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Summary 

 

Blackleg disease of Brassica napus caused by Leptosphaeria maculans (Lm) is 

largely controlled by deploying race-specific resistance (R) genes. However, 

selection pressure exerted by R genes causes Lm to adapt and give rise to new 

virulent strains through mutation and deletion of effector genes. Therefore, 

knowledge of effector gene function is necessary for effective management of the 

disease. Here we report cloning of Lm effector AvrLm9 that is recognised by the 

resistance gene Rlm9 in B. napus cultivar Goéland. AvrLm9 was mapped to 

scaffold 7 of Lm genome, co-segregating with the previously reported AvrLm5 

(previously known as AvrLmJ1). Comparison of AvrLm5 alleles among the 37 re-

sequenced L. maculans isolates and transgenic complementation identified a 

single point mutation correlating with the AvrLm9 phenotype. Therefore we 

renamed this gene as AvrLm5-9 to reflect the dual specificity of this locus. 

Avrlm5-9 -transgenic isolates were avirulent when inoculated on the B. napus 

cultivar Goéland. Expression of AvrLm5-9 during the infection was monitored by 

RNA-sequencing. Recognition of AvrLm5-9 by Rlm9 is masked in the presence 

of AvrLm4-7, another Lm effector. AvrLm5-9 and AvrLm4-7 do not interact, and 

AvrLm5-9 is expressed in the presence of AvrLm4-7. AvrLm5-9 is the second Lm 

effector for which host recognition is masked by AvrLm4-7. Understanding this 

complex interaction will provide new opportunity for engineering broad-spectrum 

recognition. 

 

 

 

 

 

 

Introduction 
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Plant immunity against diverse groups of pathogens is often triggered by the perception 

of pathogen-secreted proteins, known as effectors, by the plant R proteins which largely 

function as either cell surface or cytoplasmic receptors (Cook et al., 2015). This layer of 

recognition is referred to as effector triggered immunity (ETI) and its genetic basis was 

described in the gene-for-gene model proposed by Flor (Flor, 1971), based on genetic 

analysis of flax (Linum usitatissimum) response to specific races of the obligate flax rust 

pathogen Melamspora lini (Flor, 1955). Race-specific resistance (R) genes are highly 

desirable and practical for breeding resistant crop varieties, although such resistance can 

become ineffective due to selection pressure exerted by evolving pathogen races. R genes 

have been extensively deployed in breeding for canola varieties resistant to the 

Ascomycete fungal pathogen Leptosphaeria maculans (Delourme et al., 2004; Zhang et 

al., 2015; Larkan et al., 2016b). 

 

L. maculans is a hemibiotrophic pathogen that causes blackleg disease of canola/rapeseed 

(Brassica napus). The pathogen primarily infects the cotyledons and leaves of young 

seedlings, forming lesions at the site of infection, followed by symptomless growth into 

the stem and eventually proliferation of the pathogen and formation of lesions at the base 

of the stem, known as ‘phoma stem canker’ or ‘blackleg’ (Fitt et al., 2006). B. napus 

seedlings containing R genes matching the corresponding avirulence (Avr) genes in a L. 

maculans isolates become immune to early infection and resist the pathogen growth 

beyond the initial site of entry (Gout et al., 2006; Fudal et al., 2007; Parlange et al., 2009; 

Balesdent et al., 2013; Van de Wouw et al., 2014; Ghanbarnia et al., 2015).  

 

To date 9 of the 18 blackleg R genes reported from Brassica species correspond to 

genetically-defined Avr genes from L. maculans (Larkan et al., 2016b; Plissonneau et al., 

2017; Raman et al., 2013). Two B. napus R genes, LepR3 and Rlm2, effective against L. 

maculans isolates with corresponding Avr genes  AvrLm1 and AvrLm2, respectively, were 

cloned recently (Larkan et al., 2013; Larkan et al., 2015). LepR3 and Rlm2 are allelic and 

encode membrane-bound receptor-like proteins (RLP). The matching Avr genes AvrLm1 

and AvrLm2 and several other L. maculans Avr genes including AvrLm3, AvrLm4-7, 

AvrLm6, AvrLm11 and AvrLmJ1 have been cloned (Gout et al., 2006; Fudal et al., 2007; 
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Parlange et al., 2009; Balesdent et al., 2013; Van de Wouw et al., 2014; Ghanbarnia et 

al., 2015; Plissonneau et al., 2016). All of the Avr proteins are predicted to be secreted 

into the host apoplast based on the presence of an N-terminal secretion signal peptide. 

They all encode small cysteine-rich proteins of unknown function, with the exception of 

AvrLm1 that contains only one C residue (Gout et al., 2006). While most of the R-Avr 

interactions between L. maculans and B. napus fit the classic gene-for-gene model, there 

are several examples of deviation from this model (reviewed by Petit-Houdenot and 

Fudal, 2017). The first example to be reported was AvrLm4-7, a single Avr gene that is 

perceived by both Rlm4 and Rlm7.  A point mutation abolishes Rlm4 recognition without 

affecting Rlm7 recognition (Parlange et al., 2009).  Another example is the dual 

specificity of the single Avr gene AvrLm1, which is recognised by both LepR3 and Rlm1. 

LepR3 and Rlm1 are two independent R loci located on chromosomes A10 and A07 

respectively (Larkan et al., 2013; Larkan et al., 2016b).  

 

Point mutation, deletion and transposon insertion are frequently reported as gain of 

virulence mechanisms largely driven by plasticity of repeat-rich region of the genome, 

where it is enriched for predicted small secreted proteins and harbours  all known L. 

maculans effectors (Rouxel et al., 2011). Gain of virulence due to suppressive effect of 

other Avr genes was recently reported for L. maculans. Plissonneau et al. (2016) cloned 

AvrLm3 and showed that AvrLm3 recognition by the B. napus R protein Rlm3 is masked 

in the presence of AvrLm4-7. AvrLm3 and AvrLm4-7 are physically linked; both are 

located on supercontig 12 (SC12) of L. maculans genome (Plissonneau et al., 2016). Two 

other Avr genes, AvrLm9 and AvrLep1
1
, were reported to be closely linked to AvrLm4-7, 

forming a group of tightly linked effector genes on SC12 (Balesdent et al., 2005; 

Ghanbarnia et al., 2012). Several other effectors, AvrLm1, AvrLm2, AvrLm6 and the 

predicted effector LmCys2, form a second another group of tightly linked effectors on 

SC6 of the L. maculans genome (Ghanbarnia et al., 2015; Gout et al., 2006; Fudal et al., 

2007; Van de Wouw et al., 2014). Singleton L. maculans Avr genes have also been 

                                                        
1 To be consistent with the existing nomenclature for naming effectors from L. 
maculans we decided to name the L. maculans Avr genes matching LepR resistance 
genes as AvrLep to replace AvrLepR naming that have been used in previous 
publications. 
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reported; AvrLm11 on SC22 and AvrLmJ1 on SC7 (Balesdent et al., 2013; Van de Wouw 

et al., 2014). AvrLmJ1 was characterised as being avirulent on B. juncea carrying an 

unknown R gene. However, a very recent report by Plissonneau et al. (2017) has shown 

that AvrLmJ1 is in fact AvrLm5 based on co-localised mapping and demonstrating that L. 

maculans isolates carrying AvrLmJ1 were also avirulent on  B. juncea differential lines 

carrying Rlm5. Therefore, hereafter we will refer to AvrLmJ1 as AvrLm5. 

 

Effectors with suppressive function have been described for the fungus Fusarium 

oxysporum f.sp. lycopersici in which the Avr1 effector suppresses resistance by the 

tomato R genes I-2 and I-3 in response to matching effectors Avr2 and Avr3, respectively 

(Houterman et al., 2008). Also, AvrBST of the bacterial pathogen, Xanthomonas 

campestris pv. vesicatoria, suppresses the hypersensitive response (HR) triggered by the 

effector gene AvrBs1 (Szczesny et al., 2010). 

 

In this paper we report cloning of AvrLm9 and characterise it as the second Avr gene from 

L. maculans for which recognition by the host is suppressed by AvrLm4-7. We mapped 

the AvrLm9 phenotype to SC7 and discovered that it is an allele of AvrLm5.  

 

 

Results 

 

Genetic characterisation of the AvrLm9 phenotype in L. maculans 

A mapping population, consisting of 72 F1 progenies from a cross between L. maculans 

isolates 00-100 (AvrLm3, avrLm4-7, AvrLm9) and v23.1.3 (avrLm3, AvrLm4-7, avrLm9), 

were tested for virulence on B. napus cv. Goéland (Rlm9). B. napus cultivars Topas 

DH16516 and Westar that are universally susceptible to L. maculans were used as 

susceptible checks. Seventeen of the 72 F1 progenies (24%) were avirulent on Goéland 

with the remaining 55 progenies (76%) being virulent, conforming to a 1:3 ratio 

(AvrLm9: avrLm9; X
2
 = 0.15, P =0.7). This indicated the involvement of two L. maculans 

genes in influencing the outcome of AvrLm9-Rlm9 interaction. The two gene model could 

be hypothesised as either two genes with additive function (both being required for 
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expression of the AvrLm9 phenotype), or one being AvrLm9 and a second gene with a 

suppressive effect similar to that recently described for suppression of AvrLm3 

recognition in the presence of AvrLm4-7 (Plissonneau et al., 2016). We favoured the two 

genes model with one suppressing AvrLm9 because AvrLm4-7 is not expressed in the 

AvrLm9 donor parent isolate 00-100 due to the presence of heavily repeat-induced point 

(RIP) mutations at the AvrLm4-7 locus, resulting in several premature stop codons. The 

avrLm4-7 sequence in 00-100 shows closer homology to the non-functional avrLm4-7 

from L. maculans isolate Nz-T4 (96% identity) than to the functional AvrLm4-7 in the 

isolate v23.1.3  (91% identity) (Supplementary Figure 1). Nz-T4 was one of the isolates 

used to map and clone AvrLm3 (Plissonneau et al., 2016). We noticed that within a set of 

37 re-sequenced and pathotyped L. maculans isolates generated by our laboratory 

(Ghanbarnia et al., 2015), all the isolates with AvrLm4-7 were virulent on B. napus 

differential lines carrying either Rlm3 or Rlm9 (Table 1). This strengthened the two genes 

hypothesis and the potential suppressive role of AvrLm4-7 on AvrLm9. To investigate if 

AvrLm4-7 suppressed the avirulence function of AvrLm9, we genotyped the v23.1.3 × 

00-100 F1 population for the presence/absence of AvrLm4-7. This revealed that all 

progenies with the AvrLm4-7 genotypes were virulent toward Rlm9. While this result 

would be consistent with the previously-reported genetic linkage of AvrLm4-7 and 

AvrLm9 (Balesdent et al., 2005), additional analysis of the sub-population of the v23.1.3 

× 00-100 F1 population which lacked AvrLm4-7 (ie. avrLm4-7 genotypes) suggested 

otherwise. The sub-population consisted of 35 avrLm4-7 progenies and, when pathotyped 

for avirulence towards the B. napus variety Goéland (Rlm9), a close to perfect 1:1 ratio of 

AvrLm9 to avrLm9 (18 Avr: 17 avr) was observed, demonstrating independent assortment 

of AvrLm9 from the AvrLm4-7 locus.  

  

Transgenic AvrLm4-7 suppresses host recognition of AvrLm9  

To confirm the hypothesis that AvrLm4-7 suppresses the recognition of AvrLm9 by 

Rlm9, parental isolate 00-100 (AvrLm3, avrLm4-7, AvrLm9) was transformed with either 

the AvrLm4-7 or AvrLm7 allele of the AvrLm4-7 gene (Parlange et al., 2009), previously 

cloned from L. maculans isolates v23.1.3 and 3R11, respectively (Larkan et al., 2016a). 

Recognition of AvrLm9 was suppressed in transgenic 00-100 isolates expressing either 
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AvrLm4-7 or AvrLm7, with transgenic isolates producing fully-developed lesions when 

inoculated on Goéland (Table 2, Figure 1A). As a positive control for the transformation, 

and to test for any further interference of AvrLm4-7 with R gene recognition, we tested 

the same transgenic isolates on B. napus Rlm3 control lines (Larkan et al., 2016b) and as 

expected and reported previously (Plissonneau et al., 2016) both AvrLm4-7 and AvrLm7 

also suppressed the avirulence function of AvrLm3 (Table 2, Figure 1A). No other 

suppression of avirulence was observed for the remaining R gene interactions (Table 2) 

demonstrating the specificity of AvrLm4-7 suppression toward AvrLm3 and AvrLm9. 

 

Linkage analysis 

KASP markers spanning the L. maculans genome were used to genotype the progenies 

from the avrlm4-7 sub-population of v23.1.3  × 00-100 cross and the AvrLm9 phenotype 

was linked to supercontig 7 (SC7). Additional SC7 markers were designed and used to 

further characterise the population and define the AvrLm9 locus. Several markers 

flanking the previously-reported position of the AvrLm5 (previously AvrLmJ1 - Van de 

Wouw et al., 2014) co-segregated with AvrLm9 phenotype (Figure 2). The AvrLm5 

protein has no homolog in the NCBI database except for AvrLm3, with which it shares 

29% amino acid identity as well as the conservation of the position of 6 cysteine residues, 

as reported by Plissonneau et al. (2016). Given the role of AvrLm4-7 in the phenotypic 

suppression of both AvrLm3 and AvrLm9, the mapping data linking AvrLm9 phenotype 

to the AvrLm5 locus (Lema_uP070880.2), and sequence homology between AvrLm3 and 

AvrLm5, we decided to investigate if AvrLm5 could indeed be AvrLm9. We first 

compared allelic variation for AvrLm5 within 37 re-sequenced isolates of L. maculans 

(Ghanbarnia et al., 2015) and identified only two of the five alleles previously described 

for the gene; Lema_uP070880.2_0 (v23.1.3 allele) and Lema_uP070880.2_1 (00-100 

allele), which differ only in an A to G substitution at nucleotide 164, resulting in an 

amino acid change of Lys
55 

→
 
Arg

55
 (Van de Wouw et al., 2014) (Table 1). This was the 

only point mutation for AvrLm5 among the 37 re-sequenced isolates in our collection. All 

isolates carrying AvrLm4-7 or AvrLm7 were virulent towards both Rlm3 and Rlm9 

regardless of the sequence variation in AvrLm5. Of the remaining 13 isolates (lacking 

AvrLm4-7), only those carrying allele Lema_uP070880.2_1 of AvrLm5, resulting in the 
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Lys
55

 -> Arg
55

 amino acid substitution, showed avirulence towards Rlm9 (Table 1).  

Collectively all this evidence  strongly supported that AvrLm9 is in fact an allele of 

AvrLm5.  

 

AvrLm9 complementation assay  

To confirm that AvrLm9 is the allele Lema_uP070880.2_1 of AvrLm5, a genomic 

construct containing the entire gene expressed under its native promoter (PCR amplified 

from 00-100) was transferred to L. maculans isolate 2367 (avrLm3, AvrLm5, avrLm4-7, 

avrLm9), which is virulent on B. napus lines containing Rlm9 and also devoid of 

interference from AvrLm4-7. The resulting transgenic isolate restored the avirulence 

phenotype against Rlm9 lines, showing hypersensitive response at the site of inoculation 

on both Goéland (Figure 1B) and Darmor (Supplementary Figure 2). Successful 

complementation of the avirulent phenotype in the transgenic isolate proved that the 

Lema_uP070880.2_1 allele of AvrLm5 is indeed AvrLm9. Accordingly, AvrLm9 will 

hereafter be referred to as AvrLm5-9. In order to determine if the additional SNP variants 

of the genes, which were reported by Van de Wouw et al. (2014) but not represented in 

our isolate collection, could also influence the AvrLm9 phenotype, we had several CDS 

variants of AvrLm5-9  synthesised and transferred to 2367 (Table 3). The resulting 

transformants showed that the C
164

 SNP variant (Lema_uP070880.2_2), resulting in Lys
55

 

-> Thr
55

 substitution, also produced a virulent (avrLm9) allele, whereas addition of the 

G
113

 -> T
113

 SNP (Arg
38

 -> Leu
38

), reported for the Lema_uP070880.2_3 and _4 alleles, 

did not disrupt the AvrLm9 phenotype (Table 3). Combined with the reported 

phenotyping by Van de Wouw et al. (2014), this results in two alleles which are only 

recognised by Rlm5 (Lema_uP070880.2_0 and _2) and two alleles that are recognised by 

both Rlm9 and Rlm5 (Lema_uP070880.2_1 and _3), plus one allele (premature stop 

codon) conveying virulence to both R genes (Lema_uP070880.2_4).   

 

Suppression of AvrLm9 by AvrLm4-7 is not due to inhibition of expression or 

caused by protein interaction 

As it had previously been reported that AvrLm4-7 has no effect on the expression of 

AvrLm3 (Plissonneau et al., 2016) and that the AvrLm5 phenotype had previously been 
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observed in AvrLm4-7 isolates (Van de Wouw et al., 2014) it seemed very likely that 

AvrLm4-7 will also have no effect on AvrLm5-9 expression. Nonetheless, to determine 

expression of AvrLm5-9 at various stages of cotyledon infection we monitored the 

expression of both the AvrLm5-9- allele of 00-100 in the absence of AvrLm4-7 (Haddadi 

et al., 2016) and the AvrLm5 allele of v23.1.3 in the presence of AvrLm4-7 (this study) at 

2, 4, 6 and 8 days post-infection (dpi) using RNA-seq. Both alleles of AvrLm5-9 were 

expressed during the early stages of infection with expression peaking at 4 dpi and 

remaining high at 6 dpi before decreasing as infection progressed into 8 dpi 

(Supplementary Figure 3).  We also confirmed by qPCR that AvrLm5-9 was still 

expressed in the presence of AvrLm4-7 or AvrLm7 in the 00-100 transgenic lines 

(Supplementary Figure 4). 

A yeast two-hybrid experiment was conducted to determine if there was any possible 

interaction between AvrLm5-9 and AvrLm4-7. Due to the sequence homology and 

possible structural similarity of AvrLm5-9 and AvrLm3, the potential interaction of these 

two proteins was also explored. No interaction could be detected between AvrLm5-9 and 

AvrLm4-7, nor between AvrLm5-9 and AvrLm3 (Figure 3).  

 

  Discussion 

 

Approximately one third of the L. maculans genome consists of AT-rich repeat sequence 

(Rouxel et al., 2011).  All of the known avirulence genes are located within the AT-rich 

regions of the genome, surrounded by transposable elements and enriched for genes 

encoding for small secreted proteins (Ghanbarnia et al., 2015). The most frequently 

observed means of L. maculans Avr gene evolution is point mutation (driven by RIP) and 

deletion (Ghanbarnia et al., 2015). More recently, however, the epistatic suppression of 

AvrLm3 recognition by AvrLm4-7  has been reported (Plissonneau et al., 2016). Here we 

report cloning of AvrLm9 and show the epistatic effect of AvrLm4-7 on AvrLm9, 

suppressing AvrLm9 recognition by the cognate B. napus R protein Rlm9. AvrLm9 is a 

second player in the “game of hide and seek” with AvrLm4-7, along with AvrLm3 

(Plissonneau et al., 2016). We have shown in the present study that AvrLm9 is the same 

gene previously reported as AvrLmJ1 (Van de Wouw et al., 2014), which was also 
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recently confirmed as AvrLm5 (Plissonneau et al., 2017). Therefore, to be consistent with 

the literature we decided to rename the AvrLm9/AvrLm5 locus as AvrLm5-9. However, at 

present we are unable to verify the AvrLm5 phenotype due to a lack of specific Rlm5 host 

material. AvrLm3 and AvrLm4-7 are linked avirulence genes, both residing on 

supercontig 12 of the L. maculans v23.1.3 genome (Parlange et al., 2009; Plissonneau et 

al., 2016) along with AvrLep1 (Ghanbarnia et al., 2012).  AvrLm9 was also previously 

reported to be linked to this cluster of Avr genes (Balesdent et al., 2005). However, the  

results presented here proves that the actual position of AvrLm9 is on supercontig 7. As 

reported by Balesdent et al. (2005), when 46 progenies of a cross between L. maculans 

isolates PHW1223 (AvrLm5,6,8,9) × v23.1.2 (AvrLm5,6,7,8), were tested on Goéland 

(Rlm9), the AvrLm9 phenotype segregated as for a single gene (18:28 Avr:avr ; χ2= 

2.174, P = 0.1404). However, when comparing AvrLm7 and AvrLm9 genotypes, only 

three genotypic groups were observed; 19 progenies as AvrLm7, avrLm9 (the same 

genotype as the parental isolate v23.1.2), 18 progenies as avrLm7, AvrLm9 (the same 

genotype as the parental isolate PHW1223) and 9 progenies as avrLm7, avrLm9. The 

final theoretical genotype (AvrLm7, AvrLm9) was not observed, although this was 

attributed to a small population size. We now know that, due to the suppressive effect of 

AvrLm7, this final genotype does not in fact exist. The lack of recombination observed 

lead to a false calculation of linkage, where AvrLm9 was estimated to reside 22.6 cM 

from AvrLm7.  

 

 The sequence similarity and potential structural homology of AvrLm5-9 and AvrLm3, 

plus the common suppressive effect of AvrLm4-7 on the recognition of both proteins, 

could be an indication that interference of AvrLm3 and AvrLm5-9 recognition by their 

cognate R genes is occurring in the host plant, possibly by interfering with a host target 

protein that is also a target of AvrLm3 and AvrLm9. Such a target could be a guardee or a 

decoy (van der Hoorn and Kamoun, 2008) or in the case of direct interaction, it could be 

Rlm3 and Rlm9 themselves. There is no information about the sequence and structure of 

Rlm3, Rlm4, Rlm7 and Rlm9. However, these genes are tightly linked or possibly allelic, 

located on chromosome A07 of B. napus (Delourme et al., 2004; Larkan et al., 2016b). 

So far only LepR3 and Rlm2 for resistance to L. maculans from B. napus have been 
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cloned, both encoding for receptor-like proteins (RLPs) (Larkan et al., 2013; Larkan et 

al., 2015). RLPs require SOBIR1 and BAK1 for recognising matching pathogen effector 

proteins (Postma et al., 2016) and as we have reported recently, SOBIR1 and BAK1 are 

also a part of Rlm2 and LepR3 recognition complexes (Larkan et al., 2015; Ma and 

Borhan, 2015).  If Rlm3 and Rlm9 also turn out to be RLP-type proteins then they would 

also likely to be dependent on formation of SOBIR1-BAK1 complexes.  Therefore, one 

way in which AvrLm4-7 could be suppressing the recognition of AvrLm3 and AvrLm9 

would be through disrupting the formation of Rlm3 and Rlm9 receptor complexes (Figure 

4). Given the tight clustering of the R genes, it could also be possible that Rlm4 and/or 

Rlm7 evolved from Rlm3 or Rlm9 in response to the interference of AvrLm4-7 and as part 

of the ‘zig-zag’ paradigm for the ongoing evolutionary battle between plant and pathogen 

(Jones and Dangl, 2006). 

 

A recent publication by Blondeau et al. (2015) suggests that AvrLm4-7 interacts with its 

cognate R protein inside the plant cells. Based on this information, and if we assume 

direct interaction between Avr and R proteins, then another scenario could be that Rlm3, 

Rlm4 and/or Rlm7, and Rlm9 are cytoplasmic type R proteins (NB-LRR) and the 

suppression function of AvrLm4-7 is due to its competitive binding to these R protein(s) 

(Figure 4). A similar mode of action has been reported for the Phytophthora infestans 

effector protein IPI-O4, which suppresses the HR triggered by recognition of IPI-O1 

effector by the potato RB gene (a CC-NB-LRR type R gene). IPI-O4 binds to the CC 

domain of the RB protein, which is also the target motif for IPI-O1 effector protein (Chen 

et al., 2012). Suppression of AvrLm3 and AvrLm5-9 recognition by AvrLm4-7 is highly 

advantageous for the pathogen as it allows L. maculans to escape multiple-Avr 

recognition events by the host plant defenses without losing the effectors from its arsenal.  

 

AvrLm5 (AvrLmJ1) was discovered based on the resistance response of an unidentified R 

gene (Rlm5/RlmJ1) in B. juncea. By characterisation of the known AvrLm5-9 alleles we 

were able to uncouple AvrLm9 from AvrLm5 recognition. Currently it is not known if 

different R genes are responsible for the recognition of the AvrLm5-9 and AvrLm5 

proteins, or if Rlm5 is an allelic variant of the A genome Rlm9 locus present only in B. 
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juncea material. Only two L. maculans isolates have been reported to be virulent towards 

Rlm5 (IBCN18 and V4) and both of these isolates carry AvrLm4-7 (Van de Wouw et al., 

2014). This means they are unsuitable for AvrLm5-9 transformation studies as they will 

be virulent towards Rlm9 regardless of their AvrLm5-9 status. However, it should be 

noted that the presence of AvrLm4-7 in isolate IBCN18 did not prevent transgenic 

complementation with the AvrLm5 allele of isolate v23.1.3, demonstrating that AvrLm4-7 

does not interfere with the recognition of the AvrLm5 protein by Rlm5. The first step 

towards determining if Rlm9 and Rlm5 are allelic variants of the same locus or 

independent genes should be the genetic mapping of the Rlm5 locus and comparison to 

the recently reported physical location of Rlm9 on B. napus chromosome A07 (Larkan et 

al., 2016b). 

 

Based on our data of full genome sequences for close to 60 L. maculans isolates and 

characterising close to 200 field isolates from western Canada (unpublished data) we 

have not detected any isolate with the phenotype ‘AvrLm4-7, AvrLm9’. However 

Dilmaghani et al., (2009) has reported very few (less than 2%) L. maculans isolates with 

‘AvrLm4-7, AvrLm9’ phenotype among 909 surveyed isolates. One likely explanation for 

these exceptions could be related to errors in phenotyping AvrLm9-Rlm9 response on B. 

napus differential lines. We have observed this type of mis-interpretation for pathotyping 

of L. maculans field isolates previously, particularly when the fungal inoculum is not 

displaying optimal vigor or the differential B. napus lines used in pathotyping are capable 

of generating weak non-specific resistance responses (Larkan et al., 2016a; Larkan et al., 

2016b). Now that the AvrLm9 gene has been cloned the best approach to resolve 

conflicting phenotypic data would be to genotype the isolates with a questionable 

phenotype.  

 

Despite considerable advances in genetics of resistance to blackleg disease, L. maculans 

still poses a major challenge for canola/rapeseed growers in North America, Europe and 

Australia due to the ability of the pathogen to evolve new avirulence pathotypes. Prior to 

the cloning of AvrLm3 and what is presented here for AvrLm5-9, mutation and deletion 

were considered as the main drivers for generating new races of L. maculans and many 
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other fungi with highly repetitive genomes. AvrLm4-7-mediated suppression of AvrLm3 

and AvrLm5-9 recognition reveals a new trick in the pathogen arsenal against host plant 

resistance. This is evidence for the presence of highly dynamic and complex mechanisms 

in phytopathogenic fungi and oomycetes for the evasion of host plant recognition. The 

emergence of virulent pathogen isolates due to epistatic effects, as well as transcriptional 

and epigenetic regulation, creates additional challenges for breeding for disease resistance 

in crops.  

 

Experimental procedures 

 

Fungal material, mapping population and inoculum preparation 

The fungal F1 population was generated by crossing L. maculans isolate v23.1.3 

(pathotype AvrLm1-4-5-6-7-8-(10)-11-J1-S, AvrLep1-3-4) to isolate 00-100 (AvrLm2-3-

(5)-6-(8)-9-(10)-J1-S, AvrLep1-2-4) (Rouxel et al., 2011; Larkan and Borhan, 

unpublished) by pairing single-pycnidiospore isolates as described by Mengistu 

(Mengistu et al., 1995). Culturing and harvesting of the pycndiospores was performed as 

previously described (Ghanbarnia et al., 2012). Isolates 00-100 and 2367 were obtained 

from the Rimmer Collection, AAFC Saskatoon. Isolate v23.1.3 (Rouxel et al., 2011) was 

provided by T. Rouxel, INRA-Bioger, France. 

 

Plant material and virulence phenotyping  

Parental isolates, progenies of the mapping population and L. maculans transgenic lines 

were pathotyped for AvrLm9 by pathology test on B. napus line Goéland which carries 

the Rlm9 resistance gene (Balesdent et al., 2005). Susceptible B. napus lines Topas 

DH16516 and Westar were used as controls. Pathology tests were performed using a 0-9 

rating scale as described previously (Larkan et al., 2013). In addition to show the 

specificity of response additional B. napus differential lines including Topas differential 

lines with single R genes (Larkan et al., 2016b), B. juncea cv Vulcan (Rlm6) and B. 

napus cv Roxet (Rlm7) were included.  

 

DNA extraction and sequencing 
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DNA extraction and re-sequencing of L. maculans isolates are described elsewhere 

(Ghanbarnia et al., 2015). Sequence reads for each isolates were mapped to the reference 

genome v23.1.3 (Rouxel et al., 2011) and AAFC reference genome 00-100 (Borhan, 

unpublished) using CLC (Version 8.1.1, CLC Bio, Denmark).  

 

Mapping and marker development  

Genome sequence of the parental isolates v23.1.3 and 00-100 were utilised to generate 

SNP targets spanning the L. maculans genome for use in marker development. 

Kompetitive Allele-Specific Polymerase chain reaction (KASP) assays (He et al., 2014) 

targeting individual SNPs were developed using Primer Picker software (KBioscience, 

United Kingdom). Assays were first tested for clear detection of polymorphic alleles 

using DNA from the parental isolates before being applied to the entire F1 population. 

Assays were run and scored using a CFX96 Real-Time PCR System (BioRad, USA). 

Map distances (in centiMorgans) were calculated manually as previously described 

(Larkan et al., 2014). 

 

Cloning and transformation of candidate gene 

Genomic clones were generated by amplifying a 1813 bp fragment containing the 

avirulent (00-100) allele, including native promotor and 3’ UTR, via PCR using Q5 High-

Fidelity Master Mix (New England Biolabs, USA). Cloning was conducted using 

Gateway technology (ThermoFisher Scientific, MA, USA) by adding attB sites to 

AvrLmJ1 primers (Supplementary Table 1). These were transferred to the fungal 

transformation vector pNL11 (Larkan et al., 2015) prior to Agrobacterium-mediated 

transformation (Utermark and Karlovsky, 2008). SNP alleles (cDNAs only) were 

synthesised (Eurofins, Canada) and cloned into pLM4 vector, in which expression of the 

construct is driven by the AvrLm1 promotor (Ghanbarnia et al., 2015). Positive 

transformants were tested on B. napus cvs Goéland and Darmor which carry the Rlm9 

resistance gene. In addition, B. napus introgression lines (Larkan et al., 2016) were used 

to further confirm the interaction of AvrLm9 was specific to Rlm9. These lines were 

Topas-Rlm1, Topas-Rlm2, Topas-Rlm3, Topas-Rlm4, Topas-LepR1, Topas-LepR2 and 

Topas-LepR3 (Larkan et al., 2016). 
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RNA extraction, reverse transcription and qRT-PCR analysis 

Total RNA was extracted from infected cotyledons of the susceptible cultivar B. napus 

Topas DH16516 using the TRIzol LS reagent (Invitrogen, USA) and subsequently 

purified with RNAeasy Mini kit (Qiagen, USA) according to manufacturer's protocol. 

DNA was removed by on-column treatment with RNase-free DNase (Qiagen, USA) 

(Thermo Fisher Scientific, MA, USA) in solution. All samples were adjusted to 1 μg of 

RNA and cDNA was synthesised using SuperScript III first-strand synthesis SuperMix 

kit according to the manufacture’s protocol (Invitrogen, USA). 

qRT-PCR was performed using a CFX96 Touch Real-Time PCR System (Bio-Rad, USA) 

and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, USA). RT-PCR was 

performed for the AvrLm4-7 and AvrLm9 genes with three biological samples. All 

primers used for qRT-PCR are described in Supplementary Table 1. Ct values were 

analysed using the Q-gene program (Simon, 2003; Muller et al., 2002). The L.  maculans 

actin gene served as reference. 

 

RNA sequencing analysis  

L. maculans genome-wide transcriptomic analyses were performed according to the 

methods described previously (Haddadi et al., 2016). Briefly, we applied the deep RNA-

sequencing using Illumina HiSeq-2500 platform to assess genome-wide expression 

profiling of two natural Lm isolates harboring (v23.1.3 / JN3) or lacking (00-100) 

AvrLm4-7 ) during cotyledon infection at different time points (0, 2, 4, 6 and 8 days post- 

infection). All reads were mapped to the genome sequence of L. maculans isolate v23.1.3 

(Rouxel et al., 2011). Differentially expressed genes (DEGs) were detected using the 

edgeR (CLC) and DESeq2 package (Robinson et al., 2010; Love et al., 2014). The RNA 

sequencing data corresponding to 00-100 were presented as log2 RPKM of the average of 

three biological replicates while the data corresponding to v23.1.3 / JN3 were presented 

as log2 RPKM of the merged three technical replicates. 

 

Yeast two-hybrid assay  
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For the yeast two-hybrid assay, AvrLm3 ORF lacking signal peptide sequences was 

amplified using primer ΔspAvrLm3-NcoRI-F and ΔspAvrLm3-EcoRI-R from L. 

maculans - B. napus cDNA library. Similarly, AvrLm4-7 ORF lacking signal peptide 

sequences was amplified using primer set ΔspAvrLm4-7-NdeI-F and ΔspAvrLm4-7-PstI-

R. PCR products were cloned into pGBKT7 vector (Clontech, Mountain View, USA) as 

bait constructs. AvrLm9 lacking its signal peptide was amplified using primer 

ΔspAvrLm9-NdeI-F and ΔspAvrLm9-EcoRI-R and sub-cloned into the vector pGADT7 

as a prey construct (Clontech, Mountain View, USA). Restriction enzymes used for 

cloning are shown as part of primer sequence in Supplementary Table 1.  

 

We used matchmaker GLA4 two-hybrid system and yeast strain Y2HGold (Clontech). 

The yeast strain Y2HGold was cotransformed with bait and prey plasmid combinations 

using lithium-acetate and polyethylene glycol 3350 as described previously (Gietz and 

Woods et al., 2002). Transformants harbouring both bait and prey plasmids were selected 

on plates containing minimal medium lacking Leu and Trp (MM-WL). For controls, 

empty prey vector pGBKT7 or pGADT7 was used as bait or prey. Next, one colony per 

combinations was picked up from MM-WL plates to inoculate 1 ml MM-WL culture. 

After 36 h growth, the culture was centifuged and cells were  resuspended in 25 µl 0.9% 

NaCl from OD600=1 to OD600 = 0.00001 then spotted on MM-WL and MM-AHWL plates 

supplemented with 40 μg/ml X-a-Gal (Clontech, Mountain View, USA) and 200 ng/ml 

Aureobasidin A (Clontech, Mountain View, USA). After 3 days incubation, the plates 

were checked for growth and photographed. 
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Supporting Information 

 

Supplementary Figure 1. Sequence alignment of alleles of AvrLm4-7 from L. maculans 

isolates Nz-T4, 00-100 and v23.1.3 (JN3). a). Nucleotide sequences alignment. b). 

protein sequences alignment.  00-100 avrLm4-7 is highly homologous to the non-

functional avrLm4-7 from L. maculans isolate Nz-T4 compared to the functional version 

of AvrLm4-7 produced by v23.1.3 in nucleotide sequences, which results in premature 

stop codon in protein sequences.   

 

Supplementary Figure 2. Interaction phenotype of AvrLm9 transgenic isolate with 

B.napus varieties Topas DH16516 (no R gene) and two Rlm9 varieties; Goéland and 

Darmor. Image taken 14 days post-inoculation. 
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Supplementary Figure 3. The expression pattern of AvrLm5-9 and two common known 

effectors (AvrLm6, AvrLm2) during cotyledon infection at different time points in two 

natural Lm isolates harboring (v23.1.3 / JN3) or lacking (00-100) AvrLm4-7. 

The RNA sequencing data corresponding to 00-100 are presented as log2 RPKM of the 

average of three biological replicates while the data corresponding to v23.1.3 / JN3 are 

presented as log2 RPKM of the merged three technical replicates. These data were 

presented together for comparison to find out whether the masking effect of AvrLm4-7 

on Rlm9 is due to the suppression of AvrLm9 transcripts or not. Same expression profiles 

are observed for AvrLm5-9 and two known effectors in v23.1.3 / JN3 and 00-100, while a 

slight decrease in expression in v23.1.3 that could be explained by our experimental 

design.  

 

 

Supplementary Figure 4. Quantitative-PCR analysis showing AvrLm5-9 and AvrLm4-7 

expressions during colonisation of the compatible Brassica napus line Topas DH16516.  

(A). AvrLm5-9 expression level is measured in L. maculans isolate 00-100, 00-100 

transformed with AvrLm7 (00-100/AvrLm7) and 00-100 transformed with AvrLm4-7 (00-

100/AvrLm4-7) after 3, 6 and 9 days of inoculation on Topas DH16516. (B). AvrLm4-7 

expression level is determined in L. maculans isolates 00-100, 00-100/AvrLm7 and 00-

100/AvrLm4-7 after 3, 6 and 9 days of inoculation on Topas DH16516. AvrLm5-9 or 

AvrLm4-7 gene expression levels are normalised to that of actin. Error bars 

represent standard deviation for triplicate technical reactions of three biological 

replicates. dpi, days post inoculation 

 

Supplementary Table 1. Primers used in this study.   

 

Table 1. Leptosphaeria maculans isolates collected from North America, Europe and 

Australia were pathotyped for interactions with Rlm3, Rlm4, Rlm7 and Rlm9 using B. 

napus differential lines. Phenotypic response is indicted as avirulent (A) or virulent (V). 

Reference isolates v23.1.3 and 00-100 in bold. Polymorphism at position 164 (SNP) and 

corresponding change in amino acid residue at position 55 (AA) are noted in the last two 
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columns. Box colored green, highlights the avirulent phenotype of AvrLm5-9 is expressed 

only in the absence of AvrLm4-7.  

 

 

Table 2. Pathotyping of wild type and transgenic L. maculans isolates on differential 

Brassica lines carrying 10 different blackleg R genes (Rlm1-4, 6-7, 9, LepR1-3) using 

standard cotyledon test. Topas DH16516 was used as susceptible control (no R gene). 

Lesions rated at 14 dpi on 0 to 9 scale with 9 being fully developed lesion showing a 

highly virulent reaction. Avr (avirulent); avr (virulent; red text). Numbers in parentheses 

are median of disease score for 16-24 inoculation sites. 

 

Table 3. Allelic variants of AvrLm5-9. The five reported allelic variants of AvrLm5-9 

(Lema_uP070880.2), nucleotide polymorphism and the corresponding amino acid 

changes. Phenotype of each allele is noted as avirulence (A) or virulence (V) in regards to 

Rlm5 (as previously reported by Van de Wouw et al., 2014) and Rlm9 (this study).  

 

Figure Legends: 

  

Figure 1. Expression of AvrLm4-7 or AvrLm7 abolishes host recognition of AvrLm9. A) 

Transgenic L. maculans isolates 00-100 containing AvrLm4-7 of AvrLm7 gene expressed 

under its native promoter blocks hypersensitive response triggered by Rlm9 recognition 

of AvrLm9. As a positive control elimination of Rlm3-AvrLm3 recognition by AvrLm4-

7 and AvrLm7 is shown which confirms similar observations reported by Plissonneau et 

al., (2016). Resistance response is seen as very limited lesion surrounding the site of 

inoculation. Pathogen growth is blocked by hypersensitive response of tissues at the 

margin of infection site (dark brown ring) compare to compatible response of Topas 

DH16516 showing collapse of almost entire cotyledon. B. napus differential lines Topas-

Rlm3, Topas-Rlm4 (Larkan et al., 2016b), Roxet and Goéland containing Rlm3, Rlm4, 

Rlm7 and Rlm9 resistance genes respectively, were used as positive and the susceptible B. 

napus cv. Topas DH16516 was used as negative control. B) Proof of function of AvrLm9 

genomic clone driven by its native promoter. L. maculans isolate 2367 is virulent on B. 
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napus lines Goéland with Rlm9 (lack of functional AvrLm9). Upon transformation with 

AvrLm9 constructs, recognition of 2367:AvrLm9 transgenic line was restored when 

inoculated on Goéland cotyledons. Photograph of the infected cotyledons were taken 14 

days post-inoculation 

 

Figure 2. Genetic and physical maps of AvrLm5-9 on supercontig 7 of the L. maculans 

v23.1.3 genome. The markers S7_901, S7_1028, S7_1033 and S7_1059 clustered 

genetically with the AvrLm9 phenotype, and were located within a physical interval of 

approximately 150 kb surrounding AvrLm5-9 locus. AvrLm5-9 is the only effector gene 

predicted within this interval. 

 

Figure 3.  Physical interaction between AvrLm5-9 and AvrLm3 or AvrLm4-7 is absent.  

Growth of yeast strain Y2Hgold co-transformed with bait (B) constructs containing 

AvrLm3 or AvrLm4-7 or empty vector (pGTBKT7) and prey (P) constructs containing 

AvrLm9-J1 or empty vector (pGADT7). All transformed yeasts are able to grow on 

minimal media lacking tryptophan and leucine (SD-WL).  None of transformed yeasts 

have the ability to grow on the selection plates lacking histidine, adenine and tryptophan 

and leucine supplemented with 40 μg/ml X-a-Gal and 200 ng/ml Aureobasidin A, 

suggesting the absent of physical interaction between AvrLm3 or AvrLm4-7 and 

AvrLm5-9. From left to right, five serial 10-fold dilutions from OD
600

=1 are spotted on 

the plate.  

 

 

Figure 4. Hypotheses for the suppression of AvrLm9 recognition in the presence of 

AvrLm4-7. As Rlm3, Rlm4, Rlm7 and Rlm9 are currently uncharacterised R genes we 

assumed two possibilities; A) These R genes encode membrane-bound Receptor Like 

Kinase (RLK) or Receptor Like Proteins (RLP), or B) the proteins are cytoplasmic 

receptors located inside the plant host cell. Rlm9 –AvrLm9 recognition could either be by 

direct interaction (dark blue arrows) or by indirect recognition through interaction with a 

host plant protein (decoy or guard hypothesis - dark read arrows). The masking effect of 

AvrLm4-7 on AvrLm9 recognition is depicted by black T lines. Light blue dotted lines 
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represent down stream signalling upon successful recognition of AvrLm9 by Rlm9. 

AvrLm4-7 (dark orange pentagon) could block direct interaction of AvrLm9 (red star) 

with a RLK or RLP-type Rlm9, or disrupt the formation of a receptor complex (e.g 

SOBIR1 and BAK1). Dark brown arrow represents a host target protein other than R 

protein. SOBIR1 (Suppressor Of BIR1). BAK1 (BRI1- Associated Kinase-1). The same 

hypotheses are applicable to the suppression of AvrLm3-Rlm3 recognition by AvrLm4-7. 
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Figure 1. Expression of AvrLm4-7 or AvrLm7 abolishes host recognition of AvrLm9. A) Transgenic L. 
maculans isolates 00-100 containing AvrLm4-7 of AvrLm7 gene expressed under its native promoter blocks 
hypersensitive response triggered by Rlm9 recognition of AvrLm9. As a positive control elimination of Rlm3-
AvrLm3 recognition by AvrLm4-7 and AvrLm7 is shown which confirms similar observations reported by 
Plissonneau et al., (2016). Resistance response is seen as very limited lesion surrounding the site of 

inoculation. Pathogen growth is blocked by hypersensitive response of tissues at the margin of infection site 
(dark brown ring) compare to compatible response of Topas DH16516 showing collapse of almost entire 
cotyledon. B. napus differential lines Topas-Rlm3, Topas-Rlm4 (Larkan et al., 2016b), Roxet and Goéland 
containing Rlm3, Rlm4, Rlm7 and Rlm9 resistance genes respectively, were used as positive and the 
susceptible B. napus cv. Topas DH16516 was used as negative control. B) Proof of function of AvrLm9 

genomic clone driven by its native promoter. L. maculans isolate 2367 is virulent on B. napus lines Goéland 
with Rlm9 (lack of functional AvrLm9). Upon transformation with AvrLm9 constructs, recognition of 

2367:AvrLm9 transgenic line was restored when inoculated on Goéland cotyledons. Photograph of the 
infected cotyledons were taken 14 days post-inoculation  
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Figure 2. Genetic and physical maps of AvrLm5-9 on supercontig 7 of the L. maculans v23.1.3 genome. The 
markers S7_901, S7_1028, S7_1033 and S7_1059 clustered genetically with the AvrLm9 phenotype, and 
were located within a physical interval of approximately 150 kb surrounding AvrLm5-9 locus. AvrLm5-9 is 

the only effector gene predicted within this interval.  
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Figure 3.  Physical interaction between AvrLm5-9 and AvrLm3 or AvrLm4-7 is absent.  Growth of yeast 
strain Y2Hgold co-transformed with bait (B) constructs containing AvrLm3 or AvrLm4-7 or empty vector 

(pGTBKT7) and prey (P) constructs containing AvrLm9-J1 or empty vector (pGADT7). All transformed yeasts 

are able to grow on minimal media lacking tryptophan and leucine (SD-WL).  None of transformed yeasts 
have the ability to grow on the selection plates lacking histidine, adenine and tryptophan and leucine 
supplemented with 40 µg/ml X-a-Gal and 200 ng/ml Aureobasidin A, suggesting the absent of physical 

interaction between AvrLm3 or AvrLm4-7 and AvrLm5-9. From left to right, five serial 10-fold dilutions from 
OD600=1 are spotted on the plate.  
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Figure 4. Hypotheses for the suppression of AvrLm9 recognition in the presence of AvrLm4-7. As Rlm3, 
Rlm4, Rlm7 and Rlm9 are currently uncharacterised R genes we assumed two possibilities; A) These R genes 
encode membrane-bound Receptor Like Kinase (RLK) or Receptor Like Proteins (RLP), or B) the proteins are 

cytoplasmic receptors located inside the plant host cell. Rlm9 –AvrLm9 recognition could either be by direct 
interaction (dark blue arrows) or by indirect recognition through interaction with a host plant protein (decoy 
or guard hypothesis - dark read arrows). The masking effect of AvrLm4-7 on AvrLm9 recognition is depicted 
by black T lines. Light blue dotted lines represent down stream signalling upon successful recognition of 

AvrLm9 by Rlm9. AvrLm4-7 (dark orange pentagon) could block direct interaction of AvrLm9 (red star) with 
a RLK or RLP-type Rlm9, or disrupt the formation of a receptor complex (e.g SOBIR1 and BAK1). Dark 
brown arrow represents a host target protein other than R protein. SOBIR1 (Suppressor Of BIR1). BAK1 
(BRI1- Associated Kinase-1). The same hypotheses are applicable to the suppression of AvrLm3-Rlm3 

recognition by AvrLm4-7.  
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Table 1. Leptosphaeria maculans isolates collected from North America, Europe and 

Australia were pathotyped for interactions with Rlm3, Rlm4, Rlm7 and Rlm9 using B. 

napus differential lines. Phenotypic response is indicted as avirulent (A) or virulent (V). 

Reference isolates v23.1.3 and 00-100 in bold. Polymorphism at position 164 (SNP) and 

corresponding change in amino acid residue at position 55 (AA) are noted in the last two 

columns. Box colored green, highlights the avirulent phenotype of AvrLm5-9 is expressed 

only in the absence of AvrLm4-7.  

 
 

Isolate Country Year Rlm3 Rlm4 Rlm7 Rlm9   SNP   AA 

v23.1.3 France n/a V A A V 
 

 A164 

 

Lys55 

99-56 Canada, MB 1999 V A A V 

 

 A164 

 

Lys55 

98-15 Canada, SK 1998 V A A V 

 

 A164 

 

Lys55 

99-79 Canada, SK 1999 V A A V 

 

 G164 

 

Arg55 

7.1 Canada, AB 2005 V A A V 

 

 G164 

 

Arg55 

87-41 USA 1987 V A A V 

 

 G164 

 

Arg55 

Liffolle6 France unknown V A A V 

 

 G164 

 

Arg55 

SC07-59 Canada, SK 2007 V A A V 

 

 G164 

 

Arg55 

SC07-69 Canada, SK 2007 V A A V 

 

 G164 

 

Arg55 

VR08-01 Canada, AB 2008 V A A V 

 

 G164 

 

Arg55 

IH08-85 Canada, SK 2008 V A A V 

 

 G164 

 

Arg55 

PC07-12 Canada, MB 2007 V A A V 

 

 G164 

 

Arg55 

PC07-45 Canada, MB 2007 V A A V 

 

 G164 

 

Arg55 

99-22 Canada, SK 1999 V A A V 

 

 G164 

 

Arg55 

A94 Canada n/a  V A A V 

 

 G164 

 

Arg55 

CR07-15 Canada, AB 2007 V A A V 

 

 G164 

 

Arg55 

AI165 Canada, AB 2004 V A A V 

 

 G164 

 

Arg55 

05-29 Canada, AB 2005 V A A V 

 

 G164 

 

Arg55 

04-49 Canada, MB 2004 V A A V 

 

 G164 

 

Arg55 

03-02 Canada, MB 2003 V A A V 
 

 G164 
 

Arg55 

3R11 Australia n/a V V A V 

 

 A164 

 

Lys55 

290 France 1985 V V A V 

 

 G164 

 

Arg55 

05-08 Canada, AB 2005 V V A V 

 

 A164 

 

Lys55 

AI166 Canada, AB 2004 V V A V 

 

 G164 

 

Arg55 

00-100 Canada, MB 2000 A V V A    G164   Arg55 

98-16 Canada, SK 1998 A V V A 

 

 G164 

 

Arg55 

89-12 Australia 1989 V V V A 

 

 G164 

 

Arg55 

IH08-10 Canada, SK 2008 A V V A 

 

 G164 

 

Arg55 

CB07-37 Canada, MB 2007 A V V A 

 

 G164 

 

Arg55 

86-12 Canada, MB 1986 A V V A 

 

 G164 

 

Arg55 

VR08-29 Canada, AB 2008 A V V A    G164   Arg55 

2354 Canada, ON 1989 V V V V 

 

 A164 

 

Lys55 
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WA51 Australia 1989 V V V V 

 

 A164 

 

Lys55 

WA30 Australia 1989 A V V V 

 

 A164 

 

Lys55 

Liffolle5 France unknown V V V V 

 

 A164 

 

Lys55 

2367 Canada, ON 1989 V V V V 

 

 A164 

 

Lys55 

89-21 Australia 1989 V V V V 

 

 A164 

 

Lys55 

 
Table 2. Pathotyping of wild type and transgenic L. maculans isolates on differential 

Brassica lines carrying 10 different blackleg R genes (Rlm1-4, 6-7, 9, LepR1-3) using 

standard cotyledon test. Topas DH16516 was used as susceptible control (no R gene). 

Lesions rated at 14 dpi on 0 to 9 scale with 9 being fully developed lesion showing a 

highly virulent reaction. Avr (avirulent); avr (virulent; red text). Number in brackets 

represents median of disease index for 16-24 inoculated sites.  
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T
o
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L. maculans 

isolates   

          

 

  

          

v23.1.3 

avr 

(9) 

Avr 

(4) 

avr 

(9) 

avr 

(9) 

Avr 

(3) 

Avr 

(3) 

Avr 

(5) 

avr 

(8.5) 

Avr 

(4) 

avr 

(8) 

Avr 

(3) 

 

  

          

00-100 

avr 

(9) 

avr 

(9) 

Avr 

(3) 

Avr 

(3) 

avr 

(9) 

Avr 

(3) 

avr 

(8) 

Avr 

(3) 

Avr 

(3) 

Avr 

(3) 

avr 

(9) 

 

  

          

00-100:AvrLm4-7 

avr 

(9) 

avr 

(9) 

Avr 

(3) 

avr 

(9) 

Avr 

(4) 

Avr 

(3) 

Avr 

(5) 

avr 

(9) 

Avr 

(3) 

Avr 

(4) 

avr 

(9) 

 

  

          

00-100:AvrLm7 

avr 

(8.5) 

avr 

(9) 

Avr 

(3) 

avr 

(9) 

avr 

(8.5) 

Avr 

(3) 

Avr 

(3) 

avr 

(8) 

Avr 

(3) 

Avr 

(3) 

avr 

(9) 

 

  

          

2367 

avr 

(9) 

avr 

(9) 

avr 

(9) 

avr 

(9) 

avr 

(9) 

Avr 

(2) 

avr 

(8) 

avr 

(8.5) 

Avr 

(3) 

Avr 

(4) 

avr 

(8) 

 

  

          

2367:AvrLm5-9 

avr 

(9) 

avr 

(9) 

avr 

(8) 

avr 

(9) 

avr 

(9) 

Avr 

(2) 

avr 

(7.5) 

Avr 

(3) 

Avr 

(3) 

Avr 

(3) 

avr 

(9) 
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Table 3. Allelic variants of AvrLm5-9. 

 

 

a) As reported by Van de Wouw et al., 2014 (as AvrLmJ1) 

b) This study 

 

 
 

Allele Nucleotide Change Amino Acid Change Rlm5
a
 Rlm9

b
 Genotype 

Lema_uP070880.2_0 n/a n/a A V AvrLm5 

Lema_uP070880.2_1 A164G K55R A A AvrLm5-9 

Lema_uP070880.2_2 A164C K55T A V AvrLm5 

Lema_uP070880.2_3 G113T, A164G R38L, K55R A A AvrLm5-9 

Lema_uP070880.2_4 C85T, G113T, A164G R29Stop, R38L, K55R V n/t avrLm5-9 
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