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Blackleg is a serious disease in Brassica plants, causing 
moderate to severe yield losses in rapeseed worldwide. 
Although China has not suffered from this disease yet 
(more aggressive Leptosphaeria maculans is not present 
yet), it is crucial to take provisions in breeding for dis-
ease resistance to have excellent blackleg-resistant cul-
tivars already in the fields or in the breeding pipeline. 
The most efficient strategy for controlling this disease 
is breeding plants with identified resistance genes. We 
selected 135 rapeseed accessions in Sichuan, including 
30 parental materials and 105 hybrids, and we deter-
mined their glucosinolate and erucic acid content and 
confirmed 17 double-low materials. A recently devel-
oped single-nucleotide polymorphism (SNP) marker, 
SNP_208, was used to genotype allelic Rlm1/rlm1 on 
chromosome A07, and 87 AvrLm1-resistant materials. 
Combined with the above-mentioned seed quality data, 
we identified 11 AvrLm1-resistant double-low rapeseed 

accessions, including nine parental materials and two 
hybrids. This study lays the foundation of specific R 
gene-oriented breeding, in the case that the aggressive 
Leptosphaeria maculans invades and establishes in Chi-
na in the future and a robust and less labor consuming 
method to identify resistance in canola germplasm.
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Rapeseed (Brassica napus) is the second most important 
oilseed crop globally, after soybean (Glycine max) (Basu-
nanda et al., 2010; Sun et al., 2018). Apart from edible oil 
and animal feed, rapeseed also provides raw material for 
biodiesel or industrial erucic acid production, as well as the 
landscape for tourism. 

Blackleg, caused by two fungal pathogens, aggressive 
Leptosphaeria maculans or less (or non-) aggressive L. bi-
globosa (Fernando et al., 2016), is a severe disease in rape-
seed and a major constraint to its production for many pro-
ducing areas in the world, including Canada, Australia, and 
Europe (Fitt et al., 2006; Fu et al., 2019; Howlett, 2004). 
Blackleg causes a global economic loss of over $900 mil-
lion per growing season (Fitt et al., 2006, 2008). China, as 
another high rapeseed producing country, of which oilseed 
production accounts for approximately 30% of the total 
global yield, has not been plagued by blackleg to date (Liu 
et al., 2014), although there are few reports of non-aggres-
sive L. biglobosa (Zhang et al., 2016b). However, as the in-
ternational seed trades are becoming increasingly frequent, 
it is necessary for Chinese breeders to take provisions to 
safeguard the crop. To the best of our knowledge, blackleg 
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is difficult to control with fungicides (Kutcher et al., 2010); 
thus, the most efficient and environmentally sound ap-
proach for controlling this disease is deployment of plant 
resistance genes prior to L. maculans incursions into China 
(Delourme et al., 2006; Zhang et al., 2014). 

There are two types of resistance against blackleg in 
rapeseed: seedling resistance, which is a qualitative trait 
conferred by a major gene (R gene), and adult plant re-
sistance (APR), which is a quantitative trait conferred by 
multiple minor genes (Zhang et al., 2016a). Researchers 
have suggested that the rotation of R genes could be an ef-
ficient strategy to control blackleg (Marcroft et al., 2012), 
and the foundation of this is to validate the presence of R 
genes in plants and to specify them. So far, at least 18 R 
genes in Brassica species have been identified (Zhang et 
al., 2016a); however, only three of them, i.e., Rlm2 (Larkan 
et al., 2015), LepR3 (Larkan et al., 2013), and Rlm9 (Lar-
kan et al., 2020), were cloned. Rlm1 is a single dominant R 
gene (Fu et al., 2019), and its interaction with correspond-
ing avirulence gene AvrLm1 in L. maculans provided the 
first genetic evidence for the “gene-to-gene” interactions 
(Ansan-Melayah et al., 1998). Fu et al. (2019) used BC1 
and F2 populations and fine-mapped Rlm1 gene in rapeseed 
by using single-nucleotide polymorphism (SNP) markers 
through kompetitive allele-specific PCR (KASP), a high 
throughput genotyping technology based on fluorescence 
(Semagn et al., 2014); then, an SNP marker (SNP_208) 
was developed that could distinguish Rlm1 from allele rlm1 
by KASP. This allele SNP site (G for resistance while T for 
susceptibility) was located at the position of 19,989,284 bp 
on chromosome A07 and resulted in a missense variant in 
candidate gene BnaA07g27460D. That research provides 
a foundation for genotyping the allele Rlm1/rml1 in canola 
and related germplasm. 

Double-low (low erucic acid and glucosinolates content) 
rapeseed oil is considered healthier for humans. In the last 
few decades, great gains in double-low rapeseed breeding 
have been achieved in China. In this study, we selected 135 
rapeseed accessions, including 30 parental materials and 
105 hybrids, to determine their glucosinolate and erucic 

acid contents; then, we performed KASP with the marker 
SNP_208 mentioned above to genotype these alleles from 
these rapeseed materials, screening out materials with a 
resistant Rlm1 locus. Thus, we identified many double-low 
and AvrLm1-resistant germplasm that would be potential 
sources of germplasm to move forward in our breeding 
program. 

Plant materials. The 135 rapeseed germplasms, consisting 
of 30 parental materials and 105 hybrids, were all bred by 
and kept in the Crop Research Institute, Sichuan Academy 
of Agricultural Sciences. None of the hybrids were derived 
from these parental plants. The seeds were sowed in Sep-
tember 2018, in experimental fields in the Xindu District 
(30°47′10″N, 104°12′12″E) in the Sichuan Basin, with an 
annual average temperature of 16.2°C in humid subtropical 
monsoon climate. Each accession was planted in row of 8 
plants, with 30 cm between plants within each row and be-
tween rows. Three biological replications were applied.

Seed quality determination. The seed quality characters, 
oil content, erucic acid content, and glucosinolate content 
were determined by near infrared spectroscopy (FOSS 
model 5000, NIR System Inc., Silver Spring, MD, USA), 
with the room temperature at 20-25°C and air humidity 
under 60%. The parameters were described by Gan et al. 
(2003). Three biological repetitions were applied and stan-
dard deviation was calculated by MS Excel. “Double-low” 
was defined as erucic acid content <2% of oil content and 
glucosinolate content <30 μmol/g for parental plants or 
<40 μmol/g for hybrids. For each accession, a specimen-
cup of seeds (usually 6-7 g) were used for each time.

Genotyping of rapeseed germplasm. Leaves from each 
accession were sampled at the seedling stage. The total 
DNA was extracted by the cetyltrimethyl ammonium bro-
mide method (Doyle and Doyle, 1990). The DNA quality 
was validated using a NanoDrop 2000 spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA). Each DNA 
sample was then diluted to 20 ng/μl. 

Table 1. Primers of marker SNP_208 for KASP

Primer Sequence
VIC 5′-GAAGGTCGGAGTCAACGGATTCGTTAACAAACTCTGTCGCG-3′
FAM 5′-GAAGGTGACCAAGTTCATGCTCCGTTAACAAACTCTGTCGCT-3′
COM 5′-GGCGTCGATCAGGTGAGCC-3′

This marker is slight modified according to Fu et al. (2019). 
SNP, single-nucleotide polymorphism; KASP, kompetitive allele specific PCR; FAM and VIC, two SNP alleles labelled with fluorescent tags 
Fam and Vic, respectively; COM, common reverse primer.



Chai et al.196

The 4 μl KASP reaction volume contained 2 μl of 2× 
Taq DNA polymerase mix, 1 μl of SNP primer mix (Table 
1), and 4 ng DNA. KASP comprised a touchdown profile 
consisting of an initial denaturation at 94°C for 10 min; fol-
lowed by 94°C for 20 s, 61°C (with a 0.6°C drop per cycle) 
for 45 s, and 72°C for 30 s for 10 cycles; then, 37 cycles of 
94°C for 20 s, 55°C for 45 s, and 72°C for 30 s; with a final 
extension of 72°C for 10 min. The PCR was performed 
on a Bio-Rad MyCycler (Hercules, CA, USA), and then 
the fluorescence information was collected by KASP Mix 
(LGC, type 1536) with Omega F plate reader (LGC, Ted-
dington, UK). The KlusterCaller software (LGC) was used 
to read the fluorescence information and analyze it. 

The analysis of the physical and chemical properties for 
the protein of candidate gene was performed using DNA-
MAN 6.0 (Lynnon Biosoft, Quebec, Canada). 

Oil content, erucic acid, and glucosinolate content in the 
seed. We measured three important characteristics of the 
seeds from the 135 accessions: the oil content, erucic acid, 
and glucosinolate content. The oil content of the seeds from 
135 accessions varied from 38.29% to 55.61% (Fig. 1A), 
and pin-130 represented the highest value (Supplementary 
Table 1). The 42-45% group showed the highest number of 
accessions, at 60; 12 accessions had oil content over 50%. 
The erucic acid content varied significantly among acces-
sions. Accession pin-112 showed the lowest erucic acid 
content at only 0.39%, while the highest value was 45.62% 
in accession pin-121 (Supplementary Table 1). In total, 
42 accessions represented erucic acid contents lower than 
2% (Fig. 1B), which was the defined as “low erucic acid 
content”. We found that 22 accessions had glucosinolate 
contents lower than 30 μmol/g, while 10 accessions rep-

Fig. 1. Distribution of seed oil quality in the 150 selected accessions. (A) The oil content in seed of 150 accessions. (B) Erucic acid con-
tent in seed of 150 accessions. (C) Glucosinolate content in seed of 150 accessions.
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resented contents ranging 30 to 40 μmol/g (Fig. 1C). The 
“low glucosinolate content” for rapeseed is usually defined 
as lower than 30 μmol/g in the seeds of parental plants and 
lower than 40 μmol/g for hybrids; the definition of “low 
erucic acid content” adopts the same standard for both 
parental plants and hybrids, at 2% of the oil content. Ac-
cording to this, fourteen parental plants (pin-101, pin-102, 
pin-103, pin-104, pin-105, pin-109, pin-111, pin-113, pin-
115, pin-116, pin-128, pin-129, pin-130, and pin-131) and 
three hybrids (pin-10, pin-80, and pin-119) were identified 
as “double-low” (Table 2). In China, for edible oil, only 
the registered double-low rapeseed are currently allowed 
to be commercially released; while the hybrids, usually F1 
hybrids derived from specific parental materials, are can-
didates for commercial use, which requires quality testing 
before registration.

Genotyping. The allelic SNP was genotyped using KASP, 
and the positive samples were categorized mainly into three 
clusters (Supplementary Table 2): homozygous resistance 
(G/G), heterozygous (G/T), and homozygous susceptible 
(T/T). Among the 30 parental plants, 18 (60%) were identi-
fied as resistant, 8 were identified as susceptible, and the 
other 4 were negative, which meant it was neither G nor T 
on that particular locus; additionally, all 18 resistant sam-
ples were homozygous. In the 105 hybrids, 69 materials 
(65.7%) were clustered into a resistance group, including 

52 homozygous samples and 17 heterozygous ones. We 
found 29 samples identified as susceptible, and the other 7 
samples were negative (Table 3, Supplementary Table 2). 
This Rlm1-containing frequency seems higher than earlier 
reported by Zhang et al. (2016b). This is to be expected, as 
they used germplasm from mainly Anhui Province; herein, 
the materials tested were to breed double-low rapeseed 
suitable for Sichuan climate. It is common to have different 
parental germplasm in each breeding program, and China’s 
breeding material is no different from other countries in 
that. Some of them are progenies of common main parents 
(also known as backbone parental plants). This is a long-
term selection process, so it is unavoidable to result in simi-
lar genetic background to some extent; thus, within such a 
range, it can result in higher Rlm1-containing frequency, 
which is good news for Sichuan’s rapeseed/canola breed-
ers.

Combined with the above-mentioned seed quality data, 
nine double-low parental materials (pin-101, pin-105, pin-
109, pin-111, pin-115, pin-116, pin-128, pin-129, and 

Table 2. The characters of the seeds from the 17 double-low accessions

Accession type Sample ID Oil content in seed
(% of seed weight)

Erucic acid content
(% of oil content)

Glucosinolate content
(μmol/g in seed)

Parental plant pin-101 48.24 ± 1.28 1.39 ± 0.31 26.13 ± 1.17
pin-102 46.64 ± 1.24 1.18 ± 0.41 24.96 ± 1.05
pin-103   45.8 ± 2.14 1.65 ± 0.78 26.92 ± 2.01
pin-104   49.1 ± 1.06 0.55 ± 0.26 28.84 ± 1.49
pin-105   47.8 ± 0.93 1.35 ± 0.53 27.11 ± 1.06
pin-109 44.95 ± 2.17 1.39 ± 0.49 23.49 ± 3.49
pin-111 44.61 ± 0.59 0.88 ± 0.66 22.75 ± 0.53
pin-113 48.64 ± 1.63 1.48 ± 0.76 29.93 ± 1.66
pin-115 49.15 ± 0.82 0.65 ± 0.49 27.85 ± 1.8
pin-116 47.13 ± 2.58 1.68 ± 1.61 23.26 ± 0.91
pin-128 49.89 ± 0.29 0.68 ± 0.43 27.85 ± 2.29
pin-129   52.9 ± 1.26 0.42 ± 0.42 28.39 ± 0.97
pin-130 55.61 ± 1.15 0.65 ± 0.65 27.21 ± 3.03
pin-131 52.82 ± 1.5 1.36 ± 1.36 25.21 ± 1.17

Hybrid pin-10 41.87 ± 1.57 0.79 ± 0.12 39.48 ± 1.9
pin-80 42.03 ± 1.3   1.5 ± 0.73 39.97 ± 0.73
pin-119 49.04 ± 0.47 1.37 ± 0.7 28.13 ± 2.22

Values are presented as mean ± SE.

Table 3. Number of lines for each genotype at the Rlm1 locus

G/G G/T T/T Negative
Parental plant 18 0 8 4
Hybrid 52 17 29 7

Negative means it was neither G nor T on this locus.
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pin-130) as well as two double-low hybrids (pin-80 and 
pin-119) were identified harboring allelic Rlm1. Rlm1 
conferred resistance to AvrLm1 of L. maculans. As it is 
a dominant allele, it is beneficial and practical for hybrid 
utilization, because as long as one of the parental plants is 
homozygous in the Rlm1/Rlm1 site, the hybrid seeds are 
consequently resistant. Therefore, validating the presence 
of Rlm1 in parental material facilitates the resistant hybrid 
breeding. 

The overuse or consecutive use of one single R gene 
tends to cause resistance breakdown, such as the ‘sylvestris’ 
resistance breakdown in Australia in 2003 (Van de Wouw 
et al., 2010). One solution to this is R gene rotation, which 
should be built on identification of these R genes. This 
study provides a foundation for that. 
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