

Disease response phenotype of homozygous NILs
containing BLMR2 at seedling and adult stages

To further confirm the resistant disease response pheno-
type of BLMR2 allele, four homozygous NILs were
compared with the susceptible recurrent parent Westar
(blmr2) in two experiments (GH-3 and GH-4). Com-
bined ANOVA indicated non-significant differences
(P = 0.7981 and P = 0.2608) between the experiments
(environment) but difference among genotypes
(P < 0.0001 and P < 0.0001) at seedling and adult
stages, respectively (Supplementary Table S6). The
BLMR2 containing NILs as a group induced significant-
ly (P < 0.0001) low DSI, with estimated mean DSI of
3.0 + 0.3, as compared to Westar (blmr2, mean DSI =
6.4 + 0.4) at seedling stage (Table 4). Similarly, differ-
ences (P < 0.0001) were observed between the NILs
(BLMR2) and Westar (blmr2) at the adult plant stage
with the mean stem canker severity index of 1.9 + 0.5
and 8.4 + 0.6, respectively (Table 4).

Adult plant resistance verification of homozygous NILs
containing BLMR2 under field conditions

Adult plant resistance of three homozygous NILs con-
taining BLMR2 and controls including the two parents
(Surpass 400 and Westar) and NILs containing BLMR1
and RLM2 were evaluated for 3 years (2014–2016)
under field conditions. Combined ANOVA indicated
significant variations in mean DSI among genotypes
(P < 0.0001) (Supplementary Table S7). Moreover, sig-
nificant variations were also observed for year (P =
0.0208) and genotype by year interaction (P = 0.0020)
(Supplementary Table S7). Pair-wise comparisons of the
3 years on average revealed that DSI in 2016 were
significantly different from 2014 and 2015 (P = 0.0123
and P = 0.0316, respectively) (Supplementary
Table S7). However, no significant difference (P =
0.2069) (Supplementary Table S7) was observed be-
tween 2014 and 2015. It was possible that late planting
and environmental conditions in 2016 might have
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contributed to the reduction in disease severity estimates
as compared to the previous 2 years. Combined Lsmean
estimates of the first 2 years indicated that the genotypes
with the BLMR2 allele could be categorized as resistant
(R) or intermediate resistant (MR) phenotypes, whereas
the lines 15C-92 and G4A14-2, with known resistant
genes BLMR1 and RLM2, respectively, were surprising-
ly categorized as susceptible (S) together with the sus-
ceptible parent Westar (Table 5). This demonstrated the
high APR potential of BLMR2 allele under field condi-
tions infested with the most dominant races of the path-
ogen in western Canada. Looking at the year 2016, all
the BLMR2 containing lines were classified as R and the

lines with BLMR1 (15C-92) and Rlm2 (G4A36-1) were
classified as MR and MS, respectively (5).

Overall, the analysis of APR in the field in the
3 years showed similar trend of reduced stem crown
canker severity with genotypes carrying BLMR2 allele.
The other two genotypes with the known R genes
(BLMR1 and Rlm2) performed relatively poor, with
higher DSI in 2014 and 2015 and lower DSI values
in 2016, where the mean disease severity index was
relatively lower on Westar compared to the previous
2 years probably due to the late planting and/or envi-
ronmental conditions.

Fig. 1 Comparison of cotyledon disease phenotypes of BLMR2 and BLMR1 containing lines when inoculated with a set of isolates. The
parents Westar (susceptible) and Surpass 400 (resistant) were also included as controls

Table 3 Ls mean Disease Severity Index (DSI, 0–9) estimates of
heterozygous BLMR2/blmr2 and susceptible blmr2 when inocu-
lated with five isolates

Label Df Seedling Adult
(Mean + SE) (Mean + SE)

BLMR2/blmr2 8 4.6 + 0.4 3.4 + 0.5

blmr2 8 7.2 + 0.4 7.4 + 0.5

The five isolates include the following: 1 = PG4-1-M, 2 = Pl03-02-
01, 3 = 09 Stonewall, 4 = 3-42-6, 5 = 87-41 (Table S2)

Table 4 Ls mean Disease Severity Index (DSI, 0–9) estimates of
homozygous BLMR2 NILs and Westar (blmr2) when inoculated
with four isolates

Label Df Seedling Adult
Mean + SE Mean + SE

BLMR2** 24 3.0 + 0.3 1.9 + 0.5

blmr2 24 6.4 + 0.4 8.4 + 0.6

The four isolates include the following: 1 = PG4-1-M, 3 = 09
Stonewall, 4 = 3-42-6, 5 = 87-41 (Table S2)

*The mean BLMR2 data was pooled from the four homozygous
NILs (37-7-5-3, NJ13b, Hn7, and Hn10).
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Discussion

BLMR2 consistently displayed intermediate resistance
to multiple isolates

The current genetic studies in the advanced BC genera-
tion (BC5F3) as confirmed by molecular markers (Long
et al. 2011) showed consistent 1:1 segregation pattern of
heterozygous resistant (BLMR2/blmr2) and susceptible
(blmr2), confirming the stability of this locus. More-
over, we investigated the intermediate cotyledon disease
reaction phenotype (Fig. 1) of the BLMR2 containing
genotype (Hn7) when cotyledon inoculated with a range
of L. maculans isolates (Supplementary Table S2) in
comparison with the BLMR1 containing genotype and
the resistant and susceptible parents as controls. The
cotyledon disease reaction phenotype of BLMR2 con-
taining genotypes was intermediate, although minor
differences were observed in the degree of lesion devel-
opment, suggesting partial effectiveness against all iso-
lates tested (Delourme et al. 2006, 2008b). The geno-
types containing BLMR1 induced a typical hypersensi-
tive response to isolate 87-41 (Long et al. 2011), but
intermediate phenotypic reaction was also observed
with the isolate 3-42-1, and plants exhibiting a suscep-
tible phenotype similar to Westar were observed when
challenged with the virulent isolates 03-15-03, 09Stone-
wall and PG4-1-M (Supplementary Table S2). The sus-
ceptible cultivar Westar displayed complete tissue col-
lapse with prolific pycnidiospores, whereas cultivar Sur-
pass 400 showed a range of high disease reaction
(necrotic) phenotypes to all the five isolates tested,
possibly due to the presence of at least the two resistance
loci, LepR3 (Larkan et al. 2013) and BLMR2.

Intermediate resistance at the cotyledon stage
correspond to adult plant resistance

Numerous studies suggested the reliability of the coty-
ledon inoculation method as a means to predict APR
after achieving significant correlation between seedling
and adult plant resistances in the greenhouse and field
conditions (McNabb et al. 1993; Bansal et al. 1994; Li
and Cowling 2003; Delourme et al. 2004). However,
others argued that seedling and APR are not necessarily
correlated and distinct genetic factors control these
mechanisms (Crouch et al. 1994; Pang and Halloran
1996; Mayerhofer et al. 1997; Delourme et al. 2006;
Rimmer 2006; Raman et al. 2012, 2016; Elliott et al.

2016). Generally, correlation of controlled and field
experiments is dependent on the frequency of the
L. maculans race structure in a disease nursery
(Rouxel et al. 2003; Larkan et al. 2016a), which could
be complex (various Avr genes in multiple combina-
tions) and location-specific (Li et al. 2005; Sprague
et al. 2006; Liban et al. 2016; Zhang et al. 2016). For
instance, Australian field isolates were reported to be
more diverse and virulent than probably anywhere in the
world (Li et al. 2005; Sprague et al. 2006; Delourme
et al. 2008a; Raman et al. 2012, 2016). In our study, the
plants in the advanced BC generations were individually
inoculated with a set of L. maculans isolates but the data
were analyzed together to give a better insight on the
potential of the genotypes with BLMR2 alleles. Upon
cotyledon inoculation with a number of contrasting
isolates, the genotypes with BLMR2 alleles resulted in
an intermediate DSI score, which was expected since the
lines with APR are supposed to be partially effective
against all isolates (Delourme et al. 2008b). Interesting-
ly, this correlated with partially resistant stem canker
severity. Bansal et al. (1994) also observed correlated
but relatively lower disease severity percentages at adult
plant stage than at the cotyledon stage. Our results were
also verified in the field.

Partial resistance is generally a characteristic of quan-
titative resistance (QR) controlled by polygenes, often
associated with APR (Pilet et al. 1998, 2001; Delourme
et al. 2004, 2006, 2008b; Rimmer 2006; Huang et al.
2014; Larkan et al. 2016a), which implies that there could
be tightly linked minor genes in this locus with a cumu-
lative resistance effect. Polygenic resistance may not
induce strong hypersensitive reaction at seedling stage
(Li et al. 2008b) but significantly reduces stem canker
severity at adult plant stage (Delourme et al. 2004; Li
et al. 2004; Travadon et al. 2009). In our study, cotyledon
inoculation of cultivar Surpass 400 with the isolate 87-41
(AvrLm1) displayed a seemingly hypersensitive response
with a small necrotic lesion at the wound site while
inoculations with isolates such as 03-15-03 or PG4-1-M
(non-AvrLm1) showed a larger necrotic lesion. This is
consistent with the finding by Dilmaghani et al. (2009),
where Jet Neuf showed similar phenotypes with isolates
containing AvrLm4 and non-ArLm4 alleles, respectively.
Similarly, Li et al. (2004) observed an atypical reaction
using a cytological study, where significantly reduced but
not totally arrested hyphal growth were evident in the
cotyledon of Surpass 400 as compared to a susceptible
cultivar. Overall, the limited hyphal growth in Surpass
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400 (Li et al. 2004) and the consistently larger necrotic
lesion reactions in Surpass 400 and Jet Neuf (Dilmaghani
et al. 2009), respectively, could be associated with non-
specific quantitative resistance in the studied
pathosystems. Surpass 400 perhaps has some APR back-
ground as proposed in other studies (Li et al. 2004, 2005;
Sprague et al. 2006). If so, Surpass 400 has both single
dominant gene LepR3 (Larkan et al. 2013) and polygenic
(BLMR2) resistance, and BLMR2 partly explains the
atypical interactions in Surpass 400. BLMR2 introgres-
sion into a susceptible cultivar is potentially a good
method to initiate research to understand mechanisms
behind QR without interference of dominant R genes or
to determine the genes underlying APR in Surpass 400.
Our finding supports the hypothesis that the hypersensi-
tive response is not the only mechanism explaining the
interaction between Surpass 400 and L. maculans isolates
(Li et al. 2008b).

Potential of BLMR2 locus in Western Canada

This research demonstrates that BLMR2may have poten-
tial in western Canada to be used solely or in combination
with other resistant genes. Li et al. (2005) proposed the
use of cultivars with only polygenic resistance could
potentially provide an adequate level of resistance com-
pared to defeated major resistance genes. The observed
difference in the derived series of NILs in the BLMR2
region may attribute to the difference in the introgressed
segments within this locus (unpublished) and may

facilitate other research that may focus on understanding
the molecular basis underlying the BLMR2 locus.

In this study, BLMR2 contributed to APR in canola
against the blackleg disease. One could argue why then
Surpass 400 is defeated in some parts of Australia. Our
explanation agrees with what is described by Van de
Wouw et al. (2014) who explained that the L. maculans
population in isolated areas in Southern Australia led to
the ineffectiveness of resistance in a cultivar due to the
probable shift in pathogen population structure when the
cultivar was grown on a large scale. This situation
exerted pressure on pathogen population to evolve. Fur-
thermore, cultivars in Australia are grown throughout
the entire year with milder winter conditions. This pro-
vides a longer period of time for the pathogen to sys-
tematically grow from leaves to stems (Travadon et al.
2009). This is followed by warm temperatures in spring/
summer that favors pathogen multiplication and sexual
recombination (West et al. 2001; Huang et al. 2006;
Sprague et al. 2006). Also, Australian isolates are con-
sidered to be extremely diverse, so it is possible that
several isolates could even break the resistance in culti-
vars with only polygenic resistance (Li et al. 2005,
2008a). Li et al. (2008a) observed an array of resistance
expression in cultivars with only polygenic resistance
because of the different L. maculans races prevalent
across the test sites in that study. Thus, polygenic resis-
tance could operate in a non-Avr manner but the degree
of expression could vary across different locations and
possibly increases the durability of cultivars.

Table 5 Ls mean estimates for Disease Severity Index (DSI, 0–9) of B. napus homozygous NILs and controls evaluated at adult plant stage
in Carman blackleg nursery

Entry Type Resistant allele (2014 and 2015) 2016

Estimate Phenotypic Estimate Phenotypic
(mean + SE) classes (mean + SE) classes

Westar Check – 7.5 + 0.5 S 6.5 + 0.7 S

15-92-11 NIL BLMR1 7.7 + 0.5 S 2.6 + 0.7 MR

G4A36-1 NIL RLM2 6.7 + 0.5 S 3.9 + 0.7 MS

NJ13b NIL BLMR2 2.4 + 0.5 MR 0.7 + 0.7 R

37-7-5-4 NIL BLMR2 2.0 + 0.5 R 0.8 + 0.7 R

37-7-5-3 NIL BLMR2 1.2 + 0.5 R 1.3 + 0.7 R

Surpass Check BLMR1/2 0.6 + 0.5 R 0.3 + 0.7 R

Glacier and Surpass 400 are the resistance donor parents for the NIL G4A36-1 and all the other NILs, respectively. Westar was used as a
susceptible (recurrent) parent in all crosses. The NILs with BLMR2 include 37-7-5-3 and 37-7-5-4 (BC2F4) and NJ13b (BC4F4). Blackleg
disease severity ratings could be categorized into four phenotypic classes in comparison to Westar; 0–29.9% of Westar (resistant—R), 30–
49.9% ofWestar (intermediate resistant—MR), 50–69.9% ofWestar (intermediate susceptible—MS), and > 70% ofWestar (susceptible—S)
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Resistance breakdown and durability

In agreement with the predictions by Kutcher et al.
(2010) and Liban et al. (2016) that a change in popula-
tion structure has occurred in western Canada. Isolates
belonging to PG2 were the most dominant ones in
western Canada until the early 2000s, then the more
aggressive PG3, PGT (Chen and Fernando 2006;
Kutcher et al. 2007), and PG4 isolates started to emerge
in most parts of western Canada though the frequency
was not high (Chen and Fernando 2006; Rimmer 2006).
Conversely, there was scarce information on the identity
of R genes utilized in western Canada. A very recent
study revealed the prevalence of Rlm3 in most Canadian
cultivars and also reported the defeat of Rlm3 due to the
lack of AvrLm3 in the local L. maculans population
(Zhang et al. 2016). Our study specifically compared
BLMR1, BLMR2, and Rlm2 genes solely introgressed
into a common Westar background. Surprisingly, Rlm2
was one of the potential R genes predicted to still be
effective by inferring the frequency of the corresponding
AvrLm2 in the recent past (Liban et al. 2016; Zhang et al.
2016). However, the current study suggests the possible
defeat ofRlm2 or the potential to be defeated in growers’
field.

The breakdown of Rlm3 was less dramatic as com-
pared to the situation reported in other continents, where
the cultivars were rendered ineffective in a few years
after their commercially release (Li et al. 2003; Rouxel
et al. 2003). Rlm3 containing cultivars were believed to
be integral part of the Canadian cultivars at least since
the early 1990s (Zhang et al. 2016) and hypothesized
that the longevity ofRlm3 is probably associated with its
introgression into a cultivar with APR background.
Similarly, Brun et al. (2010) suggested the prominent
role of QR background to increase the durability of
dominant R genes. Kutcher et al. (2010) reported about
97% of Canadian isolates were Avr (avirulent) on Sur-
pass 400. In our study, Surpass 400 showed a high level
of stem canker resistance along with most BLMR2 con-
taining NILs for three consecutive years (2014–2016) in
a blackleg nursery in Carman, Manitoba. The effective-
ness of Surpass 400 could be explained by the stable
performance of BLMR2 locus regardless of the break-
down of BLMR1 in western Canada.
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