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Multiple deletions of candidate effector genes lead to the
breakdown of partial grapevine resistance to downy mildew
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Summary

e Grapevine downy mildew, caused by the oomycete Plasmopara viticola (P. viticola, Berk.
& M. A. Curtis; Berl. & De Toni), is a global threat to Eurasian wine grapes Vitis vinifera.
Although resistant grapevine varieties are becoming more accessible, P. viticola populations
are rapidly evolving to overcome these resistances. We aimed to uncover avirulence genes
related to Rpv3.1-mediated grapevine resistance.

¢ We sequenced the genomes and characterized the development of 136 P. viticola strains
on resistant and sensitive grapevine cultivars. A genome-wide association study was con-
ducted to identify genomic variations associated with resistant-breaking phenotypes.

¢ We identified a genomic region associated with the breakdown of Rpv3.1 grapevine resis-
tance (avrRpv3.1 locus). A diploid-aware reassembly of the P. viticola INRA-Pv221 genome
revealed structural variations in this locus, including a 30 kbp deletion. Virulent P. viticola
strains displayed multiple deletions on both haplotypes at the avrRpv3.1 locus. These dele-
tions involve two paralog genes coding for proteins with 800-900 amino acids and signal pep-
tides. These proteins exhibited a structure featuring LWY-fold structural modules, common
among oomycete effectors. When transiently expressed, these proteins induced cell death in
grapevines carrying Rpv3.1 resistance, confirming their avirulence nature.

e This discovery sheds light on the genetic mechanisms enabling P. viticola to adapt to
grapevine resistance, laying a foundation for developing strategies to manage this destructive

crop pathogen.

Introduction

Grapevine downy mildew, caused by the obligate biotrophic
oomycete Plasmopara viticola (Berk. & M. A. Curtis; Berl. &
De Toni), is one of the most destructive diseases world-wide
(Viennot-Bourgin, 1949). The disease was endemic in North
America (Rouxel ez al., 2013, 2014), where native grape species
had developed genetic resistance, and it was accidentally intro-
duced to southwest France in the 1870s from where it rapidly
spread throughout Europe (Fontaine et 4/, 2013, 2021). The
Eurasian wine grape Vitis vinifera L. is highly susceptible to this
disease, and disease control is mostly achieved through the use
of fungicides. Grapevine breeding programs around the world
have been producing new cultivars genetically resistant to the
disease by introgressing known disease resistance /loci from wild
grape species. Most of the resistance to downy mildew found in
grapevine is partial and caused by Resistance-genes (R-gene)
that, depending on the resistance source, may explain up to
80% of downy mildew infection on the plant (Venut
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et al., 2013; Merdinoglu et al., 2018). Over 30 downy mildew
resistance Joci have been identified in American and Asian Vizis
species (Maul, 2021), but only few of them are currently being
utilized in breeding programs: Rpvl (Merdinoglu ez al, 2003),
the two main haplotypes of the locus Rpv3 — Rpv3.l and
Rpv3.2 — (Welter ez al., 2007; Bellin ez al, 2009; Di Gaspero
et al, 2012), Rpvl0 (Schwander ez al, 2012) and Rpvl2
(Venuti et al., 2013). Many of these cultivars are now commer-
cially available and gaining popularity among growers, especially
following the promotion of agroecological transition and pesti-
cide use restrictions legislated by the European Union (Eur-
opean Commission, 2018).

Plasmopara viticola possesses a remarkable ability to evolve, as
demonstrated by its rapid adaptation to synthetic fungicides
(Chen et al., 2007; Blum et al, 2010; Delmas ez al., 2016). In
addition to large population size and an obligatory sexual cycle
(Gessler et al.,, 2011), P. viticola boasts a highly repetitive gen-
ome, altogether granting it a great evolutionary potential (Dus-
sert et al., 2019, 2020). Consistent with this and despite a limited

New Phytologist (2024) 1
www.newphytologist.com

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0001-6881-1203
https://orcid.org/0000-0001-6881-1203
https://orcid.org/0000-0003-2643-9209
https://orcid.org/0000-0003-2643-9209
https://orcid.org/0000-0003-4488-6563
https://orcid.org/0000-0003-4488-6563
https://orcid.org/0000-0001-8271-7678
https://orcid.org/0000-0001-8271-7678
https://orcid.org/0009-0007-3897-2808
https://orcid.org/0009-0007-3897-2808
https://orcid.org/0000-0002-4348-213X
https://orcid.org/0000-0002-4348-213X
https://orcid.org/0000-0002-6472-4839
https://orcid.org/0000-0002-6472-4839
https://orcid.org/0000-0001-8648-5237
https://orcid.org/0000-0001-8648-5237
https://orcid.org/0000-0002-4858-1508
https://orcid.org/0000-0002-4858-1508
https://orcid.org/0000-0002-7138-8239
https://orcid.org/0000-0002-7138-8239
mailto:francois.delmotte@inrae.fr
mailto:dacantu@ucdavis.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.19861&domain=pdf&date_stamp=2024-06-21

deployment of disease-resistant grape cultivars in vineyards, resis-
tance breakdowns have been reported (Peressotti et al, 2010;
Delmotte et al, 2014; Delmas et al, 2016; Gémez Zeledén
et al., 2017; Heyman ez al., 2021; Wingerter ez al., 2021; Paineau
et al., 2022), and some P. viticola strains are already capable of
simultaneously overcoming several resistance loci at the same
time, including Rpv3.1, Rpv3.2, Rpvl0 and Rpvl2 (Paineau
et al., 2022). The ability of P. viticola populations to rapidly
adapt to resistant grapevines is concerning because of the substan-
tial breeding efforts required to identify resistance sources and
develop new resistant cultivars. Minimizing the risk of grapevine
resistance gene depletion requires a better understanding on the
genetic mechanisms responsible for pathogen adaptation to host
resistance.

Grapevine resistance to downy mildew is marked by the trigger-
ing of hypersensitivity responses (HR), a rapid localized cell death
around the point of infection aiming to stop the pathogen infec-
tion, upon infection by P. viticola, suggesting a gene-for-gene inter-
action between the plant and the pathogen (Bellin ez al, 2009;
Paineau ez al, 2022). Most genetic factors of grape conferring resis-
tance to downy mildew identified until now are located in genomic
regions rich in nucleotide binding domain and leucine-rich repeat
(NBS-LRR) genes (Di Gaspero ez al., 2007; Moroldo et al., 2008;
Merdinoglu ez al, 2018). The presence of NBS-LRR genes was
confirmed by the cloning of the loci causing Rpvl and Rpv3 resis-
tance (Feechan et al., 2013; Foria et al.,, 2020). NBS-LRR proteins
are involved in the recognition of specialized pathogen effectors. In
oomycetes, the RXLR family is the largest and most studied family
of cytoplasmic effectors. RXLR effectors are characterized by the
presence of a signal peptide (SP), a RXLR-EER modif at their
N-terminal sequence and one or more WY-domains, a common
fold found only in this family of proteins (Anderson ez al, 2015).
Structural studies revealed an additional fold present in many
RXLR effectors, the LWY domain, which is often present in tan-
dem repeats, conferring structural and functonal modularity (He
et al., 2019). Related candidate effector proteins that possess a SP
and carry WY-domains and the EER motif, but lack an RXLR
motif, have been described in several downy mildews species
(Derevnina et al., 2015; Sharma et al, 2015; Combier et 2, 2019;
Wood et al, 2020). To date, all the effectors of P. viticola that have
been investigated were discovered through in silico predictions
(Mestre et al, 2016; Brilli et al., 2018; Dussert et al, 2019; Lan
et al., 2019; Lei et al, 2019; Liu et al, 2021; Ma et al, 2021).
While these studies have provided valuable insights into the
mechanisms employed by the pathogen to infect its host, none of
them have been reported to be directly related to a gene-for-gene
interaction with resistance /loci. Therefore, the specific effectors
detected by grape resistance genes remain entirely unknown
to date.

Rpv3.1 is the most exploited resistance in viticulture (Di Gas-
pero et al., 2012). This resistance has been introduced from an
unknown American grape species into the crop germplasm at the
end of the 19" century. It is present in most of the
French-American hybrids and in many modern varieties resistant
to downy mildew. In response to P. wviticola infection, Rpv3.1
activates effector-triggered immunity (ETI) and localized necrosis
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(HR) in grapevine leaves (Bellin ez al., 2009). The causal factor
for this resistance was recently mapped to a single locus of
grapevine genome containing two TIR-NB-LRR (TNL) genes
that originated from a tandem duplication (interleukin-1
receptor-nucleotide binding leucine-rich repeats (NLR)) (Foria
et al., 2020). On the pathogen side, rapid adaptation to
Rpv3.1-mediated resistance has been reported in several geogra-
phically distant populations of P. viticola over the past decades
(Peressotti et al., 2010; Casagrande er al, 2011; Delmotte
et al., 2014; Delmas et al., 2016; Heyman ez al., 2021; Wingerter
et al., 2021; Marone Fassolo ez al., 2022; Paineau ez al., 2022).
Overall, these findings suggest a gene-for-gene interaction
between TNL genes of the plant and an undescribed avirulence
gene of the pathogen.

In recent years, genome-wide association studies (GWAS) have
become increasingly popular for identifying virulence/avirulence
factors in fungal plant pathogens (Gao et al, 2016; Zhong
et al, 2017; Hartmann et al, 2018; Miller et al, 2020; Phan
et al., 2021; Singh ez al., 2021; Kariyawasam et al., 2022; Persoons
et al., 2022). In oomycetes, while the method has shown success in
detecting the genomic regions underlying fungicide resistance and
mating type (Siddique ez al, 2019; Dussert ez al., 2020), it has not
yet been employed for discovering avirulence genes. In this study,
we used GWAS to identify the avirulence genes interacting with
Rpv3.1-mediated resistance of grapevine. To this end, we
sequenced the whole genomes of 136 strains of P. viticola from a
natural population in Bordeaux (France) and characterized their
development on both resistant (Rpv3.1) and susceptible grape-
vines. By combining these data, we were able to identify candidate
effectors and the genomic event responsible for the breakdown of
Rpv3.1-mediated resistance.

Materials and Methods

Strains and plant materials

We collected 136 Plasmopara viticola (Berk. & M. A. Curtis;
Berl. & De Toni) isolates in 2018 from two plots in Bordeaux
vineyards located 5 km from one another (France). Further
details about their origin are provided in the Data Availability
section (doi: 10.57745/U6JECD). The monosporangium isola-
tion was carried out as described in Paineau et 2/ (2022). After
monosporangium isolation, isolates are referred as ‘strains’.
After 2 wk of propagation (Supporting Information Methods
S1), on the day of inoculation, the strains were suspended in ster-
ile water and the density of the suspension was adjusted to
5 x 107 sporangia ml ™" in a volume of 120 ml. Two host plants
were used for the phenotyping experiment. Vitis vinifera cv.
Cabernet sauvignon (CS; Rpv3.1-) was chosen as a susceptible
host to downy mildew and the variety ‘Regent’ as a partially resis-
tant host carrying the resistance Rpv3.1 (Rpv3.1+). The plants,
75 of each variety, were grafted onto the Selection Oppenheim 4
(8O4) rootstock and grown simultaneously in a glasshouse under
natural photoperiod conditions 12 h : 12 h, day : night on
average, without chemical treatment. The inoculation and phe-
notyping experiment was conducted on the fourth leaf below the
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apex (one leaf per plant), which was collected after 6 months of
cultivation.

Phenotyping experiment

We inoculated the 136 strains on the susceptible variety V. vinifera
cv. CS and the resistant variety ‘Regent’. Four mock strains consist-
ing of sterile water were used as negative controls. For each of the
280 interactions, we performed six replicates. We therefore gener-
ated 1680 plant—pathogen interactions in total (i.e. grapevine leaf
disk inoculated with a P. viticola strain) as described in Methods
S2. The leaf disks were placed in 36 square Petri dishes
(23 x 23 cm), with each of the six replicates placed in a different
Petri dish. Petri dishes were sealed with Parafilm to maintain rela-
tive humidity at 100%. They were then incubated in three growth
chambers, paying attention to have the six replicates equally repre-
sented in the three different growth chamber, for 6 d at 23°C
under a 12 h : 12 h, light : dark photoperiod. Six days post-
inoculation, all leaf disks were photographed and the sporulation
area per disk was determined by image analysis (code available
at https://github.com/ManonPaineau/image_analysis_P.viticola) as
described in Paineau er /. (2022).

Genotyping

The DNA from the 136 strains was extracted directly from the
mycelium of P. viticola with a DNA extraction protocol adapted
from Moller er al. (1992; Methods S3). Sequencing was per-
formed at the GeT-PlaGe facility (Toulouse, France) with a
NovaSeq6000 and a Hiseq4000 (2 x 150 bp paired-end reads)
(Methods S4). The variant calling was performed using GATK
(McKenna ez al., 2010) as described in Methods S5. After a qual-
ity control (Methods S6), we kept a final dataset consisting of
123 strains for the GWAS panel encompassing a total
of 1851 765 polymorphic nucleotides. Finally, population
genetic structure was investigated by principal component analy-

sis (Methods S7).

Genome-wide association study

The GWAS was performed on the sporulation area quantitative
trait using the exact Genome-wide Efficient Mixed Model Associa-
ton (GEMMA) method (Zhou & Stephens, 2012). The
association tests were realized with the relatedness matrix, estimated
with the GEMMA software (http://www.xzlab.org/software.html),
phenotype (average sporulation area value on Regent (Rpv3.1+)
for the six replicates) and genotype (filtered single nucleotide poly-
morphisms (SNPs)). GEMMA also estimated the proportion of
phenotypic variation explained (PVE) by genotypes. We corrected
the significance threshold by the Bonferonni criterion calculated as
—logjo(0/k), where # is the number of statistical tests conducted
and o = 0.05. We verified that the model fits our data and cor-
rectly accounted for population structure by checking the
quantile—quantile plot and the degree of deviation of the genomic
inflation factor lambda (A) defined as the median of the resulting
chi-squared test statistics divided by the expected median of the
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chi-squared distribution. The quantile—quantile plots and Manhat-
tan plots were visualized with the R package QQman
(Turner, 2018). We analyzed the linkage disequilibrium of the
SNPs around the identified loci using the package LDHEATMAP
implemented in R (Shin ez al, 2000).

Genome reassembly and avrRpv3.1 locus analysis

Whole genome assembly of Single Molecule Real-Time (SMRT)
reads (Dussert ¢z al., 2019) was performed in a two-step procedure
using the customized FALCON-Unzip pipeline as reported in
Minio er al (2019; https://github.com/andreaminio/FalconUn
zip-DClab). The details of the assembly procedure are described in
Methods S8. We compared the two INRA-Pv221 assemblies to
identify, in the new diploid assembly, the location of the loci iden-
tified by GWAS in the consensus reference genome. We used
NUCmer with the minimum cluster size ¢ = 65 and visualize the
result with mummerplot from the MUMMER3 software (Kurtz
et al., 2004). To evaluate the copy number variation (CNV) in the
locus, the short reads of each sample were aligned separately with
BWA MEM (v.0.7.17, Li, 2013) on P. viticola strain INRA-Pv221
FalconUnzip primary assembly, and copy number was evaluated
on the entire dataset with CNVxiT (v. CNVkiT 0.9.9, Talevich
et al., 2016). To visualize the allelic count, per-base mapping cov-
erage was calculated with SAMTooLs depth (v.1.10, Li
et al., 2009), and mean coverage value was calculated on windows
of 1 kbp in size and normalized on the sample diploid whole gen-
ome mean coverage. Additional analyses of the aviRpv3.1 locus,
including phylogenetic analyses, population genetic analysis and
analysis of the locus for two independent European strains, are
detailed in Methods S9-S11, respectively.

Gene expression analysis

To find evidence of expression for the genes present in the
aviRpv3.1 locus during the host—pathogen interaction, we
aligned the available raw RNA-seq data from Dussert er al
(2019) (SRR accession list available in doi: 10.57745/UGJECD)
on the avrRpv3.1 locus. The trimming, alignment and expression
analysis of the transcripts were performed as described in Meth-
ods S12. In order to differentiate reads from P. viticola and
V. vinifera, the paired-end reads were aligned against both haplo-
types of INRA-Pv221, newly assembled with Falcon Unzip in
this study, and the first haplotype of V. vinifera cv Cabernet sau-
vignon genome v.1.1 (Massonnet ez al., 2020).

Predicted protein analysis

BrasTP searches were performed against the NCBI nr protein
database. Signal peptides were predicted with SIGNALP v.6.0
(Teufel er al, 2022). Structural similarity searches were per-
formed on Phyre2 (Kelley er al, 2015) and HHPred (Gouy
et al., 2010), and displayed with Boxshade. Structural prediction
of g166 structure was performed using ALPHAFOLD2 (Jumper
et al., 2021) implemented at CoraBFoLp (Mirdita ez al., 2022)
using default settings. Visualization and superimposition of
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predicted structures was performed on UCSF Chimera X 1.5
(Goddard ez al., 2018). The predicted structure of the Plasmopara
halstedii and Phytophthora sojae PSR2 proteins were retrieved
from the EBI ALpHAFOLD2 database (https://alphafold.ebi.ac.uk/
entry/AOAOP1AQRS5) and (hteps://alphafold.ebi.ac.uk/entry/
EOW4V5), respectively.

Semi-quantitative reverse transcription polymerase chain
reaction

RNA extraction, cDNA synthesis and PCR were done as in Mes-
tre et al. (2017). Each sample from infected tissues consisted of
four leaf disks. Briefly, after RNA extraction, DNAse treatment
was done using the Invitrogen-Turbo DNA free kit, and
first-strand ¢cDNA was synthetized using the RevertAid First
Strand cDNA synthesis kit (Thermo Scientific, Waltham, MA,
USA). PCR amplifications consisted of 30 cycles of 20 s at
94°C, 20 s at 58°C and 60 s at 72°C, followed by a final exten-
sion step of 10 min at 72°C. Primers are listed in doi: 10.

57745/UG6JECD.

Transient assay

The coding sequences of g164, g165 and gl66 without the pre-
dicted SP were PCR-amplified with Phusion polymerase (NEB)
from genomic DNA of P. viticola strain INRA-Pv221. Following
amplification with primers containing restriction sites, the PCR
products were digested (NEB restriction enzymes) and cloned
directionally into plasmid pBINGI. Plasmids were transformed
into Escherichia coli strain DH10B by electroporation. Qiagen
Plasmid Mini Kit was used to extract the plasmids from the
E. coli cultures, and Agrobacterium strain C58C1 carrying
the pCH32 plasmid was then transformed by electroporation.
The identity of the clones was confirmed by sequencing. Primers
used for cloning are listed at doi: 10.57745/UGJECD. Agrobac-
terium cultures were grown at 28°C in 5 ml of L medium con-
taining kanamycin (50 g ml ") and tetracycline (2.5 pg ml™Y).
After 2 d, 1 ml of the bacterial suspension was used to inoculate
5 ml of L medium containing kanamycin (50 pug ml™"), tetracy-
cline (2.5 pg ml™"), 10 mM MES and 150 pM acetosyringone,
and grown in the same conditions for 1 d. Bacterial suspensions
were centrifuged, and the pellets were resuspended in a solution
containing 10 mM MES, 10 mM MgCI2 and 150 puM acetosyr-
ingone. After 2-3 h of incubation at room temperature, bacterial
suspensions were infilcrated at an optical density at 600 nm
(OD600) of 0.4 using a needleless syringe. Infiltrations were per-
formed, as detailed in Methods S13, on detached leaves collected
from green cuttings of Regent (Rpv3.1+) and the susceptible
V. vinifera cultivar Syrah (Rpv3.1-).

Results

Localization of the virulence locus by GWAS

To identify the avirulence genes interacting with Rpv3.1-
mediated resistance of grapevine, we performed a GWAS on a
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Plasmopara viticola population composed of 136 strains sampled
on both sensitive (Rpv3.1—) and resistant (Rpv3.1+) cultivars.
The sequences of 123 strains passed quality control (Methods
S6). A total of 1851 765 SNPs were retained, resulting in an
average density of 20.8 SNPs/kbp on the 359 scaffolds of the
P. viticola reference genome INRA-Pv221. To assess the pheno-
typic variability of the 123 P. viticola strains, we evaluated the
percentage of leaf disk area covered by sporulation in a
cross-inoculation experiment between the 123 P. viticola strains
and two grapevine varieties: CS (susceptible, Rpv3.1—) and
Regent (Rpv3.14) (Fig. 1b). On CS, the strains displayed an
average of sporulation of 10.4% (SD = 3.04) (Fig. 1b). On
Regent, the average sporulation area of the strains was 7.22%
(SD = 6.63) (Fig. 1b). Levels of sporulation on Regent and CS
did not correlate (Fig. S1). While the distribution of sporulation
area of the strains on CS is centered around the mean, the sporu-
lation variability among strains observed on Regent ranged from
0.01% to 29.33% and follows a bimodal distribution (Fig. 1a):
The larger group, comprising the majority of observations, is
concentrated in the first quartile (Q1), with a 25™ percentile
value of 1.12% of sporulation area. Conversely, the second group
is predominantly situated in the third quartile (QQ3), as evidenced
by the 75" percentile value of 11.79%. The bimodal distribution
underscores the presence of two discernible subpopulations with
contrasting levels of sporulation on Regent.

We used the sporulation area of the strains on Regent as a
quantitative trait to perform a GWAS. We used a GEMMA to
correct for the population structure bias evidenced by the princi-
pal component analysis (Fig. S3). The quantile—quantile (Q-Q)
plot showed no evidence of inflation in test statistics for the spor-
ulation on Regent (A = 1.04) (Fig. S4). Finally, the proportion
of PVE estimated by GEMMA was 0.58, indicating that genetic
variants account for 58% of the phenotypic variance in our popu-
lation. Despite the significant contribution of genetic data to
explaining variance, it is crucial to recognize that environmental
conditions (e.g. temperature and plant physiological status) also
influence the quantitative interaction between grapevine and
downy mildew.

We identified a total of 74 markers strongly associated with
this phenotypic trait (Fig. 1c). On the scaffold Plvit038, the 66
markers are located in an interval of 3340 bp (Figs 1D, S5A,B)
and exhibit strong linkage disequilibrium (Fig. S5D). No gene
nor pseudogene was detected at this location on the genome
assembly (Figs 1d, S5C). In the locus on scaffold Plvit053, eight
markers, in an interval of 144 bp, were significantly associated
with the sporulation on Regent (Figs 1d, S5A,B) and are in
strong linkage disequilibrium (Fig. S5D). The significant SNPs
identified by GWAS are at the edges of Plvit038 and Plvit053
scaffolds (Fig. S5A) and show evidence of being tightly asso-
ciated as observed by a strong linkage disequilibrium (Fig. 1d).
The high R values c. 0.7 observed between the two scaffolds
indicate a close physical proximity of the sequences, which
appears to have been disrupted by the fragmentation of the gen-
ome assembly. Based on the gene annotation (Dussert er 4/,
2019), one gene is located in this region: PVIT-0015215.T1
(Fig. 1d).
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A structural rearrangement identified in the
avrRpv3.1 locus

To investigate the relationship between the two loci identified by
GWAS and to identify potential differences between haplotypes,
we employed Falcon Unzip to build de novo a phased diploid de
novo genome assembly using as input the same SMRT reads that
were assembled in the haploid consensus genome used as refer-
ence for GWAS (Chin et al., 2016). We reconstructed and anno-
tated both alternative haplotypes of INRA-Pv221 (Table S1).
The primary assembly, which represents the most contiguous
haploid representation of the genome, comprised 80.6 Mbp,
divided into 252 primary contigs, and contained 23 602 protein
coding gene loci. The genome size of this new assembly
(80.6 Mb) is comparable to previous assembly results but falls
intermediate between a previous SMRT sequencing assembly
(92.94 Mb, Dussert et al, 2019) and an Illumina
assembly (74.74 Mb, Dussert et al., 2016). This is attributed to
the combined effect of improved representation of repetitive con-
tent enabled by long reads and the utilization of a diploid-aware
procedure capable of effectively segregating highly divergent
alleles into haplotigs (i.e. phased alternative haplotypes). More-
over, with the longest sequence reaching 3.17 Mbp and an N50
of 825.8 kbp (N50 index 29), the new diploid assembly exhibits
enhanced sequence contiguity compared with previous P. viticola
strain INRA-Pv221 assemblies (Dussert et al, 2016, 2019).
Falcon-Unzip reported a separate alternative haplotype represen-
tation for over 66.5% of the P. viticola genome (53.6 Mb in 745
Haplotigs, 15 642 protein coding gene loci), confirming the
extensive structural variability present between haplotypes in the
INRA-Pv221 strain.

By aligning the scaffolds Plvit038 and Plvit058 with the
sequences of both primary contigs and haplotigs of the diploid
reference, we confirmed the contiguity of the two scaffolds within
the same genomic region (Fig. S6A,B). This was ascertained by
their juxtaposition on both a primary contig (Primary_000014F)
and one of its associated haplotigs (Haplotig_000014F004), as
illustrated in Fig. S6(C,D). Additionally, we discovered the pre-
sence of structural variations between the two haplotypes within
this locus, hereafter named avrRpv3.1. These structural variations
were identified in the vicinity of the anticipated gene locus that
encodes PVIT_0015215.T'1. A structural variation event invol-
ving a 30 kbp deletion was observed (Figs 2, S7) at this locus.
Specifically, the genomic region spanning from 695 to 725 kbp
in Primary_000014F is absent from Haplotig 000014F004.
This finding suggests that the consensus haploid assembly (Dus-
sert et al., 2019) exclusively represented the structure of the locus
represented in the haplotig sequences. The deletion and the other
structural variants found in the locus affect three coding gene
loci: Primary_000014F.g163, Primary_000014F.g164 and Pri-
mary_000014F.g165 (hereafter called g163, gl64 and gl65).
The gene gl163 is translocated along with a transposable element
(TE) found in this region (Fig. 2). We discarded g163 from the
following analyses as it is not deleted and is related to TEs.
The genes g164 and gl65, which were absent in the consensus
assembly, are deleted in the haplotig and were not found to be
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duplicated in the genome. Gene PVIT_0015215.T1 of the con-
sensus assembly corresponds to gene gl66 from the diploid
assembly (99.9% coverage and 98% identity), located right next
to the deletion and present in both haplotypes (Fig. 2). The genes
g164 and gl165 are called hereafter aviRpv3.1 genes.

To gain a comprehensive understanding of the distribution of
aviRpv3.1-like genes in P. witicola and other oomycete plant
pathogens, we utilized the sequence of g164 as a query and con-
ducted a search through oomycete genomes available in GenBank
using BLasTP. A total of 11 sequence matches were found in
P. viticola genome, including g164 and gl165, and 14 sequences
in the genome of P. halstedii, one of which being annotated as an
RXLR-like protein. No sequence matches were observed outside
the genus Plasmopara, including Bremia, Phytophthora and
Pythium species. Interestingly, the 11 sequences of P. viticola were
organized in a single cluster within the contig Primary_000014F
(Fig. S8). Within P. viticola, the gene size ranged from 2535 to
2688 bp with a mean size at 2650 bp. The 11 P. viticola proteins
presented a high degree of similarity estimated by pairwise compar-
ison of sequences (average of 61% identity). The phylogenetic ana-
lyses (Fig. S8) indicated that gl62, g164, gl165, gl66 and gl69
formed a well-supported group among which g164 and g165, the
two genes included in the deletion, were the closest relatives
(69.76% of conserved amino acids). The nine genes are now con-
sidered as avrRpv3.1-like genes. Altogether, the analyses of
avrRpv3.1 candidate genes evidenced that a genus-specific gene
family expansion has occurred through tandem duplication events
in the P. viticola genome.

Allelic diversity at the avrRpv3.1 locus

We then assessed whether the absence of avrRpv3.1 genes corre-
lates with the strains’ phenotype, specifically their virulence on
Rpv3.1+ grapevine cultivars. The identification of a 30 kpb dele-
tion within one of the two haplotypes in the INRA-Pv221 strain
suggests the likely presence of a minimum of two alleles at this
locus. To comprehensively investigate the variability of this locus
within P. viticola and its potential correlation with strain viru-
lence, we analyzed the association between virulence and the alle-
lic variation at the avrRpv3.1 locus (interval between 640 and
740 kbp of Primary_000014F) across the 123 P. viticola strains.

For each strain, we performed a diploid-aware CNV analysis
to identify regions with significant difference in sequencing cov-
erage compared with the rest of the contig (Primary_000014F)
and detect the underlying structural variants (Figs 3a, S9, S10).
We observed that the deletion at the locus avrRpv3.1 is variable
in size, evidencing the existence of multiple allelic forms. We
identified the presence of one allele without any deletion (Avr)
and six alleles (avr1-6) presenting deletions ranging from 14 to
96 kbp (Fig. S11). The high density of TEs in this region
impacts the accuracy of the deletion coordinates. The deletion
impacted the presence of genes gl64 and gl165. The five avr
alleles share a deletion of the gene gl164, which is complete in all
alleles, except for avr2 where gl64 is only partially deleted. The
gene gl65 is present in avr3, partly deleted in avr2 and avr4, and
fully deleted in avrl, avr5 and avr6 (Figs 3b, S11).
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Through CNV analysis, nine distinct allelic configurations
were identified among the 123 strains (Fig. 3b): 59 were homozy-
gous for the Avr allele, 12 were heterozygous (Avr/avr) and 52
displayed a deletion on both haplotypes (avr/avr). The Avr allele
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was thus the most frequent one (53%) followed by avrl (39%).
The frequency of the five other avr alleles represented 8% of the
population and varied from 0.5% to 3%. The average sporula-
tion area associated with each genotype on both CS (Rpv3.1-)

(a) (b)
30 80 Sporulation on [l Cabernet Sauvignon [ Regent
© ©
o 20 <
© ©
c
5 15
kS kS
E 2 | Il
8 10 8 | I ‘ |
w w UL
MRS T
Cab 0. ‘ ‘ ‘
rnet UL ]
aberne Regent Plasmopara viticola strains
Sauvignon (Rpv3.1+)
(Rpv3.1-) '
(c)
14 — R
12 + 5 .
L]
10 ° .
s
E]
o
L
[
A
P
04
1 2 8 4567 89 11 13 15 18 21 24 27 30 33 37 41 45 49 54 58 63 68 73 80 88 97 110 136 196 324
Scaffold
(d
"7 Signal on scaffold Pvit053 .
12 :
& .
0 0.5 1 EREE .
o 1
R2 color scale 44 .
24 - - e - - . wenm, smeser
. ‘ e e
28 000 30 000 36 000 38 000
— L3
00
. 8
8
s i i
1 1
1 1 1
e
H - = 1
HIE= E E‘, = :
S L. —d - .
. 23 B i = i i
' 4 = & i} = H
: ! Bi' = I |
I ] 1 |
! 1 — | = |
: 2 g H | I |
- | 2 g [ = |
, L[g= ; i I !
o . —, F - Y
i 5 = H . i i
: - u = - i
B i s — - ;
IS Lot B = |
= 148 § = B |
g 1ig = £ |
' @ —— 2
o 3
E |
© B
3 - !
5 18
=2 8 - :
7] i g
L 1 c
S & 5 & 5 7 2
~10g1o(P) s
New Phytologist (2024) © 2024 The Authors

www.newphytologist.com

New Phytologist © 2024 New Phytologist Foundation

85UB017 SUOWILIOD 3A1RID 3(cedl|dde au Aq peusenob afe sapiie O ‘88N JO'S3NJ 1oy AReiq| T 8UlUO 48| I UO (SUORIPUOD-PUE-SWLSHLI0D" &3] 1M Afeiq 1 BU UO//STIY) SUORIPUOD Pue SWLB L 38U} 885 *[7202/20/ST] uo Areigiauliuo AB|IM ‘soueid aUeiyooD Ag T986T Udu/TTTT OT/I0p/wW00 A3 | 1m Atelqifeul|uo yduy/sdny wouy papeojumoq ‘0 ‘LET869KT



New
Phytologist

Research' 7

Fig. 1 Result of association genomics analysis of Plasmopara viticola virulence on the resistant variety Regent carrying Rpv3.1. (a) Violin plots showing the
distribution of the sporulation area of the population on Cabernet sauvignon (CS; Rpv3.17, gray) and Regent (Rpv3.1", orange). Boxplots's horizontal lines
correspond to the 25t 50t and 75" percentiles, vertical lines extend between the smallest and largest value no further than 1.5 x interquartile range. (b)
Histogram of the sporulation area of each of the 123 strains on CS (gray) and Regent (orange). Values correspond to the mean of sporulation area in
percentage for six replicates. The horizontal dashed lines represent the average of the population on CS (gray) and Regent (orange). The SE and strain
names are not depicted for readability of the figure and are deemed unnecessary for comprehension, but they are provided in Supporting Information

Fig. S2 and via doi: 10.57745/U6JECD. (c) Manhattan plot of the whole genome highlighting two significant loci linked to Rpv3.1 virulence. Each point
represents a single single nucleotide polymorphisms (SNP). The x-axis shows SNP positions across scaffolds, while the y-axis indicates significance in relation
to Rpv3.1 virulence. The blue line denotes the Bonferroni-corrected significance threshold (alpha = 0.05); SNPs below this line are not significant. Loci
associated with Rpv3.1 virulence are marked in orange. The first signal is located on scaffold Pvit038 and the second on Pvit053. (d) The heatmap illustrates
the Linkage Disequilibrium (R?) between the two signals identified by genome-wide association studies. Two Manhattan plots provide an enlarged view,
spanning 10 Kpb, of the specific loci situated on scaffolds PIvit038 (y-axis) and Pvit053 (x-axis), as depicted in (c). The heatmap showcases the R? values
between each SNP from scaffold Pvit038 and those from scaffold Pvit053, as presented on the Manhattan plots above. The genes' positions within the loci
are indicated beneath the Manhattan plots. The connection between SNPs in the Manhattan plots, their positions within genes and their corresponding R?
values in the matrix is denoted by the black lines flanking the matrix. Notably, the two loci significantly associated with virulence on Rpv3.1, displayed in (c)

demonstrate a high level of linkage disequilibrium (R? > 0.7) and are highlighted with blue dashed lines.
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Fig. 2 Structural representation of the locus avrRpv3.1, associated with virulence against Rpv3.1 resistant grapevine. Both haplotypes, Primary_000014F
(top) and Haplotig_000014F004 (bottom) of the newly assembled reference genome INRA-Pv221, are represented. The genes annotation is shown as
brown squares. The two genes deleted from the haplotig, g164 and g165, are highlighted in orange. The repeat annotation is represented in gray on the
scale of both haplotypes. The deletion associated with this locus, identified through genome-wide association studies, is highlighted in blue. The links
between the Primary and Haplotig sequences (as well as between genes) connect regions showing significant homology, indicating that the sequences
from the Primary are similar to those on the underlying Haplotig (Supporting Information Fig. S7).

and Regent (Rpv3.1+) is depicted in Fig. 3(c,d). Strains with the
Avr/Avr genotype, that is homozygous without any deletion, dis-
play four times more sporulation area on CS (mean = 9.31%)
than on Regent (mean = 2.4%). The avr/avr genotypes have a
similar or higher sporulation on Regent (mean = 12.91%) than
on CS (mean = 11.42%). Finally, the Avr/avr genotypes display
a sporulation two times more important on CS (mean =
11.62%) than on Regent (mean = 6.41%) (Fig. 3d). It may be
noted that strains Avr/avr have a sporulation level on Regent that
is variable, ranging from 5% to 15% of the sporulation area
(Fig. S12). Overall, we concluded that the breakdown of the
Rpv3.1 resistance results from the structural variations at the
locus avrRpv3.1.

© 2024 The Authors
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Additionally, we examined the avrRpv3.1 locus in two another
P. viticola strains collected from Switzerland that exhibited viru-
lence on Rpv3.1-resistant varieties (strain ‘avrRpv3-Rpv12-’ in
Wingerter ez al., 2021) and ‘Pv412_11" in Paineau ez al. (2022).
Using the same pipeline analysis as for our P. viticola population,
we observed, for the strain ‘avrRpv3-Rpv12-’, a 30 kbp deletion
in one haplotype and a 56 kpb deletion in the other at this locus
(Fig. S13). This matched the avrl/avr5 allelic configuration of
P. viticola identified in our population. For the strain
‘Pv412_11", we observed a 14 kpb deletion corresponding to the
allele avr2 and a 78 kbp deletion (from ¢ 648 to 726 kpb)
(Fig. S14) that does not correspond to any of the alleles described
in this study but is similar to avr5 and avr6. This deletion also
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impacts both genes g164 and g165. Overall, the results obtained
on P. viticola strains from a different geographical origin confirm
that structural variations at the avrRpv3.1 locus are involved in
the breakdown of Rpv3.1 resistance.

Based on the allelic configurations described above, the
avrRpv3.1 locus revealed to be in strong Hardy—Weinberg (HW)
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disequilibrium (P-value = 1.34e-21) with a negative D value
(D = —24.65), suggesting a strong deficit of heterozygous geno-
types. This result contrasts with results obtained along the contig
Primary_000014F, where more than 95% of the SNPs were at
HW equilibrium as expected for neutral markers in panmictic
populations. We also observed a high genetic differentiation
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Fig. 3 Allelic configuration analysis of the 123 Plasmopara viticola strains at the locus avrRpv3.1. (a) Coverage patterns in the avrRpv3.1 locus. The
coverage is represented in a sliding window of 2 kbp, illustrating the presence or absence of sequences in both haplotypes (ploidy of two), in one
haplotype (ploidy of one), or a complete deletion in both haplotypes (ploidy of 0). Each allelic configuration is represented by a single strain. Details for the
entire locus, from 640 to 740 kbp, for the 123 strains, are provided in Supporting Information Figs S9 and S10. The coverage plots are represented the
location of transposable elements (light gray) and genes (dark gray) for this region. (b) Schematic representation of the diploid locus with gene presence/
absence. Genes correspond to the genes presented in (a). Black rectangles denote gene presence, dashed gray rectangles indicate gene deletion, and black
with dashed gray rectangles indicate partial gene deletion. (c) Phenotypic variation in sporulation area on Cabernet sauvignon (CS) (gray) and Regent
(orange) for each allelic configuration. (***) indicates a significant difference (P-value < 0.01) between CS and Regent, ‘ns' denotes no significant
difference, and 'na’ signifies tests not performed due to insufficient replicates. Error bars indicate SE. ‘n" indicates the number of strains for each category.
(d) Boxplots summarize the phenotypic variation from (c), representing homozygous Avr/Avr genotypes without any deletion, Avr/avr genotypes with the
deletion of one of the haplotypes, and avr/avr genotypes with a deletion on both haplotypes. Boxplots's horizontal lines correspond to the 25", 50" and
75 percentiles, vertical lines extend between the smallest and largest value no further than 1.5 x interquartile range. Black stars correspond to the mean.
The P-value indicated is the results of a nonparametric Kruskall-Wallis test. ‘'n" indicates the number of strains for each category.

(Fst = 0.58) between strains sampled on the susceptible and the
resistant varieties at the locus while the average Fst calculated
across the contig was found to be 0.03 £ 0.05 with 99% of the
Fyr values lower than the value calculated at the aviRpv3.1 locus
(Fig. S15). The heterozygote deficits and strong genetic differen-
tiation between strains collected on susceptible and resistant
grapevines may result from host selection occurring at the
avrRpv3.1 locus.

The candidate genes of the avrRpv3.1 locus encode
putative effector proteins

We have established the correlation between the breakdown of
Rpv3.1 and the deletion of genes within the avrRpv3.1 locus.
This led us to explore in more detail the functionality and charac-
teristics of these deleted genes. The genes gl64, gl65 and the
related gene g166 encode proteins of 800-900 amino acids with
a putative SP and without detectable conserved domains. All pro-
teins contain an EER motif and repeat motifs (Fig. S16).
Although they did not contain RXLR or RXLR-like motifs in
their N-terminal region, structural similarity searches using
HHPred and Phyre2 produced best hits with the structures of
RXLRs effectors PSR2 from Phytophthora sojae and PcRXLR12
from Phytophthora capsici.

The structural similarity to oomycete effectors prompted us to
pursue structural analyses. Indeed, because the LWY fold is only
found in oomycete effectors, finding it in our candidate proteins
would support their potential role as effector proteins. We mod-
eled the structure of gl64, g165 and gl66 using AlphaFold2.
Because the backbone structures of g164, g165 and gl66 are very
similar (Fig. S17), we describe the results of further structural
analyses focusing on gl164. The overall quality parameters of the
model allowed to be confident in the backbone structure
(Fig. S18A,B). The g164 predicted structure is horseshoe-shaped
and similar to the Alphafold-predicted structure of a related pro-
tein from P. halstedii (Fig. S18C,D). Because the predicted struc-
ture appeared modular, we hypothesized that it was composed of
repeats of the LWY-fold. We divided the gl64 predicted struc-
ture into structural modules based on the P. sojae RXLR effectors
PSR2 LWY domain structure, starting at the N terminus with
the alpha-helices corresponding to the helix bundle 1 (HB1) of
the LWY domain. The g164 structural modules obtained, which

© 2024 The Authors
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we tentatively named LWY modules, produced a good overlap
between them at the N terminus but they were different at the C
terminus (Fig. S19A). Furthermore, the superimposition of the
PSR2 LWY motifs and the g164 LWY modules revealed an over-
lap at the level of the PSR2 LWY HB1 but a different structural
organization for HB2 (Fig. S19B).

We divided the g164 predicted structure into modules that
contained the HB1-like sequence at the C-terminal part, result-
ing in a protein consisting of nine modular repeats, most contain-
ing five alpha-helices (Fig. 4a), which we tentatively named LW
modules. Superimposition of gl64 LW modules 2-9 revealed a
good structural overlap (Fig. 4b), while LW module 1 appeared
to be different. The superimposition of the HB1s from PSR2
and gl64 LW modules showed a good overlap (Fig. 4c) and
alignment of the primary sequences confirmed the conserved
position of amino acids involved in maintaining the structure,
with the exception of the PSR2 L2 position, which was replaced
by a conserved Trp in gl64 (Fig. 4d). The presence of a SP and
structural homology to the LWY domain, a fold found only in
oomycete effectors, strongly support the hypothesis that the can-
didate genes found in the avrRpv3.1 locus encode putative effec-
tor proteins.

Candidate avrRpv3.1 proteins induce cell death in plants
carrying Rpv3.1

Virulence toward Rpv3.1 was associated with the deletion of
gl64 and g165 (Fig. 3), making them the most promising candi-
dates to be the cognate Rpv3.1 avirulence gene. Our objective is
now to validate their capacity to trigger cell death in Rpv3.1-
resistant cultivars, thereby confirming their recognition by
the host.

We confirmed the presence of three genes in the avirulent
strain INRA-Pv221 with a PCR on genomic DNA and the
absence of the gene gl64 and gl65 in the virulent strain Pv412
(Fig. S20). RNA-seq data at 24, 48 and 72 h post-inoculation
(hpi) revealed that gl64, gl65 and gl66 are transcribed
(Fig. S21A; doi: 10.57745/UGJECD). The results were con-
firmed with a semi-quantitative reverse transcription polymerase
chain reaction revealing that all three genes are expressed in ger-
minated spores and during infection (Fig. S21B). The expression
pattern suggests weak constitutive expression.
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Fig. 4 Predicted tertiary structure of g164 is
composed by modules containing the HB1 fold
from the LWY domain. (a) Predicted structure of
g164. The first 81 amino acids have been
removed for clarity. Modules 1-9 are shown with
different coloring (1-9: red, light blue, orange,
green, yellow, brown, olive, purple, blue). The N
terminus and C terminus of the molecule are
represented by ‘Nter’ and ‘Cter’, respectively. (b)
Superimposition of LW modules 2-9 from g164,
seen from two different angles (curved arrow).
Coloring as in A. The N- and C-terminal parts of
the modules have been trimmed for clarity. (c)
Superimposition of the N-terminal helix bundle 1
(HB1) from LWY-domains 2—7 from
Phytophthora sojae PSR2 and the C-terminal
HB1 from LW modules 2-9 of g164, seen from
two different angles (curved arrow). Alpha-
helices 1-3 are indicated. Coloring in g166 as in
A. Coloring of PSR2 LWYs (2-7): light sky blue,
khaki, sea green, silver, light pink and light green.
(d) Alignment of the HB1 primary sequences

gl64_LW3 304 TSKEVGAAVVEKHMLTLSKDELMWARLIYILQNDET-- from the g1 64 LW modules and the PSR2 LWYs.
gl64_LW4 387 TGHEFDGQVLKEMLKKSHDELMWAKLLYMLRNDKT-- . o .

gl64_LW5 477 --DNPDVFVLEKMARERWADDFVWAQALSALRKDHN-— ----VLTPLSGVLDALLHS Green lines indicate alpha-helices 1-3 (from left
gl64_LW6 564 -TFLOAKALVEVIJLKWSNDELLWAKFLFKLQQDEG-- --—-FAAVASSAFDVLLOSD--—-— )

9164 LW7 648 ---NADASLWVHILTLSPDQVVWAKAFYMLODGERE-————————~ SSQIFRRLLETLLIWTHG-— to right) for g164_LW2 (top) and PSR2_LWY7
gl64_LW8 734 --DRPDAFVVQK@ARERSTNDFMWARLLNELRKEYMKLHEEGYQLQKEIYALSGVLSAFLHS[SG-—— . 0
gl64_LW9 833 NEENADKATLDRLKTSNDDVMWAKFLNKLKE:DSA ——————————— LDFSLSGVLQTLLOT-———— (bottom). Conserved Leu residues contribution to
PSR2_LWY2 127 --SEASAVMLKTAVS-RYSDEVLSGMIAAAKKSSK-————cooooo TESIATKLETEQMRT{JLAAK— .

PSR2_LWY3 218 --PKAQTTLIATMTK-HYGDSGVSQILAAARKSPA-— - —-TQSTAKRLEAEQVOQLULKKG— the HB1 fold are shown in red. Note that the
PSR2_LWY4 309 --PDEKTTVLAK@MT-HFDDEELTPILVVARKVPS-— --—-TESTAAKLQAEQFKN[JLSAD-

PSR2_LWY5 400 -EINEQVTAIQVFRAQYVDDSRIANMVIAAEKVPN--
PSR2_LWY6 493 --PGKEQTMISG] R-GYNDVTLTNMLLKAKEAPS--

|

L1 L2 L3

We then assessed the Rpv3.1-dependent cell death-inducing
activity of the proteins coded by gl64, gl65, and the closely
related effector gl66 by transient expression in grapevine leaves.
We cloned the coding sequences for gl64, g165 and g166, with-
out the SP, from the reference avirulent P. viticola strain INRA-
Pv221. Two alleles were obtained for g166, which we named
g166p and gl66h according to the original haplotype. The tran-
sient expression assays (Fig. 5) demonstrated that all genes
induced cell death in Regent but not in the susceptible variety
Syrah, lacking Rpv3.1 (Fig. S22). Notably, gl66h exhibited a
more consistent induction of cell death across the six experiments
conducted (Figs 5, $22-525). These findings strongly suggest
that effector proteins from the avrRpv3.1 locus can effectively
induce Rpv3.1-dependent cell death.

Discussion

By employing a GWAS approach, entailing the phenotyping of
P. viticola strains and their whole-genome sequencing, we suc-
cessfully identified the avrRpv3.1 locus involved in the interac-
tion with the Rpv3.1-mediated resistance in grapevine. We
presented compelling evidence, based on population genetics
indices, that this locus displayed non-neutral characteristics and
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-—TQAIAKRVEDELFKGQTVVL-
~--TKTLATKLEDELVQYJILADK-
PSR2 LWY7 584 --PVKKALMIDTKS-AFGDVAVSNMLFAAKKDPG----—---===- TAKVAATLQTALLSK LEKK

conservation of a Trp in the g164_LWs at the L2
position. Black background shows identity and
L4 gray background shows similarity (75% cutoff).

demonstrated signs of positive selection on resistant hosts.
Within this locus, the deletion of two coding genes (g164 and
g165) is associated with the Rpv3.1 resistance breakdown. These
two genes are part of a cluster of 11 closely related proteins, all
exhibiting the characteristic traits of potential oomycete effectors,
including the presence of a signal peptide and EER motif, struc-
tural similarities to known RXLR effectors and expression upon
infection. Notably, these effector proteins possess an unusually
large size for oomycetes, measuring ¢. 880 amino acids. To put
this into perspective, the largest known oomycete effectors to date
are PsPSR2 (670 aa; He et al, 2019) and AVRcaplb (673 aa;
Derevnina et al., 2021), and an analysis of the RXLR effector
repertoire across seven oomycete species encompassing 2126 pro-
teins revealed only eight proteins exceeding 800 aa in size (He
et al., 2019). Through predicted structural modeling, we identi-
fied a modular arrangement within the candidate effector pro-
teins, featuring repeats reminiscent of the LWY fold (He
et al., 2019). The structural similarity to the LWY domain, which
is specific to oomycete effectors, strongly suggests that these pro-
teins are bona fide effectors. Based on the predicted structure, the
identified modules overlapped with the LWY fold only at
the level of the HB1, suggesting a possible new fold in the effec-
tor repertoire of oomycetes. Before this research, no avirulence

© 2024 The Authors
New Phytologist © 2024 New Phytologist Foundation

25UB0| SUOWILLIOD SA1IEB10 3[eat e aU) Aq pouBAOB e B 1L WO 88N 10 S3|N1 10} AIRIGITBUIIUO A3 1A UO (SUO 1 IPUGO-PUE-SLLLBILLIO" B 1M ARG [puI|U0//:SdIL) SUONIPUOD PUE SIS | 81395 *[202/0/GT] U ARIIT8UIIUO AB|IM 90U BLRIUPOD Ad T9BETUdU/TTTT OT/I0pALC Ao ]I ATRIqIRUIIUO YdU//'SANY W01} PaPeojumMO ‘0 *LET8E9VT



New

Phytologist Research 11

Regent (Rpv3.1+) Syrah (Rpv3.1-)

Fig. 5 Candidate effector proteins from the
avrRpv3.1 locus induce cell death in plants
carrying Rpv3.1. Cell death induction in leaves
from the grapevine varieties Regent (Rpv3.1+)
and Syrah (Rpv3.1-) 6 d after Agrobacterium-
mediated expression of effector candidate genes
g166h, g166p, g165 and g164. Agrobacterium-
mediated expression of 31ASP, a Plasmopara
viticola effector reported as not inducing cell
death in grapevine (Combier et al., 2019), was
used as negative control for unspecific induction
of cell death following agroinfiltration.
Agrobacterium-mediated expression of
VVMYBA, leading to the production of
anthocyanins, was used as positive control to
assess the efficiency of transformation. Images
where chlorophyll was removed by incubating
the leaves in 70% ethanol at 50°C are shown for
clarity. The experiment was repeated with the
same results (Supporting Information Fig. S23).
The results of four additional experiments
performed using GUS as a negative controls are
presented in Figs S24 and S25.

genes had been characterized in the oomycete pathogen P. viti-
cola. This study therefore presents the first-ever documentation
of avirulence genes responsible for the breakdown of resistance in
grapevine.

The experimental results showed that both candidate effectors
(g164 and g165) and the closely related gene (g166) induce cell
death in the presence of Rpv3.1, suggesting that the gene/s in the
Rpv3.1 locus recognize all three effectors. The Rpv3.1 locus has
been previously mapped to an interval containing two TIR-NB-
LRR (TNL) genes, and it has been proposed that both genes are

essential for conferring resistance (Foria ez al., 2020). This raises

© 2024 The Authors
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the possibility that each TNL gene interacts with different effec-
tors, potentially exhibiting varying degrees of recognition
strength. Another aspect to consider is the introgression of
Rpv3.1 in Regent, which involves a 15 Mb linkage drag encom-
passing a cluster of nucleotide binding and leucine-rich repeat
(NLR) genes (Foria et al., 2020). It remains plausible that some
of the candidate effector genes are recognized by other genes
within this cluster. Overall, these findings suggest that Rpv3.1-
mediated resistance may be the result of cumulative responses
from the plant upon recognition of multiple effectors by one or
more resistance genes. It should be noted that although the g166
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gene seems to be recognized by the resistant plant, the absence of
this effector does not seem to be required for strains to overcome
resistance. One hypothesis to explain this result is that recogni-
tion of gl66 alone may not be sufficient to halt pathogen infec-
tion. The absence of strains lacking only g166, together with the
impossibility to transform P. wviticola, hinders further investiga-
tion of the role of gl66 in the interaction. Consequently, the loss
of some of these effectors by the pathogen could lead to the
breakdown of resistance. We indeed observed that the deletion of
genes g164 and g165 is significantly associated with a high sporu-
lation area on Rpv3.1-resistant hosts by P. viticola strains. The
deletion of avirulence genes serves as an effective evolutionary
strategy employed by pathogens to evade recognition and over-
come plant defenses. Similar mechanisms have been documented
in various fungal plant pathogens, including Leprosphaeria macu-
lans (Daverdin ez al., 2012), Zymoseptoria tritici (Hartmann
et al., 2018) and Melampsora larici-populina (Louet et al., 2021).
In these cases, the loss of effector genes enhances the virulence of
pathogens in Brassica crops, wheat and poplar, respectively.

The presence of a multi-gene effector family accompanied by a
high density of TEs suggests genomic instability in the region.
The rapid evolution of avirulence genes often occurs in genomic
regions characterized by high TE content, punctual mutations
and structural variations (Moller & Stukenbrock, 2017; Zaccaron
et al., 2022). Previous studies have shown that TE insertions near
avirulence factors can have a significant impact on the virulence
of fungal plant pathogens (Fouché er al, 2020; Singh ez al.,
2021; Wang er al., 2021). Consistent with this notion, various
structural variations such as deletions, inversions and recombina-
tions were detected at the avrRpv3.1 locus. Another aspect of the
locus variability lies in the range of deletion sizes observed, ran-
ging from 14 to 96 kbp. TEs are likely to play a significant role
in this genome evolution, as their mobility can expand the gene
space through DNA duplication, interruption or induction of
effector gene deletion (Bourque ez al, 2018; Muszewska et al.,
2019; Zaccaron et al., 2022).

This study illustrates how structural variations can give rise to
various mutational events, including complete or partial gene
deletions, that lead to virulence. All of these events collectively
contribute to a significant increase in the overall probability of
mutations leading to virulence (Daverdin ez al, 2012). These
findings may impact strategies for deploying grapevine resistance
genes. In Europe, the focus is on enhancing resistance through
pyramiding, a strategy involving stacking multiple resistance fac-
tors. The effectiveness and relative ranking of key deployment
strategies (mixture, mosaic and pyramiding) in evolutionary and
epidemiological control depend significantly on understanding
the mutation rate leading to pathogen resistance breakdown (see
Rimbaud ez al,, 2021) for a review and (Zaffaroni et al., 2024)
for an application to grapevine downy mildew). With a high
mutation rate, as observed in the evolution at the avrRpv3.1
locus, pyramiding may not necessarily be the most sustainable
approach for preserving the efficacy of grapevine resistance genes
(Zaffaroni et al., 2024). However, drawing a general law from
our results on Rpv3.1 resistance would be presumptuous. The
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adaptation of the pathogen to host resistance is a phenomenon
influenced by numerous determinants, and it should be consid-
ered on a case-by-case basis. Factors such as the impact of effector
mutation on the strain’s fitness need to be evaluated in each spe-
cific scenario.

The genetic variability observed at the avrRpv3.1 locus in the
P. viticola population provides interesting insights into the origin
of avr alleles. Notably, we found that one avr allele, avrl, was
highly predominant in virulent strains of the P. viticola popula-
tion (80% of the population), including the vir3.1 strain col-
lected in Switzerland (Wingerter er al, 2021). The presence of
the avrl allele in both Bordeaux (France) and Switzerland sug-
gests the possibility of recurrent mutation at the avrRpv3.1 locus
leading to the emergence of virulent strains. Alternatively, it is
possible that the avrl allele already preexisted at low frequencies
in European populations of P. viticola, that is before the recent
deployment of modern varieties carrying Rpv3.1. It should be
noted that until the 1950s, French-American hybrids were exten-
sively cultivated in Europe at large scale. It is therefore plausible
that the avrl allele, selected during that period, has persisted at
low frequencies in P. viticola populations. Further investigations
involving a more extensive survey across Europe would enhance
our understanding of allele diversity at the avrRpv3.1 locus and
the prevalence of these alleles in P. viticola populations.

In conclusion, our GWAS results and functional experiments
converge toward the identification of effectors involved in the
interaction with the Rpv3.1 resistance locus. Further molecular
studies, focusing on the co-expression of candidate avirulence
genes from the pathogen and resistance genes from the plant,
will enhance the robustness of our study’s findings. Our study
also confirms the effectiveness of GWAS in identifying genomic
loci involved in both qualitative traits, as illustrated by the dis-
covery of the mating type locus of grapevine downy mildew
(Dussert et al., 2020), and quantitative traits, as demonstrated by
the description of the locus responsible for the breakdown of a
partial resistance in this study. We have demonstrated that the
identification of effectors, typically located in rapidly evolving
genomic regions, would not have been possible without the utili-
zation of diploid-aware genome assemblies. This holds especially
true for highly heterozygous species, such as P. viticola (Dussert
et al., 2019). Looking ahead, the availability of highly accurate
long reads, such as HiFi reads (Cheng er 4f, 2021, 2022), will
greatly enhance our ability to obtain diploid references at the
chromosome level. By leveraging such advanced techniques, we
can unravel complex genomic traits and deepen our understand-
ing of gene-for-gene interaction. While our current knowledge
of the molecular interactions between downy mildew and its host
is still in its early stages, our research contributes to expanding
this knowledge and opens avenues for further exploration of
gene-for-gene interaction in this pathosystem. The recent discov-
eries regarding the breakdown of the partial resistances Rpv10
and Rpvl2 in grapevine (Heyman ez al, 2021; Wingerter
et al., 2021; Paineau er al, 2022) pave the way for future
exploration of new effectors in P
approaches.

viticola using similar
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Fig. $13 Patterns of coverage in the locus avrRpv3.1 of the strain
‘avrRpv12—/3-" from Wingerter et al. (2021).
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Fig. $21 Candidate effector genes from the AvrRpv3.1 locus are
expressed in germinated spores and infected tissues.

Fig. $22 Candidate effector proteins from the AvrRpv3.1 locus
induce cell death in plants carrying Rpv3.

Fig. $23 Candidate effector proteins from the AvrRpv3.1 locus
induce cell death in plants carrying Rpv3.

Fig. S24 Candidate effector proteins from the AvrRpv3.1 locus
induce cell death in plants carrying Rpv3.1. (6 d post-agroinfil-
tration).

Fig. $25 Candidate effector proteins from the AvrRpv3.1 locus
induce cell death in plants carrying Rpv3.1. (10 d post-agroinfil-
tration).
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