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Introduction

During plant colonization, pathogens secrete molecules called
effectors that facilitate infection (de Jonge ezal, 2011; Koeck
etal., 2011). In the course of plant—pathogen co-evolution, some
of these effectors, named avirulence (Avr) proteins, have been
specifically ‘recognized’ by plant resistance (R) proteins encoded
by major resistance genes. The gene-for-gene relationship
between an Avr gene and its cognate R gene results in a highly

efficient plant response against

2014). Breeding cultivars carrying major resistance genes against
pathogens is a common and powerful tool to control disease.
However, the massive deployment of a single source of resistance
in agronomical practice exerts a strong selection pressure against
avirulent pathogens and populations can evolve quickly from
avirulence to virulence (McDonald & Linde, 2002).
Leptosphaeria maculans is a Dothideomycete responsible for
phoma stem canker, a damaging disease in oilseed rape (Brassica
napus). Breeding for resistance is the most effective and environ-
mental friendly way to control the disease (Delourme ezal.,
2006). However, major-gene resistance may be short-lived in
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the pathogen,
Effector-Triggered-Immunity (ETI). In recent years, many
Avr/R interactions have been described in a variety of plant—
pathogen interactions including plant—bacteria, —oomycetes,
—fungi or —nematodes (Catanzariti & Jones, 2010; Wu eral,

Summary

o Extending the durability of plant resistance genes towards fungal pathogens is a major chal-
lenge. We identified and investigated the relationship between two avirulence genes of
Leptosphaeria maculans, AvrLm3 and AvrLm4-7. When an isolate possesses both genes, the
RIm3-mediated resistance of oilseed rape (Brassica napus) is not expressed due to the pres-
ence of AvrLm4-7 but virulent isolates toward RIm7 recover the AvrLm3 phenotype.

e Combining genetic and genomic approaches (genetic mapping, RNA-seq, BAC (bacterial
artificial chromosome) clone sequencing and de novo assembly) we cloned AvrLm3, a telom-
eric avirulence gene of L. maculans. AvrLm3 is located in a gap of the L. maculans reference
genome assembly, is surrounded by repeated elements, encodes for a small secreted cysteine-
rich protein and is highly expressed at early infection stages.

e Complementation and silencing assays validated the masking effect of AvrLm4-7 on
AvrLm3 recognition by RIm3 and we showed that the presence of AvrLm4-7 does not impede
AvrLm3 expression in planta. Y2H assays suggest the absence of physical interaction between
the two avirulence proteins.

e This unusual interaction is the basis for field experiments aiming to evaluate strategies that
increase RIm7 durability.

agronomical practice due to the extremely high evolutionary
potential of L. maculans (Daverdin et al., 2012). In addition the
number of efficient qualitative resistance sources is limited in
B. napus (Balesdent eral., 2006). Fourteen avirulence (AvrLm)
genes have been identified in L. maculans, and six have been
cloned: AvrLml, AvrLm2, AvrLm4-7, AvrLm6, AvrLmll and
AvrLm]1 (Gout etal., 2006; Fudal eral., 2007; Parlange ezal.,
2009; Balesdent ezal, 2013; Ghanbarnia etal, 2014; Van de
Wouw etal., 2014). All of them encode for small cysteine-rich
called  (except for AvrLmlI) secreted proteins and are highly expressed at
early infection stages. The sequencing of L. maculans genome
revealed its massive invasion by transposable elements (TEs),
which represent ¢. 30% of the genome (Rouxel eral, 2011). In
the genome, TEs are clustered and inactivated by repeat induced
point mutations (RIP), a premeiotic mechanism specific to fungi
(Galagan & Selker, 2004). The RIP mechanism is responsible for
the isochore structure of the L. maculans genome: GC-isochores
display an equilibrated GC (guanine and cytosine) content and
contain 95% of the predicted genes, whereas AT (adenine and
thymine)-rich isochores are composed of a mosaic of truncated
and RIP-degenerated TEs and contain very few genes. However,
they contain all currently cloned avirulence genes (Rouxel eral.,
2011). Eight of the L. maculans AvrLm genes are genetically clus-
tered in two distinct regions. The first one contains AvrLml,
AvrLm2, AvrLm6, along with LmCys2, which encodes a
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candidate effector protein with similar characteristics to those
encoded by AvrLm genes (Fudal ez al., 2007). The second cluster
contains AvrLm3, AvrLm4, AvrLm7, AvrLm9 and AvrLepR1
(Balesdent eral, 2002, 2005; Ghanbarnia etal, 2012). These
clusters can represent hundreds of kbs due to the lack of meiotic
recombination in such regions (Rouxel ez al., 2011).

Following the cloning of AvrLm7, it has been demonstrated
that AvrLm4 and AvrLm7 are two distinct alleles of a single gene,
renamed AvrLlm4-7. A single base mutation, leading to the
change of a glycine to an arginine residue in the avirulence pro-
tein, is responsible for the breakdown of R/m4 resistance whereas
Rlm7 resistance is unaltered (Parlange ez al., 2009). A large-scale
survey performed in France in 2000-2001 showed that >99.5%
of isolates were avirulent towards R/m7 (Balesdent ez al., 20006).
Only one isolate out of the 1797 sampled was virulent towards
Rlm7. This isolate showed an avirulent phenotype towards Rlm3,
whereas this phenotype was extremely rare (<0.1%) at the
national scale. Surveys of worldwide populations of L. maculans,
for example in central Canada, indicated higher frequencies of
virulent isolates towards R/m7 at some locations. A retrospective
analysis of 909 American isolates indicated that >95% of the iso-
lates are either virulent towards R/m7 and avirulent towards
RIm3, or avirulent towards R/m7 and virulent towards R/m3 (Dil-
maghani ez al., 2009). These data, the absence of European field
isolates avirulent towards both R/m3 and Rlm/, and the lack of
recombination between AvrLm3 and AvrLm4-7 (Balesdent et al.,
2002) have questioned whether AvrLm3 could be a novel allele of
AvrLm4-7.

In this paper, we report on an unusual gene-for-gene interaction
involving the avirulence genes AwvrLm3 and AvrLlm4-7. We
mapped and cloned Avrlm3, a novel avirulence gene of
L. maculans distinct from AvrLm4-7. AvrLm3 is located in a
telomeric genomic region, genetically linked to the avirulence
gene AvrLm4-7 and is absent from the reference sequence genome
assembly. The presence of a functional allele of AvrLm4-7
suppresses the Rlm3-mediated recognition, in spite of the presence
and unaltered expression of AvrLm3in L. maculans isolates.

Materials and Methods

Terminology

A specific terminology is employed hereafter to facilitate the dis-
tinction between isolate interaction phenotypes and genotypes.
Considering the interaction between the avirulence gene AvrLmi
and the resistant gene R/mi, the phenotype of an isolate is termed
‘Ai’ or ‘ai’, where ‘Ai’ corresponds to an avirulent phenotype and
‘ai’ to a virulent phenotype. The genotype of an isolate with an
avirulent allele of an avirulence gene 1’ is written AvrLmi,
whereas avrLmi is assigned to isolates harbouring a virulent allele,
whatever the molecular event.

Leptosphaeria maculans (Desm.) Ces. & de Not isolates

The isolate collection from Daverdin eral. (2012) originated
from an oilseed rape experimental field located in Grignon

New Phytologist (2016) 209: 1613-1624
www.newphytologist.com

New
Phytologist

(France) where one cultivar harbouring the resistance gene Rim7
(Exagone) and one without R/m7 (Campala) were grown.
Leptosphaeria maculans isolates were sampled during three con-
tinuous years (2006-2008) on both cultivars. This collection
has been phenotyped for virulence towards Rim4 and Rim7 and
the mutational events generating virulence at the AvrLm7 locus
have been determined (Daverdin ez al., 2012). From this collec-
tion, 1524 isolates (732 A7 and 792 a7) were phenotyped for
their virulence towards R/m3. Two A3a7 isolates from this col-
lection (G06-E101 and G06-E107) that were collected from leaf
lesions in 2006 on cv Exagone (R/m/) were used in complemen-
tation experiments and for 7z vitro crosses. These isolates display
two different inactivating mutations in the Avrlm4-7 gene
sequence (Daverdin ezal, 2012). Both mutation events intro-
duce premature stop codons in the gene sequence. The reference
sequenced isolate v23.1.3 (JN3’, a3A7), from which AvrLm4-7
was cloned (Parlange ez al., 2009), was used for RNA-seq experi-
ments. The a3a7 isolate Nz-T4, in which AvrLm4-7 is present
but displays numerous RIP-induced mutations preventing its
PCR amplification (Parlange ezal, 2009; accession number
KT804641), was used for in vitro crosses and for complementa-
tion with AvrLm3. Isolates GO06-E107 (A3a7) and v23.1.2
(a3A7) were used as controls in inoculation tests. All isolates
were maintained on V8-agar plates (Ansan-Melayah eral,
1995).

Inoculation tests

All isolates were phenotyped for their virulence towards R/m3,
Rim4 and Rlm7 oilseed rape genotypes using a cotyledon-
inoculation test (Balesdent eral., 2002). Spore suspensions of
each isolate were inoculated on 10-12 plants of each of the
B. napus cvs or lines Westar (no R gene), 02.23.3.1 (R/m/), Pixel
(Rlm4) and 03.22.3.1 (R/m3) (Supporting Information
Table S1). Symptoms were scored 12-21 d post inoculation (dpi)
using a semi-quantitative 1 (avirulent) to 6 (virulent) rating scale
in which scores 1-3 represent different levels of resistance (from
typical HR to delayed resistance) and 4-6 different levels of sus-
ceptibility (mainly evaluated by the intensity of sporulation on
lesions) (Balesdent ez al., 2005).

In vitro cross

Segregation analysis of AvrLm3 was performed following an
in vitro cross between the isolates Nz-T4 (a3a7) and G06-E107
(A3a7) (cross no. 69; Table1). The cross was performed as
described by Gall ez al. (1994) and Balesdent ez al. (2001). When
pseudothecia had developed and ascospores started to be ejected,
mature pseudothecia were stuck upside down on the top of a
Petri dish containing 2% water-agar. One to 2 h later, ejection of
ascospores was checked using a stereo microscope (Olympus,
Rungis, France, SZH10, 70X). Ungerminated, well separated
ascospores were randomly selected and moved away from the
others, a few millimetres from the ejection spot. After 24 h at
room temperature, single germinated ascospores were transferred

onto individual V8-agar Petri dishes.
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Table 1 Segregation of avirulence of Leptosphaeria maculans towards the
Brassica napus resistance gene RIm3 in cross no. 69

Phenotypic
Parental isolate ~ Parental isolate  classes in the
G06-E107 Nz-T4 progeny
A3 (phenotype)* A \Y A AV V
A7 (phenotype)b \% \Y VvV V V \Y
AvrLm7¢ + — + - o+ =
Number of isolates in each class 56 3 6 57
Total 59 63

A, avirulent phenotype towards RIm3; V, virulent phenotype towards
RIm3.

bV, virulent phenotype towards RIm?7.

“+, the AvrLm7 gene (virulent allele of GO6-E107 towards RIm7) can be
amplified by PCR; —, the AvrLm7 gene cannot be amplified.

DNA manipulation

Genomic DNA was extracted from conidia suspensions using the
DNeasy 96 Plant Kit and the Qiagen BioRobot 3000 or DNeasy
Plant Mini Kit according to manufacturer’s recommendations
(Qiagen). Sequencing was performed using a Beckman Coulter
CEQ 8000 automated sequencer (Beckman Coulter, Fullerton,
CA, USA) according to the manufacturer’s instructions or per-
formed by Eurofins Genomics (Eurofins, Ebersberg, Germany).

Design of markers and genetic mapping

The AvrLm4-7 PCR fragment was used as a marker in cross no.
69 (Table S2). From the molecular markers used by Parlange
eral. (2009) for AvrLm4-7 map-based cloning, one minisatellite
(MinLm9), physically close to AvrLm4-7, and three Cleaved
Amplified Polymorphic Sequence (CAPS) markers were found to
be polymorphic in cross no. 69 (Fig.1). CAPS fragments
(Table S2) were amplified and the PCR products were digested
with Avall, Ddel and Bglll for markers 46F10_R, 133E3_R and
124F12_F, respectively. Five additional minisatellite markers
were designed using the FONZIE pipeline (Bally ezal, 2010),
one of them, Minl12-96, being polymorphic in cross no. 69.
Nineteen single-locus PCR markers spanning two truncated
copies of degenerated transposons were generated as described by
Gout ez al. (2006) and using the annotation of repeated elements
described in Rouxel eral. (2011) (Fig. 1; Table S2). All primers
were generated using PRIMER3 (Rozen & Skaletsky, 2000). Link-
age analyses among loci were performed using the MapMaker/
EXP version 3.0b software (available online; Whitehead/MIT
Center for Genome Research, Cambridge, MA, USA) with a
logarithm of odds (LOD) score of 3.0 and a maximum recombi-
nation frequency of 30 cM.

HRM experiments and analyses

High Resolution Melting (HRM) was performed to analyse poly-
morphic SNPs in cross no. 69 or expression levels in transformed
isolates. The HRM mix was composed of 2 pl of DNA or cDNA

© 2015 The Authors
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template (i.e. 20 ng of DNA or ¢cDNA), 4 pl of each primer
(2 uM, Table S2) and 10 pl of SsoFasttm EvaGreen®™ Supermix
(Bio-Rad). PCR amplification was done with a Bio-Rad CFX96
Touch Real-Time PCR Detection System according to the man-
ufacturer’s instructions: an initial denaturation step at 98°C for
2 min, followed by 40 cycles at 98°C for 5, 60°C for 5s and a
final melting step from 60°C to 95°C with an increase of 0.2°C
every 5s. HRM curve analysis was performed by collecting data
from the melting step and results were analysed with the Bio-Rad
Melt Curve Analysis™ Software.

RNA extraction, reverse transcription and qRT-PCR analysis

Total RNA was extracted from mycelium or infected cotyledons
of the compatible B. napus cv Darmor or Darmor-bzh using the
TRIzol® Reagent (Invitrogen) according to manufacturer’s pro-
tocol. Total RNA was treated with DNase I RNase-Free
(Thermo Fisher Scientific, Waltham, MA, USA). All samples
were adjusted to 3 pig of RNA and single-strand cDNA was gen-
erated using oligo-dT primed reverse transcription with
PrimerScript Reverse Transcriptase (Clontech, Palo Alto, CA,
USA) according to the manufacturer’s protocol.

Quantitative RT-PCR was performed using a 7700 real-time
PCR equipment (Applied Biosystems, Foster City, CA, USA)
and ABsolute SYBR Green ROX dUTP Mix (ABgene,
Courtaboeuf, France) as described by Fudal eral (2007). For
each value measured, two to three technical replicates from two
biological replicates were performed. Water and uninfected
cotyledons were used as negative controls. All primers used for
qRT-PCR are detailed in Table S3. Samples were analysed from
a 10-fold dilution of the original RT products as described by
Fudal ezal. (2007). The fluorescence threshold (Ct) value was
determined at 0.1 of fluorescence intensity.

In order to evaluate the expression profile of avirulence genes
over infection, Ct values were analysed according to the method
described by Muller ez al. (2002). In silencing assays, the residual
expression of AvrLm3 and AvrLm4-7, compared to those of the
wild-type (WT) isolate, were analysed according to the 2744
method (Livak & Schmittgen, 2001). Fungal actin or B-tubulin
were used as a constitutive reference gene and L. maculans EF1-o
relative expression to actin was used as a supplementary control,
to verify that there is no variation in the level of expression of
actin between conditions and between biological replicates.

Screening of a bacterial artificial chromosome (BAC) clone
library

The v23.1.3 L. maculans BAC clone library has been described
previously (Attard ez al., 2002; Gout ez al., 2006) and represents
a 16-x genome coverage. The library was PCR-screened using
3D-pools (Gout eral, 2006) with primers used for AvrLm3
genetic mapping: SC12-14, SC12-16, SC12-19, Minl2-96,
86520 and 86530 (Fig. 1). Positive BAC clones were extracted
using NucleoBond® Xtra Midi/Maxi (Macherey-Nagel, Diiren,
Germany) according to manufacturer’s recommendations.
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Fig. 1 Genetic and physical maps of the AvrLm4-7 — AvrLm3 genomic region of Leptosphaeria maculans. (a) Genetic linkage groups of the AvrLm3-
AvrLm4-7 region in cross no. 69, with genetic distances in cM. (b) Marker names. The lines connect the genetic location of the markers to their physical
position in the corresponding genomic region (3’ end of Super-Contig 12 (SC12) of the sequenced isolate v23.1.3). (c) GC content (%) of the sequence
along the region (sliding window of 500 bp); the horizontal line indicates the mean GC content (43.74 %) of SC12. (d) Position of the last three isochores of
SC12, GC_13, AT_13 and GC_14, as defined by their homogeneous GC content, and gaps in the sequence surrounding AvrLm3 (Gap_1 and Gap_2). (e)
Graphical representation of the location of repeated elements as defined by Rouxel et al. (2011) on both strands. Each colour corresponds to a given family
of repeat. Red boxes correspond to telomere specific repeats (LmTelo2). Numbers indicate the scale in bp from the beginning of SC12. (f) Genomic region

screened for BAC clones identification and BAC clone names and location. GC, guanine and cytosine; AT, adenine and thymine.

NGS sequencing

BAC clone sequencing (100-bp paired-end reads) was performed
using [llumina Mi-Seq technology at Integragen (Evry, France)
and generated 1 Gb of sequences. For RNA-seq analysis, cotyle-
dons of the compatible B. napus cv Darmor-bzh (Chalhoub ez al.,
2014; Table S1) were inoculated with isolates GO6-E107 (A3a7),
Nz-T4 (a3a7), v23.1.3 (a3A7), G06-E107 complemented with
AvrLm4-7 (GO6-E107 + AvrLm7; a3A7), or water (mock condi-
tion). Plant tissues around inoculation points were sampled 7 d
after inoculation, which is the time when the maximal expression
of AvrLm genes is usually found (Rouxel ezal, 2011), and RNA
was extracted. cDNA library construction and sequencing of 50-
bp single-reads were performed by the Beijin Genomics Institute
(BGI, Shenzen, China), using Illumina HiSeq2000 technology.
A total of 5.2, 4.2, 9.2, 3.9 and 4.1 Gb were obtained for the
plant samples inoculated with G06-E107, Nz-T4, v23.1.3, GO6-
E107 + A7 and mock condition, respectively.

New Phytologist (2016) 209: 1613-1624
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Bioinformatics analysis

The CLC Genomics Workbench v.7.5.1 (Qiagen) was used to
analyse NGS data, including de novo assembly, gene prediction,
RNA-seq mapping and gene annotation.

Fungal transformation

Leptosphaeria  maculans transformation was performed using
Agrobacterium tumefaciens (Gout eral., 2006). Fungal transfor-
mants were selected on 50 ugml™" nourseothricin (WERNER
BioAgents, Jena, Germany). Vectors and isolates used for trans-
formations are listed in Table S4. Two constructs from Parlange
eral. (2009) were used in complementation experiments.
Both constructs are based on the vector pPZPnatl and differ
for the allele of AwvrLm4-7 they carry. The first one
termed pPZPnatl-A4A7 carries the v23.1.3 AvrLm4-7 allele
(AvrLm4-AvrLm7), whereas pPZPnatl-a4A7 carries the v23.1.2

© 2015 The Authors
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allele (avrLm4-AvrLm7). Vector pPZPnatl-A3 carries a 1357-bp
insert containing AvrLm3 and its promoting and terminating
regions, amplified from genomic DNA of G06-E107 with the
AvrLm3ext-SpelF and AvrLm3ext-Xhol primers (Table S3). This
insert was ligated in pPZPnatl previously excised with Spel and
Xhol. Vector pPZPnatl-silAvrLm4-7 and pPZPnatl-silAvrLm3
were constructed for RNA-mediated gene silencing of AvrLm4-7
and AvrLm3, using the method described by Fudal ez al. (2007).
Vector pJK11 was used for the construction of inverted repeats of
the target genes. The hairpin inverted fragments for each con-
struct were obtained using the primers described in Table S3.
Vectors pJK11-AvrLm4-7 and p]K11-AvrLm3 were constructed
after ligation in pJK11 previously digested by Xmal and BamHI
and HindIIl and EcoRI, respectively. These vectors were incised
with Spel and Xhol and the fragments containing the hairpin, the
gdpA promoter and the trpC terminator of pJK11 were ligated
into Spel-Xhol digested pPZPnatl to create the final vectors
pPZPnatl-silAvrLm4-7 and pPZPnatl-silAvrLm3. All plasmids
were introduced into A. tumefaciens C58-pGV2260 by electropo-
ration at 2.5 kV, 200 Ohms and 25 pF.

Yeast two-hybrid assay

Yeast two-hybrid (Y2H) assay was performed using the Match-
maker™ Gold Yeast Two-Hybrid System kit (Clontech, takara,
Shiga, Japan) according to manufacturer’s recommendations.
The genes AvrLm3 and AvrLm4-7 were amplified from cDNA of
isolate v23.1.3 (Table S3) and introduced into vectors pGBKT7
and pGADT7. Vectors pGBKT7 (prey protein) and pGADT7
(bait protein) were introduced into Saccharomyces cerevisiae
strains Y2HGold and Y187, respectively. Crosses between Y187-
AvrLm3 and Y2HGold-AvrLm7, or between Y187-AvrLm4-7
and Y2HGold-AvrLm3, were performed by co-culture of both
strains for 24 h in 2 x YPDA broth at 30°C and 200 rpm. Serial
dilutions (107", 1072, 10~ and 10™%) were spotted on selective
media and incubated for 3—5d at 30°C. For all Y2H experi-
ments, a positive control (the diploid strain Y187-T x Y2Hgold-
P53) and a negative control (the diploid strain Y187-
T x Y2Hgold-Lam) were included according to manufacturer’s
recommendations. The strain Y2H-Gold-AvrLm4-7 was also
used for Y2H screen to identify AvrLm4-7 putative interactors in
a ¢cDNA library from a pool of cotyledons of line 02.23.2.1
(Rlm7) inoculated with the isolate 19.4.24 (A3a7) and harvested
at 3 dpi, 7 dpi and 14 dpi.

Results

AvrLm4-7 suppresses the expression of the AvrLm3 pheno-
type

From 2004 to 2008, a field experiment was conducted in France
to monitor the evolution of fungal populations towards the newly
released R/m7 resistance gene when submitted to an increased
and constant R/m7 pressure (Daverdin ez al., 2012). After 4 yr of
Rim7 selection pressure, the frequency of isolates virulent towards
Rim7 had reached 36.2%. The mutational events responsible for

© 2015 The Authors
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virulence were diverse, with a majority of complete deletion of
AvrLm4-7 or inactivating RIP-mutations (Daverdin et al., 2012).
Here, a selection of 1524 isolates (734 A7 and 790 a7) from
Daverdin eral. (2012) was phenotyped for their virulence
towards R/m3. All A7 isolates displayed an a3 phenotype, whereas
785 of the 790 a7 isolates displayed an A3 phenotype, and 5 were
virulent towards both R/m3 and Rlm7. These results led us to
hypothesize that the avirulence gene AvrLm3, which was regarded
as absent in French field populations (Balesdent ez al, 2000), is
present in most isolates, but that their A3 phenotype is ‘hidden’
by the presence of a functional allele of Awrim4-7. When
AvrLm4-7 is deleted or inactivated, the gene-for-gene interaction
between AvrLm3 and Rlm3 is restored.

In order to validate the hypothesis of a negative interaction
between the two avirulence phenotypes, two A3a7 isolates with
an inactivated AvrLm4-7 gene, G06-E101 and G06-E107, were
complemented with two different alleles of AvrLm4-7. All trans-
formants were still virulent on the susceptible cv Westar (Fig. 2e,
f). Complementation with a functional AvrLm4-7 allele restored
the avirulent phenotype towards R/m7 for all isolates but two
(Figs 2a,b, S1). In the two transformants in which the avirulence
phenotype towards R/m7 was not restored, the absence of integra-
tion of the AvrLm4-7 copy was checked by PCR of the
nourseothricin resistance marker gene (Table S3). Inoculation of
the transformants on R/m3 plants showed that the presence of a
functional copy of AvrLm4-7, regardless of its allele, resulted in
the loss of expression of the AvrLm3 phenotype (Fig. 2¢,d). As a
complementary approach, AvrLm4-7 was silenced in the refer-
ence a3A7 isolate v23.1.3. The avirulence towards R/m3 was
restored whenever the expression level of Avrlm4-7 was <10%
of that of the WT isolate (Fig. S2). These results confirmed the
hypothesis that AvrLm3 phenotype is hidden by the presence of
AvrLm4-7 and suggested that AvrLm3 is present in the genome
of the sequenced v23.1.3 isolate.

Genetic mapping of the AvrLm3 locus

The in vitro cross no. 69 was performed between isolates G06-
E107 (A3a7; for which the inactivated allele can still be amplified
by PCR) and Nz-T4 (a3a7; for which no PCR amplification of
AvrLm4-7 can be obtained). One hundred and twenty-two
progeny were phenotyped for their avirulence towards R/m3 and
the 63:59 virulent:avirulent segregation ratio confirmed that the
AvrLm3 phenotype is under a single gene control (x>=0.131, P-
value=0.717) (Table 1). PCR analysis of the AvrLm4-7 locus
segregation revealed that recombination occurred between
AvrLm4-7 and AvrLm3, proving that AvrLm3 and AvrLm4-7 are
not allelic (Table 1). The low number of recombinant isolates
compared to parental types confirmed the tight genetic linkage
between AvrLm3 and AvrLm4-7 loci.

Progeny of cross no. 69 were used to initiate a map-based
cloning of AvrLm3. Twelve polymorphic markers were identified
in the 5 end of the SuperContig (SC) 12 of the L. maculans
assembly where AvrLm4-7 is located. They were used to con-
struct a genetic map of the region, composed of two linkage
groups (LG) (Fig. 1a). One LG contained the three markers
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(Min12_96, 86520 and 86530) located in the last GC-isochore
of SC12, GC_14 (Fig. 1). This LG covered a genetic distance of
31.2 cM for a physical distance of 50 kb. The second LG con-
tained AvrLm3 along with nine molecular markers and marker
order in this LG was consistent with the physical map deduced
from the genome assembly of the reference v23.1.3 isolate
(Rouxel eral, 2011) (Fig. la,c). Three of these markers were
designed at the junction of two repetitive elements (SC12_2,
SC12_14 and SC12_16; Fig. 1) in the last AT-isochore of SCI2.
Genetic mapping indicated that AvrLm3 is located in the 3’
region of AT_13 (Fig. 1). AT_13, sized 162 kb, encompassed the
typical mosaics of RIP degenerated and truncated transposable
elements making up AT-isochores in L. maculans. Markers
SC12_2, SC12_14 and SC12_16 co-segregated but covered a
physical distance of 125 kb, in which no ORF was predicted.
RNA-seq reads generated from infected cotyledons were mapped
on the genome but no additional unpredicted ORFs could be
identified in this region. No additional polymorphic marker
could be designed to border the AvrLm3 genetic interval on its 3’
side.

Mean disease rating on
compatible cultivar
o =2 N W b~ 00O

Construction of BAC contigs containing the AvrLm3 locus
and identification of an AvrLm3 candidate

PCR markers located in AT_13 and GC_14 of SC12 were used
to identify BAC clones potentially containing the AvrLm3 locus.
Six BAC clones were identified (Fig. 1f). The clones contained
either markers from AT_13 or markers from GC_14. No BAC
clone linking the two LG could be identified (Fig. 1f). Sequenc-
ing and de novo assembly of the BAC clones generated 13 contigs
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GO06-E107 transformed with AvrLm4-7

Fig. 2 Interaction phenotypes between
Brassica napus lines and Leptosphaeria
maculans isolates complemented with the
a4A7 and A4A7 alleles of the AvrLm4-7
gene. Each vertical bar corresponds to one
wild-type (black bars) or transformed (grey
or white bars) isolate. Two field A3a7
isolates, that are displaying a virulent
phenotype towards RIm7 and an avirulent
phenotype towards RIm3 (G06-E101 (a, ¢
and e) and G06-E107 (b, d and f), black bars)
were transformed with the a4A7 (grey bars)
or A4A7 (white bars) alleles of the AvrLm4-7
gene. Isolates were inoculated on Brassica
napus lines containing RIm7 (a, b), RIm3 (c,
d) or on the compatible cultivar Westar (e, f).
The symptoms were assessed 14 d post
inoculation (dpi) on a 1-6 scale: 1-3,
resistance responses of the plant; 4-6,
susceptibility to pathogen. The asterisks
indicate false positive transformants that did
not integrate the AvrLm4-7 copy. The
experiment was repeated twice and error
bars represent + SD.

covering a total size of 160kb. These contigs are composed
mainly of RIP-degenerated retrotransposons RLC_  Pholy,
RLG_Olly and RLG_Polly, and the telomere-associated repeat
LmTelo2. The lack of genetic linkage between the two LGs in the
AvrLm4-7-AvrLm3 region was confirmed, with the absence of
overlapping sequence between contigs assembled from the BAC
clones from each side of Gap_2 (Fig. 1). The fragmentation of
the BAC clone assembly in 13 contigs did not allow us to validate
the assembly of isochore AT_13. The BAC clone assembly con-
tained a 2.5-kb sequence absent from the genome assembly of
L. maculans.

RNA-seq reads from cotyledons infected with isolates display-
ing, or not, an A3 phenotype (Nz-T4, GO06-E107, GO6-
E107 + AvrLm4-7, v23.1.3) were mapped on the 13 contigs and
only one expressed gene was identified. This gene is one of the 20
most highly expressed genes of L. maculans at early infection
stages (Table S5) for all isolates used in RNA-seq experiments,
whether expressing an A3 or an a3 interaction phenotype. This
gene displayed sequence polymorphism in the a3a7 isolate Nz-
T4 compared to other isolates, with eight polymorphic
nucleotides, of which five are responsible for nonsynonymous
mutations (Fig. 3¢c; Table S6). This sequence polymorphism was
used to map the gene in cross no. 69 using the HRM method
(Table S2; Fig. S3a). The candidate gene co-segregated with the
AvrLm3 phenotype in the whole progeny.

The AvrLm3 candidate gene (accession no. KP939098) is
480 nt long and encodes for a 160 amino acids, cystein-rich (ten
cysteins in the mature protein) secreted protein (SIGNALP 4.1;
Petersen et al., 2011) (Fig. 3b). The 91-bp 3’ UTR, 164-bp 5’

UTR and the intron of the candidate gene were annotated using

© 2015 The Authors
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Fig. 3 AvrLm3 annotation, sequence and polymorphism. (a) The gene, mRNA, coding DNA sequence (CDS) and untranslated region (UTR) are shown in
blue, green, yellow and red, respectively. (b) Nucleotide sequence of AvrLm3 and corresponding amino acids. The signal peptide is marked by the blue line
and cysteine residues are highlighted in yellow. (c) The five polymorphic amino acids between the virulent isolate Nz-T4 and the avirulent isolate GO6-
E107 are highlighted in orange.

the mapping of RNA-seq reads. The 56-bp intron is bordered by =~ showed an unaltered virulent phenotype on Pixel (Fig. 4). Aviru-
the TA and G bases of the STOP codon (Fig. 3a). AvrLm3 lence towards R/m3 was restored in seven transformants, whereas

showed no homology with other proteins, except a 29% identity ~ three transformants induced variable plant responses with only
with the newly characterized L. maculans avirulence protein  part of the plants expressing a resistance response (Fig. 4).
AvrLm]1 (Van de Wouw et al., 2014), with a conservation of the Because the a3a7 Nz-T4 isolate possesses a virulent allele of the
position of six cysteine residues (Fig. S4). AvrLm3 candidate gene which is expressed iz planta, we checked

the expression level of each allele (i.e. the virulent and the aviru-
. _— . lent one) in all transformants. This was done by HRM analysis
Functional validation of the Avrim3 candidate on ¢cDNA of the plant—fungus interaction 7 dpi with compatible

The AvrLm3 candidate gene and its promoting and terminating cv Darmor (Fig. S3b). Both alleles of AvrLm3 were expressed in

region (1357 bp) were cloned and transformed into Nz-T4. Ten  all transformants, as revealed by the intermediate melting curves
transformants were recovered and phenotyped on an R/m3 geno-  obtained with complemented isolates compared to each WT iso-
type or on the susceptible cultivar Pixel. All transformants  late (Fig. S3b). For the seven transformants in which avirulence
© 2015 The Authors New Phytologist (2016) 209: 1613-1624
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Fig. 4 Interaction phenotypes between Brassica napus lines and Leptosphaeria maculans a3a7 isolate Nz-T4 complemented with the AvrLm3 gene. Each
vertical bar corresponds to one wild-type (black or white bars) or transformed (grey bars) isolate. The a3a7 isolate Nz-T4 (black bars), possessing a virulent
allele of AvrLm3 was transformed with the avirulent allele of AvrLm3 (grey bars). G06-E107 was used as a A3a7 control (white bars). Isolates were
inoculated on Brassica napus lines containing RIm3 (a) or the compatible cultivar Pixel (b). The symptoms were assessed 14 d post inoculation (dpi) on a
1-6 scale (1-3, resistance responses of the plant; 4-6, susceptibility to pathogen). The three isolates marked with an asterisk are isolates in which the
expression of the avirulent allele of AvrLm3 is lower than that of the virulent allele and do not fully restore the avirulence phenotype (see Supporting
Information Fig. S3). The experiment was repeated twice and error bars represent + SD.

towards R/m3 is restored, the intermediate melting curves are
clustered together, whereas for the three isolates displaying inter-
mediate phenotypes, the melting curves are grouped in a distinct
cluster, closer to the melting curves obtained for the virulent iso-
late Nz-T4 (Fig. 3b), suggesting a lower expression of the aviru-
lent allele of AwrLm3 in these transformants, probably
insufficient to fully restore the avirulence phenotype (Fig. S3¢).
As a complementary approach, the AvrLm3 candidate gene
was silenced in the A3a7 isolate GO6-E107. Eight transformed
isolates showing different levels of silencing of the AvrLm3 gene
were assessed for pathogenicity towards Rlm3 and Rim7 B. napus
lines. Silencing levels of AvrLm3 ranged from 80% to 8% of that
of the WT isolate (Fig. S5a). Intermediate levels of silencing led
to the development of intermediate resistance phenotypes on
Rim3. The two isolates with the lowest level of expression of
AvrLm3 were able to induce susceptibility symptoms on >50%
of the inoculated R/m3 plants (Fig. S5a). Consistent with the very
high level of expression of AvrLm3 at 7 dpi (Table S5), the level

of silencing obtained here was probably insufficient to lead to a
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fully virulent phenotype. A similar effect has been previously
observed for the AvrLm6 avirulence gene of L. maculans (Fudal
etal., 2007).

Both complementation and silencing experiments suggest that
the candidate gene encodes for the avirulence protein AvrLm3.

AvrLm4-7 does not modify AvrLm3 expression profile dur-
ing infection

AvrLm3 shows the same expression kinetics in G06-E107 (A3a7),
Nz-T4 (a3a7) and v23.1.3 (a3A7), with low expression during
in vitro growth and overexpression during early infection stages,
especially at 7 dpi (Fig. 5). Compared to that of AvrLm4-7, the
expression level of AvrLm3 is 3.4x higher and the overexpression
of AvrLm3 takes place earlier during the infection process
(Fig. 5). Although the gene is expressed at a higher level during
axenic growth in Nz-T4 compared to G06-E107 or v23.1.3, the
expression kinetics of AvrLm3 is comparable whether the gene
encodes for a virulent or an avirulent allele, confirming that the

7 dpi 9 dpi 12 dpi

Fig.5 AvrLm3 and AvrLm4-7 expression during in vitro growth and plant colonization of the compatible Brassica napus line Darmor-Bzh. Light grey bars
are AvrLm3 expression data from the A3a7 isolate GO6-E107, that is displaying a virulent phenotype towards RIm7 and an avirulent phenotype towards
RIm3, medium grey bars, Nz-T4 isolate (a3a7 phenotype) and dark grey bars, v23.1.3 isolate (a3A7 phenotype). Black bars, AvrLm4-7 expression for
v23.1.3. Gene expression was assessed by qRT-PCR (quantitative reverse transcription-PCR). Expression levels were measured relatively to actin and EF1-a
was used as a control. Error bars represent + SD for two to three technical replicates from two biological replicates. dpi, d post inoculation.
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virulence towards R/m3 in Nz-T4, devoid of a functional allele of
AvrLm4-7, is due to sequence polymorphism in AvrLm3. In
v23.1.3, showing an a3 phenotype, but no AvrLm3 sequence
polymorphism compared to G06-E107, AvrLm3 has the same
kinetics of expression as in the A3 isolate G06-E107 (Fig. 5).
This observation is in agreement with RNAseq data at 7 dpi,
showing a high level of AvrLm3 expression both in the WT G06-
E107 A3a7 isolate, and in the complemented isolate GOG6-
E107 + AvrLm4-7 (a3A7) (Table S5). Therefore, the presence of
a functional allele of AvrLm4-7 does not modify AvrLm3 expres-
sion, strongly suggesting that the a3 phenotype does not result
from a suppression of AvrLm3 expression caused by the presence
of AvrLm4-7.

Absence of physical interaction between the AvrLm3 and
AvrLm4-7 proteins in vitro

Diploid yeast strains from the cross between Y187-AvrLm3 and
Y2HGold-AvrLlm4-7, or between Y187-AvrLm4-7 and
Y2HGold-AvrLm3 did not grow in selective media (Fig. S6). In
addition, AvrLm3 was not found as a putative AvrLm4-7 interac-
tor in the Yeast two-hybrid screen of a cDNA library originating
from cotyledons infected with an A3a7 isolate. These data suggest
that AvrLm3 and AvrLm4-7 proteins do not interact physically,
and that the masking of AvrLm3 phenotype by AvrLm4-7 is not
linked with the ability of AvrLm4-7 to form a heterodimer with
AvrLm3.

Discussion

In this paper, we report on the identification and the cloning of
AvrLm3, an avirulence gene of Leprosphaeria maculans. Similar to
other avirulence genes cloned in L. maculans (Gout et al., 200065
Fudal eral., 2007; Parlange etal., 2009; Balesdent ezal., 2013;
Ghanbarnia et al., 2014; Van de Wouw et al., 2014), AvrLm3 is
induced point (RIP)-
degenerated transposable elements (TEs) and encodes for a cys-
teine-rich small secreted protein. AvrLm3 is highly expressed at

surrounded by repeat mutations

early infection stages and it has no recognizable homologues in
other fungal species including the closely related species
Leptosphaeria biglobosa and Leptosphaeria maculans sp. lepidii
(Grandaubert ez al., 2014). Although showing all features com-
mon to avirulence genes and proteins of L. maculans, AvrLm3 is
present in numerous isolates as a functional avirulence gene but
the presence of a functional allele of AvrLm4-7 ‘hides’ the Rim3-
mediated recognition of AvrLm3. By contrast, inactivated alleles
(or lack) of AvrLm4-7 leads to re-emergence of the AvrLm3 avir-
ulence phenotype.

The first cloned avirulence genes of L. maculans, AvrLml,
AvrLm6 and AvrLm4-7, were identified by map-based cloning
strategies (Gout eral., 2006; Fudal eral., 2007; Parlange ezal.,
2009). Based on common characteristics of L. maculans aviru-
lence genes, the whole genome sequence was the source of a
repertoire of effector genes that were primary candidates in map-
based cloning strategies of Avr genes. This allowed the rapid
cloning of AvrLmll, in spite of its location on a dispensable

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust

Research® 1621

chromosome, which prevented any fine mapping in crosses
involving virulent isolates missing the whole dispensable chromo-
some (Balesdent ez al., 2013). However, the location in large AT
(adenine and thymine) isochores impedes in some cases the
identification of a gene via map-based cloning. This was illus-
trated by the recent cloning of AvrLm2 which was not immedi-
ately confused with the previously identified candidate effector
LmCysI following a wrong map position resulting from contig
misassembles and gene conversion events. AvrLm2 could only be
unambiguously cloned by combining genetic mapping with
NGS resequencing of multiple isolates to identify SNPs coinci-
dent with the virulent/avirulent phenotypes (Ghanbarnia ezal.,
2014).

Cloning of AvrLm3 combined additional levels of difficulties.
First, the masking effect of AvrLm4-7 on the AvrLm3 phenotype
complicated the gene mapping. Balesdent ezl (2002) reported
a full co-segregation between the two genes, whereas a genetic
distance of 14.9 cM was found here. Indeed the crosses studied
in Balesdent ezal. (2002) were also polymorphic for AvrLm4-7
and progeny phenotyping for AvrLm3 only revealed the segrega-
tion of AvrLm4-7, whose presence or absence hid, or not, the
Rlm3-AvrLm3 recognition. Here, a cross was set up between two
isolates virulent towards R/m7 which allowed us to phenotype
the AvrLm3-Rlm3 interaction without any interference due to
the presence of AvrLm4-7. Genetic mapping, the use of the
repertoire of candidate effector genes, and mapping of RNA-seq
reads on the reference genome allowed us neither to identify any
candidate, nor to border the genetic interval on its 3’ side.
Moreover, the 3’ end of the SC12 of the reference sequence,
where AvrLm3 is located, comprised unresolved gaps. Bacteria
artificial chromosome (BAC) clones screening with markers of
the genetic map, NGS sequencing of BAC clones and mapping
RNA-seq reads on the BAC contigs were necessary to identify
AvrLm3, located in a gap in the reference genome. The presence
of telomere-specific repeats such as LmTelo2 (Rouxel etal.,
2011) at both sides of the last gap of SC12 and in the BAC
clones containing AvrLm3 suggests that AvrLm3 is located in a
telomeric region.

We functionally validated the negative interaction occurring
between AvrLm3 and AvrLm4-7 phenotypes, the R/m3-mediated
resistance being ‘hidden’ by the presence of a functional allele of
AvrLm4-7. This is a new illustration of the complex arms race in
progress during the co-evolution of plant and pathogens. Houter-
man etal. (2008) demonstrated that the Avrl Avr gene of
Fusarium oxysporum, inducing I-1 triggered resistance, also sup-
presses the protective effect of two other tomato resistance genes,
I-2 (when faced to Avr2isolates) and /-3 (when faced to Avr3 iso-
lates). Recently, a similar mechanism has been described in the
necrotrophic fungus Pyrenophora tritici repentis, where the Host
Selective Toxin (HST) ToxA could suppress the activity of other
HSTs, which still have to be characterized (Manning & Ciuffetti,
2015). Compared to these two examples, the effect of AvrLm4-7
on the RIm3-AvrLm3 recognition seems to be more specific
because the presence of AvrLm4-7 does not prevent expression of
other avirulence phenotypes such as those due to AvrLlml,
AvrLm5 or AvrLm6 (Balesdent et al., 2006).
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In F. oxysporum, no evidence of direct interaction has been
found between Avrl, Avr2 and Avr3 avirulence proteins, and the
mechanism of interference has remained unexplained since its
description (Houterman ez a4/, 2008). Similarly, we could not
find evidence of direct interaction between AvrLm3 and
AvrLm4-7 using in vitro Y2H approaches. Several hypotheses
could be proposed to explain the exclusion between avirulence
phenotypes. First, the R/m3-mediated resistance could be specifi-
cally suppressed by AvrLm4-7 as proposed by Houterman ez al.
(2008) for Avrl being a potential suppressor of /-2 and /-3-based
immunity. That mechanism also occurs in the phytopathogenic
bacteria Xanthomonas campestris pv. vesicatoria (Szczesny et al.,
2010). The avirulence protein AvrBsT interacts in the plant cell
cytosol with SnRK1, an ABC transporter and a sucrose nonfer-
menting 1 (SNF1)-related kinase 1 to inhibit the HR induced by
AvrBsl recognition. In the AvrLm3-AvrLm4-7 model, we found
an earlier and higher level of in planta expression for AvrLm3
compared to AvrLm4-7, a result that does not support a role for
AvrLm4-7 activity in suppression of plant defence responses.
However, the correlation between transcript and protein abun-
dance is only partial and can be modulated by regulatory
processes such as mRNA and protein degradation, or post-
transcriptional modifications (Vogel & Marcotte, 2012).

Another hypothesis would imply that AvrLm3 and AvrLm4-7
have the same plant target, in the frame of a direct or a ‘guard
model’ of interaction. In the fungus Magnaporthe oryzea, the two
avirulence proteins Avr1-CO39 and Avr-Pia both target the pair
of resistance proteins RGA4 and RGAS5 to trigger Effector-
Triggered-Immunity (ETI) (Cesari ez al., 2013). However, none
of these two avirulence proteins has the ability to suppress the
recognition of the other one. In Pseudomonas syringae, the effector
proteins AvrRpm1, AviRpt2, AvrB, AvrPto and HopF?2 all target
the Arabidopsis thaliana protein RIN4, a key regulator of plant
immunity (Mackey et al., 2002; Axtell & Staskawicz, 2003; Wil-
ton etal., 2010; Deslandes & Rivas, 2012). AvrB and AvrRPM1
trigger the RPM1-mediated resistance by phosphorylating RIN4.
AvrRpt2-triggered immunity results from the cleavage of RIN4
by AvrRPt2, which therefore prevents the RPM1-mediated resis-
tance. Finally, the effector protein HopF2 interferes with
AvrRpt2 induced ETI. Future investigations of AvrLm3 and
AvrLm4-7 plant targets and signalling pathways activated by both
Rim3 and Rlm7-mediated resistance are needed to better under-
stand mechanisms underlying that complex gene-for-gene
interaction.

The location of AvrLm3 in a telomeric region is consistent
with the assumption that L. maculans effectors are located within
RIP-affected AT-rich isochores (Rouxel ezal, 2011) but such a
telomeric location has not been reported yet for L. maculans avir-
ulence genes. Telomeres are often enriched in genes involved in
niche adaptation in eukaryotes (Farman, 2007). For instance,
many avirulence genes, including AVR-Pii and AVR-Pita, have
been found in telomeric regions in M. oryzae, and loss of chromo-
some tips is suggested to be one frequent mechanism for gain of
virulence (Orbach eral, 2000; Farman, 2007; Yoshida etal,
2009). In L. maculans, avirulence genes located in AT-rich
regions generally evolve by complete deletions when submitted to
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the resistance gene selection (Gout eral., 2007) and one could
expect an even greater instability due to its location within a
telomeric AT isochore. Maintenance of AvrLm3 in populations,
as demonstrated here through the resurgence of the AvrLm3 phe-
notype following R/m7 selection pressure, in spite of its telomeric
location could indicate that AvrLm3 plays an important role in
the life cycle of the fungus. Such a fitness penalty is known for
Avr3 and Avr2 of F. oxysporum, escaping to their recognition by
resistance genes /-3 and /-2 through acquisition of AwrI, which
suppresses the Avr2 and Avr3 triggered immunity, and not
through loss of Avr3 (Houterman eral, 2008, 2009). As dis-
cussed by Houterman eral. (2008), such a complex interplay
may lead to initially unpredicted strategies for disease control.
Unitil now, the use of specific R genes to control L. maculans has
resulted in very rapid breakdown of these resistances, as shown
for Rlmli, RlmG or the B. rapa resistance source RimS (Sprague
etal., 2006). The fact that the breakdown of R/m7 gives birth to
A3 isolates provides us with an unprecedented template with
which to evaluate, using field experiments and modelling
approaches, different strategies to increase the durability of a
major resistance gene in these cases of complex gene-for-gene
interactions.
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