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SUMMARY

Molecular interaction between the causal agent of blackleg dis-

ease, Leptosphaeria maculans (Lm), and its host, Brassica napus,

is largely unknown. We applied a deep RNA-sequencing

approach to gain insight into the pathogenicity mechanisms of

Lm and the defence response of B. napus. RNA from the infected

susceptible B. napus cultivar Topas DH16516, sampled at 2-day

intervals (0–8 days), was sequenced and used for gene expres-

sion profiling. Patterns of gene expression regulation in B. napus

showed multifaceted defence responses evident by the differen-

tial expression of genes encoding the pattern recognition recep-

tor CERK1 (chitin elicitor receptor kinase 1), receptor like

proteins and WRKY transcription factors. The up-regulation of

genes related to salicylic acid and jasmonic acid at the initial and

late stages of infection, respectively, provided evidence for the

biotrophic and necrotrophic life stages of Lm during the infection

of B. napus cotyledons. Lm transition from biotrophy to necrotr-

opy was also supported by the expression function of Lm necrosis

and ethylene-inducing (Nep-1)-like peptide. Genes encoding pol-

yketide synthases and non-ribosomal peptide synthetases, with

potential roles in pathogenicity, were up-regulated at 6–8 days

after inoculation. Among other plant defence-related genes dif-

ferentially regulated in response to Lm infection were genes

involved in the reinforcement of the cell wall and the production

of glucosinolates. Dual RNA-sequencing allowed us to define the

Lm candidate effectors expressed during the infection of B.

napus. Several candidate effectors suppressed Bax-induced cell

death when transiently expressed in Nicotiana benthamaina

leaves.
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INTRODUCTION

Blackleg disease is a major cause of yield losses on oilseed rape

canola (Brassica napus), the second largest oilseed crop in the

world. The disease is caused by the hemibiotrophic fungus Leptos-

phaeria maculans (Lm), which belongs to the Dothideomycete

class of ascomycetes (West et al., 2001). Infection begins with the

germination of ascospores (primary source of infection) and asex-

ual spores (pycnidiospores) on the cotyledons and leaves of young

B. napus seedlings. After germination, Lm hyphae penetrate

through the wounds and stomata, and, as infection progresses,

hyphae continue to grow between the cells and into the stem,

eventually causing lesions at the base of the stem (stem canker)

(Fitt et al., 2006; Rouxel et al., 2011). Disease symptoms on the

cotyledons and leaves of Brassica species are visible as the forma-

tion of chlorotic tissue surrounding the site of infection, which

develops into lesions with pycnidia occurring as black dots on the

surface. Blackleg is a challenging disease to study as it exhibits an

extremely complex life cycle in the host plant. Lm starts its life

cycle as a biotroph during infection of the cotyledons and leaves,

as an endophyte whilst growing in the stem and, finally, as a

necrotroph leading to the formation of canker (Rouxel and Bales-

dent, 2005; Rouxel et al., 2011; West et al., 2001). The resistance

of B. napus to Lm at the cotyledon stage is race specific. To date,

16 cotyledon resistance (R) genes (Rlm1–Rlm11, RlmS, LepR1–

LepR4) have been reported from Brassica species (Raman et al.,

2013). Two of these genes, LepR3 and Rlm2, encoding receptor-

like proteins (RLPs), have been cloned (Larkan et al., 2013, 2015).

Six Lm avirulence (effector) genes (AvrLm1, AvrLm2, AvrLm4-7,

AvrLm6, AvrLmJ1 and AvrLm11), corresponding to the above-

named R genes, have been cloned (Balesdent et al., 2013; Fudal

et al., 2007; Ghanbarnia et al., 2015; Gout et al., 2006; Parlange

et al., 2009; Van de Wouw et al., 2014). The genome sequence of

the Lm isolate v23.1.3 revealed that the majority of the known

and predicted effectors are located within AT-rich isochores

(Rouxel et al., 2011; Van de Wouw et al., 2014). Despite these

advances, there has been no comprehensive study describing the

regulation of plant defence responses and pathogen virulence

genes during the foliar infection of B. napus.
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Dual RNA-sequencing (RNA-seq) allows accurate gene expres-

sion analysis of plant pathogens and their respective hosts simul-

taneously, and has been applied to investigate biotrophic and

necrotrophic fungal–host interactions (Metzker, 2010; Wester-

mann et al., 2012). The recent release of the B. napus cv. Darmor

genome sequence (Chalhoub et al., 2014) and the availability of a

reference genome for Lm (Rouxel et al., 2011) have provided the

opportunity to investigate the molecular interaction in the B.

napus–Lm pathosystem. To date, the only RNA-seq reported for

the B. napus–Lm interaction is the study by Lowe et al. (2014).

They compared the expression of Lm and B. napus genes at 7 and

14 days after inoculation (dai). Although limited in its scope (only

two time points and a total of 164.9 million reads), this work pro-

vided a general view of the gene expression profile during the

Lm–B. napus interaction (Lowe et al., 2014). These authors, as

well as �Sa�sek et al. (2012), reported the up-regulation of the plant

hormones salicylic acid (SA) and ethylene (ET) in B. napus in

response to Lm infection. Diverse plant hormones play a central

role in the regulation of plant immune responses (Katagiri and

Tsuda, 2010; Pieterse et al., 2012). The roles of the plant hor-

mones SA, jasmonic acid (JA) and ET in plant defence have been

studied extensively. SA has a major role in resistance against bio-

trophic pathogens, whereas JA and ET regulate plant defence

against necrotrophs (Glazebrook, 2005). Other hormones, such as

abscisic acid (ABA), gibberellins (GAs), auxins, cytokinins (CKs),

brassinosteroids (BRs) and nitric oxide (NO), have also been

reported to function as modulators of the plant immune response

(Pieterse et al., 2012).

To obtain a comprehensive gene expression profile for both

the pathogen and host during a compatible interaction between

B. napus and Lm, RNA prepared from the cotyledon tissues of the

susceptible B. napus cv. Topas at 0, 2, 4, 6 and 8 dai was

sequenced. In total, 1.38 billion reads for four biological replicates

were generated using the Illumina HiSeq-2500 platform. These

data enabled us to define the lifestyle transition of Lm and to

reveal the regulation of B. napus defence genes during cotyledon

infection. In addition, we present the expression profile of known

and candidate Lm effector genes during infection and provide evi-

dence that supports the virulence function of some of the pre-

dicted effectors.

RESULTS

Disease progression on B. napus seedlings

One-week-old cotyledons of the doubled-haploid (DH) line

B. napus cv. Topas DH16516 were inoculated with pycnidiospores

of Lm isolate 00-100. Under our inoculation protocol, infection ini-

tiated by the pycnidiospores continued without any visible symp-

toms for the first 3–4 dai. At 4 dai, a chlorotic ring surrounding

the inoculation site became clearly visible, which later (8 dai)

expanded, leading to the formation of a lesion and to tissue col-

lapse around the site of inoculation (Fig. 1A). RNA was prepared

from the cotyledon discs surrounding the site of inoculation,

sampled at 0, 2, 4, 6 and 8 dai.

RNA-sequencing

We applied the dual deep RNA-seq approach to simultaneously

assess genome-wide expression profiling of B. napus and Lm at

five different time points. For each time point, 28.7–115.6 million

paired-end reads were produced and a total of 1.38 billion RNA-

Seq reads were generated for four biological replicates (Table S1,

see Supporting Information). In addition, 15.4 million paired-end

RNA-seq reads were generated from an in vitro-grown Lm culture.

Based on the count distribution, density plots (Fig. S1A, see Sup-

porting Information), clustering of the sample-to-sample distances

(Fig. S1B) and the MA-plot (Fig. S1C), the best three of four RNA-

seq replicates were chosen for gene expression analysis. All reads

were mapped to the genome sequence of Lm isolate v23.1.3 and

the B. napus cv. Darmor reference genome (Chalhoub et al., 2014;

Rouxel et al., 2011). The percentages of reads, for each time

course, mapped to the pathogen and host genomes are indicated

in Fig. 1 and Table S1.

Differentially expressed genes (DEGs) were detected using the

DESeq2 package. Genes with a false discovery rate-Benjamini–

Hochberg (FDR-BH) of less than 0.05 were considered to be differ-

entially expressed. Variability among the samples was determined

by preparing a clustering image map (CIM) of the sample-to-

sample distance matrix and principal component analysis (PCA).

The PCA and CIM analysis displayed a clear distinction in the tran-

scriptome of Lm at different time points (Fig. 1B,C).

Lm gene expression profile during infection

The expression profile of 12,469 Lm predicted genes showed that

close to 74% of the Lm genes were expressed during the B. napus

infection [reads per kilobase of exon per million mapped reads

(RPKM)> 2] and 56% were expressed during Lm in vitro growth.

A total of 2898 genes showed differential expression (FDR-

BH< 0.05) in at least one time point, with 621 only expressed

during host infection (no expression during in vitro growth) (Fig.

1D). Genes with significant changes in expression were deter-

mined by pair-wise comparison of the infection time course (i.e. 2

vs. 0 dai, 4 vs. 2 dai, 6 vs. 4 dai, 8 vs. 6 dai). The total numbers of

DEGs for each of these comparisons were 40, 163, 384 and 2692,

respectively. A major portion (40%) of the DEGs at the earlier

time points during infection (2 vs. 0 dai) included the predicted

secreted protein-encoding genes (SPs), which, in addition to effec-

tors (SP) of unknown function, consisted of the plant cell wall-

degrading enzymes (PCWDEs). The most prevalent PCWDEs at

this early stage of infection were the pectin-degrading enzymes,

such as glycoside hydrolase (GH) family 28, GH105 and several
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pectate lyases (PL1, PL9, PL10, PL11). Pectin is the main compo-

nent of the cell wall of dicots and, when depolymerized, the plant

cell wall becomes more vulnerable and accessible to other

PCWDEs (Malinovsky et al., 2014). The Lm genes encoding for chi-

tinases were highly expressed at 2 dai, which is consistent with

the role of these enzymes in the growth and development of

fungi. The Lm pattern of gene expression at 4 dai was similar to

that at 2 dai, with 25% of the total DEGs annotated as potential

effectors. In addition to GH and PL classes of Carbohdrate-Active

enZYmes (CAZy), several genes containing carbohydrate-binding

Fig. 1 Disease symptoms on cotyledons of the susceptible Brassica napus cv. DH-Topas 16516 (DHT) infected with Leptosphaeria maculans isolate 00-100. (A)

Cotyledons were photographed at 0, 2, 4, 6 and 8 days after inoculation (dai). The percentages of reads aligned to the genome of L. maculans isolate v23.1.3 for

each time point are presented. (B, C) Global evaluation of RNA-sequencing in L. maculans. Principal component analysis (PCA) (B) and clustering image map (CIM)

(C) display a clear distinction among the transcriptome of L. maculans at different time points. (D) Differentially expressed genes (DEGs) that are unique or shared

among various time point comparisons in 00-100 (left, LM) and DHT (left, BN). The numbers of DEGs are noted in each section of the Venn diagrams.
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modules (CBMs), including CBM50, which binds chitin (LysM

domain-containing proteins), were differentially expressed at 2

and 4 dai. The expression profiles of Lm genes during the first 4

days of Brassica infection support an initial biotrophic establish-

ment of Lm, which was evident by the relative abundance of

effectors (secreted by the pathogen to suppress plant defence)

and the reduced number of PCWDEs (largely consisting of pecti-

nases). However, the pattern of DEGs at 6 and 8 dai was more

suited to a necrotrophic lifestyle. At these latter time points, pre-

dicted secreted proteins constituted a small portion of the total

DEGs (15% at 6 dai and 6.9% at 8 dai) and CAZy-encoding genes

at 6 and 8 dai were more abundant and diverse. A notable change

in the CAZy profile at 6 and 8 dai was the expansion of GHs and

CAZy belonging to the auxiliary activities (AA) group. AAs help

GH gain access to the carbohydrates embedded in the plant cell

wall (Levasseur et al., 2013).

Other genes that were differentially expressed during infection

were genes related to nucleotide and amino acid biosynthesis,

starch and sucrose metabolism, nucleotide and amino acid sugar

metabolism, and sugar and other transporter families. Differential

expression of transporter genes was observed as early as 2 dai

and a major facilitator superfamily (MFS) of sugar transporters

was highly expressed at this time point. Among the predicted

transporter genes with significant changes in expression level,

sugar/carbohydrate transporters were prevalent at 4, 6 and 8 dai.

There was a significant increase in the numbers and types of

transporter genes differentially expressed at 8 dai (amino acid and

metal ion transporters) coinciding with the lysis of the host plant

tissues and the release of nutrients, as well as toxins and antimi-

crobial compounds, at this stage.

A search for the genes involved in the biosynthesis of second-

ary metabolites identified 25 core genes, including polyketide syn-

thases (PKSs), non-ribosomal peptide synthetases (NRPSs) and

dimethylallyltryptophan synthetase/CymD prenyl transferase

(DMATS) (Fig. S2, see Supporting Information). Fungal secondary

metabolites have diverse functions, including their role as viru-

lence factors in necrotrophic fungi through the production of tox-

ins (Cho, 2015). Using the software SMURF (Khaldi et al., 2010),

we predicted 14 PKSs for Lm. The expression of Lm secondary

metabolite genes was increased at 6 dai and the majority were

highly up-regulated at 8 dai, which coincides with the necrotro-

phic stages of Lm during B. napus cotyledon infection. Our results

showed significant up-regulation of PKS6, PKS10, PKS13 and

PKS14 at 8 dai, but no transcript was detected for PK2, PK4, PK8,

PK11 and PK12 (Fig. S2). Lm PKS10 shows 92% similarity to PKS

responsible for the biosynthesis of melanin, a secondary metabo-

lite that contributes to fungal structures and has been reported to

play a role in the pathogenicity of human and plant fungi (Elliott

et al., 2013; Jacobson, 2000; Scharf et al., 2014). PKS13 and

PKS14 have been reported to be required for the production

of phomenoic acid, an Lm metabolite that is toxic towards

L. biglobosa, another pathogen of B. napus. It has been suggested

that the production of phomenoic acid helps Lm to outcompete

other fungi in its environmental niche (Elliott et al., 2013). Lm

PKS6 has been reported to have an unusual structure by contain-

ing both a reductase and a methyl transferase domain not

reported previously (Elliott et al., 2013). The expression of the Cla-

dosporium fulvum PKS6 gene has been reported to be reduced

during the initial stages of fungal growth, but elevated during the

later stages of infection, when conidiophores emerge from the

infected plants (Collemare et al., 2014). Another class of enzyme

involved in the production of secondary metabolites is the NRPSs.

Lm NPRSs have been reported to be involved in the production of

the non-host-selective phytotoxin, sirodesmin PL. Lm lines with a

mutation in an Lm NPRS gene named ‘SirP’ were less virulent dur-

ing the colonization of B. napus stem, but not cotyledon (Elliotte

et al., 2007). We searched the Lm predicted proteins to identify

SirP homologues. SirP (jgi.p|Lepmu|2880) was not expressed dur-

ing any time course in our experiment. Elliotte et al. (2007)

detected the expression of this gene in infected cotyledons start-

ing at 10 dai. We also found four genes (jgi.p|Lepmu|1264, jgi.-

p|Lepmu|1265, jgi.p|Lepmu|1295 and jgi.p|Lepmu|904) that

encoded for proteins with significant homology (BLASTP;

E value 5 8E-90, 8E-51, 3E-93, 6E-105) to SirP. All of these four

genes encoding for NRPs were differentially expressed during cot-

yledon infection (Fig. S2); however, their roles in the pathogenicity

of Lm have not yet been established.

Defining Lm effectors

All of the Lm effectors identified to date are located within the

AT-rich isochores of the genome (Rouxel et al., 2011; Van de

Wouw et al., 2014), with the exception of AvrLm2, which resides

in a GC island within the AT-rich region of the AvrLm1-2-6 cluster

(Ghanbarnia et al., 2015). Rouxel et al. (2011) identified 122 pre-

dicted effectors to be located within the AT-rich blocks of the Lm

genome.

To search for the Lm candidate effectors, we adopted the pipe-

line (Fig. 2A) that shares common features with the effector predi-

cation pipelines described for the filamentous plant pathogens

(Guyon et al., 2014; Pedersen et al., 2012; Sperschneider et al.,

2015). In total, 668 SPs, 310 of which were small (<300 amino

acid) secreted proteins (SSPs), were identified. Included within the

SSPs were all the previously cloned AvrLm genes, except for

AvrLm1, which was absent from our list of predicted effectors

because of the deletion of the 43-bp N-terminal fragment

(expanding the signal peptide) for the predicted AvrLm1 protein

(jgi.p|Lepmu1|10780, Lema_P049660.1; accession number:

XM_00385577). Of the 668 SPs, 162 genes had no detectable

transcript during infection and 210 genes showed differential

expression (Fig. 2B), with 80 being SSPs (Fig. 2C, Table S2, see
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Supporting Information). These 80 SSPs were considered as the

most likely set of Lm effectors. Within the 80 SSPs, expression of

the known effector genes AvrLm2, AvrLm6 and AvrLmJ1 was up-

regulated at 4 and 6 dai, and then reduced at 8 dai, confirming

the previously reported pattern of expression for these genes

(Ghanbarnia et al., 2015). AvrLm1 and AvrLm11 were deleted and

AvrLm4-7 was not expressed in the Lm isolate 00-100 used in our

study. One of the predicted SSPs (Lema_T086540.1) had

Leptosphaeria maculans proteome 
(12469)

Signal peptide

TMHHMM 

TargetP

GPI 
OrthoMCL

668 Secreted-protein encoding genes (SP)

PFAM 

347 SP 
(annotated ) 

321 SP  
( no PFAM ) 

439 SP  
(ortholog clusters) 

229 SP  
(no ortholog) 

RNA-seq

REPEAT MASKER 

Disulfind

In planta
210 DEGs

       372 no DEGs
      162 no expressionp

 36 SSP 
no expression

 (in vitro) 

30 SSP 
complete deletion in non-

pathogenic isolate (LBCan) 

80 Significant small secreted-protein encoding genes (SSP) 
(protein size <300 aa, higher expression 

in planta vs in vitro , DEG) 

a!

      3
     16

co
pat

c!

 In vitro  
(384  no expression)

*Significant DEG 2 v 0dai 
* Significant DEG 4 v 2dai 
*Significant DEG 6 v 4dai 
*Significant DEG 8 v 6dai 

0dai

2dai

4dai

6dai

8dai

b!

Fig. 2 Leptosphaeria maculans (Lm) secretome prediction pipeline. (A) Features used to predict and classify effectors of Lm. aa, amino acid; DEG, differentially

expressed gene; GPI, Glycophosphatidylinositol-anchor; RNA-seq, RNA-sequencing; (B) Lm genes encoding predicted secreted proteins (SPs) and their expression

levels during different time points. The outermost ring shows 210 of 668 SPs in the Lm genome that were differentially expressed in at least one time point

comparison. Circles (from inside to outside) represent the expression of each gene at 0 (black), 2 (purple), 4 (red), 6 (green) and 8 (blue) days after inoculation (dai).

Known effectors AvrLm2, AvrLm6 and AvrLmJ1, located on supercontigs 6 and 7 of Lm v23.1.3, are highlighted in red. (C) Heat map of the 80 predicted small

secreted protein (SSP)-encoding genes differentially expressed during infection at different time points. The expression of each gene is based on regularized

logarithmic transformation of the average of the best three biological replicates using DESeq2. The Euclidean distance for the distance measure and average linkage

for cluster linkage criteria were selected.
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homology (42% identity) to Six5, an effector from Fusarium oxy-

sporum reported by Ma et al. (2015). Lema_T086540.1 was signif-

icantly up-regulated at 2 and 4 dai but was not expressed during

in vitro growth (Fig. S3A, B, see Supporting Information).

Sequence alignment revealed the presence of six cysteines that

were conserved between Lema_T086540.1 and Six5 (Fig. S3C).

Sixteen of the 80 SSPs that showed very low variance among

the biological replicates and were highly expressed during infec-

tion (Table 1) were selected for transient assay in Nicotiana ben-

thamiana. Four of these SSPs partially or fully suppressed cell

death induced by the mouse pro-apoptotic Bax gene, when co-

expressed in N. benthamiana (Fig. 3A).

The necrosis and ET-inducing peptide-1 (Nep-1)-like protein

(NLP) (Gijzen and N€urnberger, 2006) was also differentially

expressed. NLP expression in hemibiotrophic fungi coincides with

the initiation of the necrotrophic phase (Qutob et al., 2002; Zaparoli

et al., 2011). Expression of Lm NLP (Lm-NLP) was first detected at 4

dai, increased at 6 dai and remained at the same level at 8 dai (Fig.

3B). This expression pattern provides further evidence for the biotro-

phic lifestyle of Lm within the first 4 days of cotyledon infection fal-

lowed by a shit to necrotrophism. Lm-NLP function was confirmed

by its ability to cause hypersensitive response (HR)-like cell death

when transiently expressed in N. benthamiana leaves (Fig. 3C). To

further determine the role of NLP during Lm infection, we generated

transgenic Lm lines expressing an NLP-RNAi construct. Twenty NLP-

RNAi transformants (Lm-nlp) were selected and their virulence was

examined by inoculation on cotyledons of the susceptible B. napus

cv. Topas DH16516. As shown in Fig. 3D, three of the Lm-nlp lines

(NLP-SL1, NLP-SL2 and NLP-SL3) were severely compromised in viru-

lence. Reduction in NLP expression was confirmed by quantitative

polymerase chain reaction (qPCR) (Fig. S4A, see Supporting Informa-

tion). In comparison with wild-type Lm, Lm-nlp lines showed a

slightly reduced growth rate, but sporulated normally on culture

plates (Fig. S4B).

Regulation of plant hormones and defence in

B. napus infected by Lm

To define the B. napus hormone defence networks in response to

Lm infection, we used HORMONOMETER software (Volodarsky et al.,

2009) which compares the input query genes against a database

of Arabidopsis genes expressed in response to the application of

different hormones. Using the Arabidopsis orthologues of the B.

napus DEG as query, we obtained profiles of hormone regulation

in B. napus at different time points after infection (Fig. 4A). This

comparison revealed a correlation of the B. napus response at the

initial phase of infection (2–4 dai) with the gene expression

response of Arabidopsis treated with SA, whereas, at the later

stages of infection (6 and 8 dai), there was a good correlation

with the Arabidopsis gene expression profile in response to the

application of JA. Analysis by the software MapMan (Thimm

et al., 2004) also showed that upstream genes of the JA pathway

were up-regulated in B. napus at 6–8 dai (Fig. 4B). There was a

good correlation throughout all time points with the Arabidopsis

genes related to ET. In the case of ABA signalling, the B. napus

response at 4 dai correlated with the Arabidopsis response to

ABA. Taken together, these data underline the importance of SA,

ET and JA pathways, and provide evidence for the involvement of

Table 1 A list of 16 highly expressed Leptosphaeria maculans predicted effectors selected for biological assay.

Pfam Gene ID Protein ID Super contig Start End Protein size Cys* DB†

Complete deletion
in non-pathogenic
isolate (LBCan)‡

– jgi|Lepmu1|616 Lema_T006160.1 0 2286679 2287371 213 6 3 Yes
– jgi|Lepmu1|7450 Lema_T023440.1 2 76723 77286 121 3 0 Yes
– jgi|Lepmu1|8487 Lema_T033060.1 3 287921 288676 123 8 4 Yes
– jgi|Lepmu1|8681 Lema_T035000.1 3 1031016 1031559 124 7 2 Yes
– jgi|Lepmu1|9004 Lema_T038230.1 3 2336898 2337410 114 6 3
– jgi|Lepmu1|9010 Lema_T038290.1 4 69859 70849 291 12 >5 Yes
– jgi|Lepmu1|1613 Lema_T076380.1 10 1509440 1509941 96 6 3 Yes
– jgi|Lepmu1|1698 Lema_T086540.1 11 92980 93502 121 7 3 Yes
– jgi|Lepmu1|2162 Lema_T083940.1 12 646590 646977 129 7 3 Yes
– jgi|Lepmu1|2216 Lema_T084480.1 12 827862 828642 187 6 3 Yes
– jgi|Lepmu1|2264 Lema_T084960.1 12 946778 947374 144 5 2
– jgi|Lepmu1|2817 Lema_T081180.1 13 1193860 1194346 104 5 2 Yes
– jgi|Lepmu1|2863 Lema_T081640.1 13 1352945 1353440 91 9 4 Yes
– jgi|Lepmu1|3097 Lema_T095640.1 14 681916 682620 178 10 >5
CAP jgi|Lepmu1|4336 Lema_T100080.1 17 427889 428585 232 5 0
– jgi|Lepmu1|6375 Lema_T113200.1 20 228261 228840 193 5 1

*Cysteine residues.

†DISULFIND (Ceroni et al., 2006) was also used to predict the disulfide bonding (DB) state of cysteines and their disulfide connectivity.

‡Unpublished data.
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ABA in B. napus in response to Lm infection. Furthermore, the

induction of SA in B. napus at 2 and 4 dai substantiates the bio-

trophic phase of Lm described above.

The profile of the B. napus DEGs showed multifaceted defence

responses that peaked at 4 dai. The pattern recognition receptors

CERK1 (chitin elicitor receptor kinase 1), extracellular RLPs,

Fig. 3 Suppression of BAX-induced cell death (CD) by Leptosphaeria maculans candidate effectors in Nicotiana benthamiana (Nb) leaves. Agrobacterium

tumefaciens (Ag) strains expressing individual L. maculans small secreted proteins (SSPs) and Bax were infiltrated into Nb leaves. Ag carrying pGWB451-GFP was

used as a negative control. BAX-induced cell death was scored at 4 days after infiltration. (A) Examples of complete suppression of CD by CE8 (jgi|Lepmu1|2216;

Lema_T084480.1) and partial suppression of CD by CE5 (jgi|Lepmu1|4336; Lema_T100080.1), CE9 (jgi|Lepmu1|616; Lema_T006160.1) and CE14 (jgi|Lepmu1|9004;

Lema_T038230.1) effectors. (B–D) Leptosphaeria maculans necrosis and ethylene-inducing peptide-1 (Nep-1)-like protein (NLP) (Lm-NLP) are required for the

complete virulence of Lm. (B) Expression of Lm-NLP at different time points. (C) Transient expression of Lm-NLP in Nb leaves induces hypersensitive response (HR)-

like cell death. Nb leaves were infiltrated with Ag cultures containing Lm-NLP, Bax and green fluorescent protein (GFP). Bax and GFP served as positive and negative

controls, respectively. Leaves were photographed 5 days after infiltration (left panel) and cell death was visualized by trypan blue staining of the same leaves (right

panel). (D) Cotyledons of 7-day-old seedlings of Brassica napus cv. DH-Topas 16516 were inoculated with the L. maculans wild-type isolate 00-100 and the three

Lm-NLP silenced (RNAi) lines (NLP-SL1, NLP-SL2 and NLP-SL3), and were photographed at 14 days after inoculation.
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receptor-like kinases (RLKs) and wall-associated kinases (WAKs)

were among the differentially expressed cell surface receptors

that probably perceive Lm PAMPs (pathogen-associated molecular

patterns) and effectors. It has been shown previously that the Ara-

bidopsis thaliana LRR-receptor-like kinase (LRR-RLK) suppressor of

Bir-1 (AtSOBIR1) interacts with LRR-RLP resistance genes (Lie-

brand et al., 2014). We have also reported recently that AtSOBIR1

interacts with the B. napus Rlm2 (Larkan et al., 2015). The expres-

sion of five of the six copies of B. napus SOBIR1 homologues

peaked at 6 and 8 dai (Fig. S5, see Supporting Information).

Other genes with reported function in plant defence that were

differentially expressed included genes encoding for proteases and

protease inhibitors, chitinases, peroxidases, transcription factors

(WRKY, AP2/EREBP, MYB), genes related to the production of the

secondary metabolites and genes involved in plant cell wall rein-

forcement. The majority of these genes were down-regulated in the

lesion zone surrounding the inoculation site (samples taken at 6 and

8 dai). Among the differentially expressed WRKY transcription fac-

tors with a proven role in plant defence were WRKYs 33, 40 and 51.

Lignification of the plant cell wall blocks pathogen entry at the

site of infection and is triggered in response to pathogen infection.

As depicted in Fig. 5, the expression of the majority of the genes

involved at the early steps of lignin biosynthesis [phenylalanine

ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumara-

te:CoA ligase (4CL)] increased at 4 dai and remained up-regulated

at 6 and 8 dai.

Glucosinolates (GLSs) are sulfur- and nitrogen-containing sec-

ondary metabolites found in members of Brassicaceae. The role of

GLSs in plant immunity, particularly against necrotrophic plant

pathogens, has been well studied (Buxdorf et al., 2013; Laluk and

Mengiste, 2010). We found three GLS-related genes that were sig-

nificantly up-regulated at 6 and 8 dai. Two of these genes, the

cytochrome P450 (CYP79B2) and SUPERROOT1 (SUR1), are part

of the GLS biosynthesis pathway (Fig. S6, see Supporting Informa-

tion). The expression of another GLS-related gene, nitrile-specifier

protein 5 (NSP5), was highly up-regulated at 4 dai and its expres-

sion continued to increase at 6 and 8 dai.

DISCUSSION

The genetics of cotyledon resistance to Lm have been studied in

detail; however, the genomic research of the B. napus–Lm

Fig. 4 Brassica napus hormonal response to Leptosphaeria maculans infection. (A) A positive correlation between the query (B. napus differentially expressed genes)

and the Arabidopsis thaliana genes expressed when treated with various plant hormones is denoted in red, whereas a negative correlation is represented by blue.

The transcriptomes of the Arabidopsis mutants arr21 and nahg with increased cytokinin and decreased salicylic acid responses, respectively, are also included. (B)

Jasmonic acid (JA) signalling pathway. MapMan output of JA-related genes that were differentially expressed at 8 vs. 6 days after inoculation (dai) (�log two-fold

change). Each square represents one gene. Intensity scale: red represents up-regulated and blue represents down-regulated genes.
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interaction lags behind. �Sa�sek et al. (2012) examined the expres-

sion of several marker genes, associated with various plant hor-

mones, in resistant and susceptible B. napus plants infected with

Lm, and reported that the expression of SA-related genes was

induced at the earlier (4–6 dai) stages of B. napus infection,

whereas the expression of the genes related to the ET pathway

increased at the later stages (8–10 dai). Similarly, Lowe et al.

(2014) have reported recently that the marker genes for SA and

ABA were up-regulated at 7 and 14 days after infection of B.

napus with Lm, respectively.

Here, we provide a more detailed picture of the global tran-

scriptome that is active in B. napus and Lm during cotyledon infec-

tion. The expression profile of the genes related to different plant

hormones revealed the importance of SA at the earlier stages of

infection (until 4 dai) and the up-regulation of genes related to

the JA pathway at the later stages (6–8 dai) (Figs 5 and 6). Con-

sistent with this, �Sa�sek et al. (2012) reported that the application

of benzothiadiazole (BTH), a functional analogue of SA, provided

full immunity against Lm infection in B. napus. These authors

reported similar results when B. napus was treated with the ET

precursor 1-aminocyclopropane-1-carboxylic acid (ACC) or ABA;

however, BTH had a much stronger effect than ACC and ABA in

preventing Lm infection.

Recent large-scale transcriptomic and genomic studies have

revealed the importance of other plant hormones, such as auxin,

BRs, GAs and CKs, in plant defence (Robert-Seilaniantz et al.,

2011). The analysis of the expression of plant hormone-related

genes showed that, at 6–8 dai, B. napus genes related to the BR

pathway showed a positive correlation with the gene expression

profile of Arabidopsis in response to BR (Fig. 5). The role of BRs in

B. napus defence against Lm becomes more significant in the light

of recent studies revealing the involvement of BRs in PAMP-

triggered immunity (PTI) (Albrecht et al., 2012), and the striking

overlap that exists between the PAMP recognition complexes and

the plant receptor complexes for the recognition of intercellular

filamentous pathogens (Liebrand et al., 2014). Several recent

Fig. 5 Expression profile of

Brassica napus lignin-related

genes at different time points in

response to Leptosphaeria

maculans infection. Heat map

presents the expression of genes

ranging from green (low) to red

(high). CAD, cinnamyl-alcohol

dehydrogenase; CCoA-3H,

cinnamyl-alcohol dehydrogenase;

CCoAOMT, caffeoyl-CoA

O-methyltransferase; CCR,

cinnamoyl-CoA reductase; C3H,

p-coumarate 3-hydroxylase; C4H,

cinnamate 4-hydroxylase; 4CL,

4-coumarate:CoA ligase;

COMT, caffeic acid O-

methyltransferase; CST,

p-hydroxycinnamoyltransferase;

F5H, ferulate 5-hydroxylase; HCT,

p-hydroxycinnamoyl-CoA; PAL,

phenylalanine ammonia lyase.
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studies have shown that SOBIR1 and BAK1 (BRI1-associated

kinase 1) form a complex with tomato RLPs to recognize C. ful-

vum, the pathogen of tomato (Postma et al., 2015). Lm shares a

high degree of similarity with C. fulvum, in term of its infection

process and host plant receptor complex. We have reported

recently that a similar mechanism exists for the perception of Lm

by B. napus (Larkan et al., 2015, Ma and Borhan, 2015). BAK1 is

a co-receptor for BR and PAMP. In a recent paper, Belkhadir et al.

(2012) reported that increased BR signalling antagonizes BAK1-

mediated cell death. It is conceivable that BRs contribute to B.

napus defence against Lm in a similar manner as described for PTI

(Wang, 2012). Interestingly, BR signalling in response to Lm infec-

tion in our experiment was down-regulated at the initial stage of

infection that coincides with the activation of RLP-RLK receptor

complexes, but genes related to the BR pathway were up-

regulated once the lesion had developed (6–8 dai). The up-

regulation of BR-related genes at the necrotrophic stage of Lm

growth could, at least in part, be a result of the production of tox-

ins by Lm at the late stages of infection. Phytotoxins produced by

Fusarium strains have been reported to induce BRs (Masuda

et al., 2007).

As it is an intercellular pathogen, plant cell surface receptors

play a primary role in the initiation of B. napus defence against

Lm (Stotz et al., 2014; Larkan et al., 2013, 2015; Ma and Borhan,

2015). Several B. napus receptors were up-regulated in response

to Lm, such as SOBIR1, RLKs containing DUF26 (domain of

unknown function26), LRR-RKs (leucine-rich repeat receptor

kinases) and WAKs. As reported previously, SOBIR1 is a part of

the LRR-RLP recognition complex against Lm (Larkan et al., 2015).

DUF26 genes, also known as CRKs (cysteine-rich receptor

kinases), are transcriptionally induced in response to pathogen

and SA (Acharya et al., 2007; Kim et al., 2004; Wang et al., 2013,

2014; Wrzaczek et al., 2010). DUF26 transcripts were found to be

abundant in the rice apoplast during Magnaporthe oryzae infec-

tion (Wang et al., 2014). Overexpression of WAK in Arabidopsis

and rice enhances resistance to Botrytis cinerea and M. oryzae,

respectively (Wang et al., 2014). We found many transcription fac-

tors, including some of the WRKY-type transcription factors, to be

up-regulated in response to Lm. Several WRKYs have been

reported to act as positive and negative regulators of plant

defence (Peng et al., 2008; Qiu et al., 2008; Shimono et al., 2007;

Wang et al., 2007; Zhang et al., 2008).

Fig. 6 An overview of salicylic acid (SA)

and jasmonic acid (JA) signalling in

Brassica napus in response to infection

with Leptosphaeria maculans. The

expression profiles of B. napus genes with

homology to known marker genes related

to SA and JA pathways are presented as

green (low) or red (high). MKS1, MAP

kinase substrate 1; MPK4, mitogen-

activated protein kinase 4; MPK6,

mitogen-activated protein kinase 6; SA,

salicylic acid; JA, jasmonic acid; NPR1,

natriuretic peptide receptor 1; WRKY70,

wall-associated receptor kinase; PR1,

pathogenesis-related protein 1.
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Lm is considered to be a hemibiotroph during the foliar infec-

tion stage, but no molecular evidence supporting and defining the

biotrophic and necrotrophic stages of Lm infection has been pro-

vided. We presented several pieces of evidence that defined the

hemibiotrophic growth stages of Lm during B. napus cotyledon

infection. The biotrophic stage of Lm growth, during the cotyledon

infection of B. napus, was marked by the B. napus SA response at

2 and 4 dai, as well as the up-regulation of the majority of the

predicted and known effectors. Other clear evidence was the

expression of Lm-NLP, which was first seen at 4 dai and was at a

maximum at 6 and 8 dai. The role of NLP in the induction of

necrosis (which is required for necrotrophic growth) was demon-

strated by transient assay in tobacco. In addition, we showed that

the suppression of NLP expression by RNAi compromised viru-

lence (lesion formation) in Lm. NLP is conserved among prokary-

otic and eukaryotic microorganisms and is a well-known marker

for the initiation of necrotrophy in plant-pathogenic fungi. The

production of toxins by fungal plant pathogens is related to the

necrotrophic lifestyle. The expression of several of the Lm genes

encoding PKSs and NRPSs, with a reported or potential role in the

production of toxins in fungi, was upregulated at 6–8 dai (Fig.

S2). Some of the Lm toxins, such as sirodesmin, have been

reported to play a role in the virulence of Lm during infection of

the B. napus stem; however, their role in the development of

lesions during cotyledon infection is unclear. The expression of

three B. napus genes (identified as CYP79B2, SUR1 and NPS5)

related to GLSs was also up-regulated at the later stages (6–8

dai) of infection. GLSs, mainly found in members of Brassicaceae,

are constitutively present in a non-reactive form, but, on tissue

damage and pathogen attack, are hydrolysed, resulting in the pro-

duction of physiologically active derivatives, such as isothiocya-

nates (ITCs), thiocyanates and simple nitriles. The role of GLSs in

defence against several necrotrophic fungi has been reported

(Buxdorf et al., 2013; Stotz et al., 2011). The Arabidopsis

CYP79B2/B3 double mutant is more sensitive to the necrotrophic

pathogens Alternaria brassicicola and Botrytis cinerea (Buxdorf

et al., 2013). SUR1 functions as a C-S lyase in the GLS pathway,

and the Arabidopsis sur1 mutants are impaired in the production

of GLSs (Mikkelsen et al., 2004). NPSs, in association with myrosi-

nase, are involved in the hydrolysis of GLSs and the formation of

simple nitriles, a toxin with reported function against herbivores

(Mumm et al., 2008).

The RNA-seq conducted in this study allowed us to define a

list that includes the most likely Lm effector genes, and the func-

tions of several of these effectors in pathogen virulence and sup-

pression of plant defence were confirmed. Future research on

these effector genes should help to identify additional Avr genes

and provide insights into the virulence mechanisms of Lm.

Canola breeders have exploited the B. napus resistance

against Lm as the most effective and practical approach to control

blackleg. Insights into the molecular interaction of B. napus and

Lm described here, and additional research, will provide the

knowledge and tools required for the genetic improvement of

Brassica resistance against blackleg disease.

EXPERIMENTAL PROCEDURES

Plant material and fungal isolate

The B. napus DH line Topas DH16516 and a single-spore culture of the Lm

isolate 00-100, which possesses three known effectors (AvrLm2, AvrLm6

and AvrLmJ1), were used in this study. Brassica napus cv. Topas has been

tested extensively against an international collection of Lm isolates (over

100 isolates) in our laboratory and has been proven to lack race-specific

resistance against blackleg disease (Larkan et al., 2013).

Plant growth and infection conditions

The plant growth and Lm infection conditions have been described previ-

ously (Larkan et al., 2013). Plants were grown in a growth chamber at 20
�C, 16 h light, with a light intensity of c. 450 lmol/m2/s at bench level,

and 18 �C, 8 h dark. For pycnidiospore inoculation, a small wound was

made in the centre of each cotyledon of 7-day-old seedlings and 10 lL of

2 3 107 spores/mL suspension were applied to each wound (four infec-

tion sites per seedling). After inoculation, the seedlings were kept under

the same growth conditions and disease progression was monitored.

Total RNA isolation and library preparation for

Illumina HiSeq 2500

The cotyledons of 7-day-old seedlings were inoculated with isolate 00-

100. Mock inoculation with water served as a negative control. Cotyledon

discs of 6 mm in diameter were excised from the infected cotyledons (four

biological replicates) at 0, 2, 4, 6 and 8 dai. Twelve discs per sample were

ground in liquid nitrogen, and then extracted with TRIzol LS reagent (Invi-

trogen, Carlsbad, USA) and purified by application to an Ambion mini

RNA kit following the manufacturer’s instructions. RNA was DNAase

treated, quantified by a Qubit fluorometer (Invitrogen, Carlsbad, USA) and

checked for quality by an Agilent Bioanalyzer 2100 (Agilent Technologies,

Mississauga, Canada). Only samples with RNA integrity numbers above

8.0 were used for sequencing. Sequence reads (100 bp paired-end) were

generated with Illumina TruSeq high-output version 3 chemistry on a

HiSeq 2500 (Illumina, Inc., San Diego, USA) at NRC-Plant Biotechnology

Institute (NRC-PBI), Saskatoon, SK, Canada.

Read mapping and gene expression analysis

In total, 1.38 billion raw reads were analysed in this study (Table S1).

Reads were trimmed, adaptor sequences were removed and reads shorter

than 15 bp were discarded (quality score limit, 0.05; trim ambiguous

nucleotides <2) using CLC genomics workbench, version 7.5 (QIAGEN,

Aarhus, Denmark). Trimmed sequences were mapped to the B. napus and

Lm genomes using CLC genomics workbench (Mismatch cost 5 2, Inser-

tion cost 5 1, Deletion cost 5 1, Length fraction 5 1, Similarity

fraction 5 0.97, Maximum number of hits allowed 5 1). Brassica napus

gene models were downloaded from the Brassica napus Genome
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Resources – Genoscope and Lm gene models were obtained from the

Joint Genome Institute (JGI) (http://genome.jgi.doe.gov/). Total reads per

transcript and log2 RPKM were obtained by the RNA-Seq Analysis function

in CLC. The estimate SizeFactors and estimate Dispersions functions in the

Bioconductor package DESeq2 v. 1.6.3 (Love et al., 2014) were also used

to normalize the raw transcript counts of B. napus and Lm genes, and to

identify DEGs using the Benjamini–Hochberg (BH) method for correction

of multiple comparisons. We also performed a CIM of the sample-to-

sample distance matrix and PCA using B. napus and Lm genes to assess

the variability among samples.

Functional classification based on BLAST2GO and

MAPMAN

BLAST2GO-PRO (Conesa and Gotz, 2008) software was used to annotate the

DEGs. A Fisher’s exact test was used to test the significance of gene

ontology (GO) enrichment. KEGG (Kyoto Encyclopedia of Genes and

Genomes; Kanehisa and Goto, 2000; Kanehisa et al., 2014) enrichment

analysis was performed using the KEGG function of BLAST2GO-PRO software

to assign predicted pathways for DEGs. DEGs were analysed by MAPMAN

software (Thimm et al., 2004) using log two-fold changes in expression to

visualize metabolic pathways and cellular responses of B. napus to Lm.

PCWDEs were defined by conducting a similarity search of the CAZy data-

base (db-CAN) (Yin et al., 2012).

Hormonometer analysis

The putative A. thaliana orthologues of B. napus DEGs were imported to

HORMONOMETER software (Volodarsky et al., 2009) to identify transcriptional

similarities between DEGs and Arabidopsis genes related to different plant

hormones.

Lm secretome prediction and analysis pipeline

We developed a pipeline to predict and classify effectors of Lm. We first

detected the presence of an N-terminal signal peptide through signalP4.1

(Petersen et al., 2011). Next, we excluded proteins with a predicted trans-

membrane domain as determined by TMHMM (Krogh et al., 2001). Subse-

quently, we searched for the presence of subcellular localization signals

using TargetP (Emanuelsson et al., 2000). The presence of a glycosylphos-

phatidylinositol (GPI) anchor was predicted using PredGPI (Pierleoni et al.,

2008) to identify proteins anchored to the membrane. We used Pfam

(Finn et al., 2014) to verify biological functions enriched in the secretome

of Lm. OrthoMCL (Fischer et al., 2011) was used to identify homologous

proteins based on sequence similarity by Markov clustering.

Vector constructions

To generate the RNAi constructs, the entire Nep1 open reading frame

(ORF) (GenBank accession LEMA_P070010.1) was amplified using the

primer pair Nep-FB/Nep-RB. The PCR products were introduced into the

entry vector pDON/Zeo (Life Technologies, Burlington, Canada) using the

gateway protocol described by the manufacturer. For transient expression,

pENTR/Zeo::Nep1 was recombined into the binary vector pEarlyGate100

(Earley et al., 2006). Genes for effector candidates were amplified from

the B. napus–Lm cDNA library using the corresponding primer combina-

tions (Table S3, see Supporting Information) and recombined via the entry

clone pDON/Zeo into the binary vector pGWB414 (Nakagawa et al.,

2007). Using the same approach, the mouse Bax gene was amplified with

the primer pairs M-Bax-FB/M-Bax-RB (Table S3), cloned into pDON/Zeo

and then recombined into the binary vector pEarlyGate100. All constructs

were confirmed by sequencing. All resulting binary plasmids were trans-

formed to the Agrobacterium tumefaciens strain GV3101 (pMP90).

RNAi-mediated silencing of Lm

The RNAi silencing plasmid pHGYGS::Nlp1 was transformed into A. tume-

faciens strain EHA105. Agrobacterium-mediated transformation of Lm iso-

late 00-100 was conducted based on the protocol described by Utermark

and Karlovsky (2008). Quantitative PCR (qPCR) was performed as

described previously (Ma and Borhan, 2015). qPCR primers are provided

in Table S3.

Agrobacterium-mediated transient assay in N.

benthamiana

Agrobacterium-mediated transient expression of candidate genes in N.

benthamiana was performed according to the methods described previ-

ously (Ma et al., 2012). Briefly, Agrobacterium was grown to an absorb-

ance of 0.8 at an optical density at 600 nm (OD600 nm) in LB: Luria Broth–

mannitol medium supplemented with 20 mM acetosyringone and 10 mM

MES (2-(N-morpholino) ethanesulfonic acid) (pH 5.6). Cells were pelleted

by centrifugation at 2500 g for 20 min and then re-suspended in infiltra-

tion medium (1 3 MES; 10 mM MES, pH 5.6, 2% w/v sucrose, 200 mM

acetosyringone). Leaves of 4–5-week-old N. benthamiana were infiltrated

(OD600 5 1) with a needleless syringe and photographed 3–5 days after

infiltration. For the suppression of Bax-mediated cell death, the A. tumefa-

ciens-containing Bax gene was infiltrated first and, 1 day later, the A.

tumefaciens strain carrying the individual effector genes was infiltrated in

the same spot. Agrobacterium-green fluorescent protein (GFP) served as

the negative control. For light microscopy observation, leaves were boiled

for 5 min in a 1 : 1 mixture of ethanol and 0.33 mg/mL trypan blue in lac-

tophenol and destained overnight in 2.5 g/mL chloral hydrate solution.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1 RNA-sequencing quality assessment. Variation within

the four replicates was determined from the following: (A) den-

sity plots; red arrows indicate that the density of the counts in

the third replicate for the time points 4, 6 and 8 days after

inoculation (dai) was distinctly different from that for the same

time points in other replicates; (B) clustering of the sample-to-
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sample distances; closely grouped replicates within the clusters

are indicated by red circles; (C) the MA plot between two bio-

logical replicates per time point; M values (the log fold

change), the log of the ratio of level counts for each gene

between two biological replicates per time point; A values (the

log-average), the average level counts for each gene across

two biological replicates per time point. Genes with similar

expression levels in two biological replicates per time point will

appear around the horizontal line (y 5 0). The third replicates

of each time point that were distinctly different from the corre-

sponding points in other replicates are marked by red boxes.

Fig. S2 Expression profiles of Leptosphaeria maculans (Lm) sec-

ondary metabolite-related genes are presented as green (low)

or red (high). NS, non-significant.

Fig. S3 Lema_T086540.1 with homology to the Fusarium effec-

tor Six5. (A) Location of the gene in the AT-rich region of the

Leptosphaeria maculans genome. (B) Expression profile of

T086540.1 grown in vitro and during Brassica napus infection.

(C) Conserved cysteine residues between Six5 and

Lema_T086540.1 are marked by red arrows. *Significant at

0.05 probability level. ***Significant at 0.001 probability level.

Fig. S4 (A) Quantitative reverse transcription-polymerase chain

reaction (RT-PCR) analysis of the NLP gene in the wild-type

and NLP silencing line NLP-SL1. RT-PCR products obtained from

RNA isolated from Brassica napus cv. Topas at 6 days after

inoculation with the wild-type isolate 00-100 and NLP silencing

line NLP-SL1. NLP gene expression levels are normalized to

that of actin. Values are means 6 standard error (SE) of tripli-

cate reactions of three independent biological samples. Signifi-

cant differences are represented by three asterisks (P< 0.001).

(B) The NLP-SL1 silencing line showed a slightly reduced

growth rate on V8 medium. Wild-type L. maculans 00-100 and

one of the NLP silencing lines NLP-SL1 were grown on a V8

medium plate and photographs were taken at 7 days after

inoculation.

Fig. S5 Expression profile of AtSOBIR1 orthologues in Brassica

napus.

Fig. S6 Expression profile of Leptosphaeria maculans nitrile-

specifier protein 5 (NSP5), CYP79B2 and SUPERROOT1 (SUR1)

at different time points.

Table S1 Summary of RNA-sequencing (RNA-seq) reads

mapped to the Brassica napus (A) and Leptosphaeria maculans

(B) reference genomes.

Table S2 List of small secreted protein (SSP)-encoding genes

as the most likely set of Leptosphaeria maculans predicted

effectors that were found to be differentially expressed [false

discovery rate-Benjamini–Hochberg (FDR-BH) of less than 0.05]

based on DESeq2 software.

Table S3 Primer combinations for the amplification of effector

candidate-related genes.
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