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Abstract 

Oomycetes are filamentous organisms that resemble fungi in terms of morphology and life cycle, primarily due 
to convergent evolution. The success of pathogenic oomycetes lies in their ability to adapt and overcome host 
resistance, occasionally transitioning to new hosts. During plant infection, these organisms secrete effector proteins 
and other compounds during plant infection, as a molecular arsenal that contributes to their pathogenic success. 
Genomic sequencing, transcriptomic analysis, and proteomic studies have revealed highly diverse effector repertoires 
among different oomycete pathogens, highlighting their adaptability and evolution potential.

The obligate biotrophic oomycete Plasmopara viticola affects grapevine plants (Vitis vinifera L.) causing the downy mil‑
dew disease, with significant economic impact. This disease is devastating in Europe, leading to substantial produc‑
tion losses. Even though Plasmopara viticola is a well‑known pathogen, to date there are scarce reviews summarising 
pathogenicity, virulence, the genetics and molecular mechanisms of interaction with grapevine.

This review aims to explore the current knowledge of the infection strategy, lifecycle, effector molecules, and patho‑
genicity of Plasmopara viticola. The recent sequencing of the Plasmopara viticola genome has provided new insights 
into understanding the infection strategies employed by this pathogen. Additionally, we will highlight the contri‑
butions of omics technologies in unravelling the ongoing evolution of this oomycete, including the first in‑plant 
proteome analysis of the pathogen.

Keywords Oomycetes, Host–pathogen interaction, Downy mildew, Grapevine, Plant defence, Pathogen effectors

Background
Oomycetes are a group of organisms with filamentous 
growth that resembles the morphology and life cycles of 
fungi (Eumycota), mainly due to convergent evolution. 
Like phytopathogenic fungi, oomycetes can absorb nutri-
ents directly from the host, sharing some convergent 
traits with fungi, such as filamentous growth in the veg-
etative stage, mycelia and spores for asexual and sexual 
reproduction [1]. Despite these common features, there 
are many differences that distinguish oomycetes, such as 
the presence of biflagellate motile stages with two differ-
ent types of flagella, whiplash or tinsel. Tinsel flagella are 
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typical of brown algae and diatoms, contributing to the 
phylogenetic proximity between Oomycota and Stramin-
ipila [2]. Ploidy level is also different throughout the life 
cycles of oomycetes and fungi. While oomycete vegeta-
tive stages are either diploid or polyploid, most fungi are 
haploid or dikaryotic across their life cycle. Additionally, 
oomycetes present a cellulose-based cell wall, whereas 
fungi have chitin-based cell wall [3].

Oomycetes are thought to have branched from the 
diatom group around 0.4 to 0.6 billion years ago, with 
phytopathogenicity evolving independently in several lin-
eages [4]. Oomycetes can be divided into several orders, 
and their phylogeny has been extensively explored in 
two recent studies [4, 5]. The four most relevant orders 
are Saprolegniales, Peronosporales, Albuginales, and 
Pythiales. The order Saprolegniales mainly includes fish 
pathogens and phytopathogens from marine and fresh-
water ecosystems, whereas most of the oomycetes in 
the Albuginales, Pythiales, and Peronosporales orders 
are phytopathogens. The order Peronosporales includes 
pathogens from terrestrial ecosystems, such as the genus 
Phytophthora, Plasmopara and Hyaloperonospora [4].

The evolutionary success of pathogenic oomycetes 
is rooted in their ability to adapt to and overcome host 
resistance, occasionally transitioning to new hosts. The 
flexible mating system of oomycetes (sexual or asexual 
reproduction or interspecific hybridization) provides an 
evolutionary advantage to these organisms [5]. While not 
limited to oomycetes, their ability to release a range of 
molecular weapons, including effector proteins, during 
plant infections significantly contributes to their success. 
Genome sequencing of different oomycete species, as 
well as transcriptomic and proteomic studies, have com-
pared effector repertoires between different pathogens 
and showed that they are highly diverse [5].

The European grapevine (Vitis vinifera L.) is one of the 
most cultivated fruit plants worldwide and has a very 
high economic impact [6]. However, it is susceptible to 
diseases introduced into the wine-growing regions by 
human activities such as downy mildew. This disease is 
caused by the obligate biotrophic oomycete Plasmopara 
viticola. Although some reviews have been published 
focusing on pathogen history, epidemiology, infection, 
and control mechanisms [3, 7], several advances into our 
understanding of the pathogen’s infection strategy were 
made after Plasmopara viticola genome release [8–10]. 
Given the importance of this pathogen and its impact in 
viticulture, in this review we will summarise the current 
knowledge on its pathogenicity mechanisms and effec-
tor molecules. We will also discuss how Omics-based 
research can assist the study of the evolution of this path-
ogen, highlighting the main conclusions drawn from the 
first in-plant proteome of P. viticola.

The grapevine downy mildew pathogen: Plasmopara 
viticola
Plasmopara viticola (Berk. & Curtis) Berl & De Toni, the 
etiological agent of grapevine downy mildew, belongs to 
the oomycete family Peronosporaceae. As an obligate bio-
trophic pathogen, P. viticola grows only on living grape-
vine tissues and is considered one of the main causes of 
production losses of several million euros. In temperate 
and humid regions, downy mildew can attack all green 
plant organs, such as leaves, tendrils, shoots, and clusters 
[7]. The development of the disease is favoured by mild 
temperatures and high humidity (e.g., spring rain).

Oospores, the overwintering form in the P. viticola life 
cycle, can take up to 7–10 days to germinate depending 
on adequate climatic conditions. When these conditions 
are met, they germinate, releasing zoospores which move 
in the water film and encyst at the stomata on the lower 
surface of leaves or other green tissues (Fig.  1). After 
encysting, the zoospores germinate and develop a germ 
tube that penetrates the stomata into the substomatal 
cavity (primary hyphae) and the parenchyma. Then, the 
primary hyphae branch into the intercellular space of the 
mesophyll and form haustoria, which remain in contact 
with the plasma membrane. Haustoria spread through-
out the leaf parenchyma, allowing the pathogen to obtain 
nutrients, suppress defence mechanisms, and redirect 
the host’s metabolism to its favour [11]. Consequently, 
the quintessential symptom of grapevine downy mildew 
appears in susceptible hosts, characterized by yellowish 
spots termed oil spots. After the appearance of the oil 
spots as the first symptoms, under favourable conditions 
(relative humidity > 90%, temperatures between 20–25 
ºC), sporangiophores emerge from the stomata carry-
ing sporangia, enabling secondary infections (Fig.  1). 
Several cycles of clonal infections can occur during the 
vegetation period, seriously compromising the qual-
ity and quantity of grape production. Late infections in 
the vegetation period led to the formation of oospores 
after conjugation of the sexual gametangia (oogonia and 
antheridia) [12], which can hibernate in leaf litter and soil 
until the following season [13].

Host speciation
With the advances in P. viticola genomic information, ini-
tial steps into the understanding of pathogenicity and vir-
ulence are being given. In fact, genome organisation and 
the identification of chromosome regions that are more 
prone to selective pressure have pointed out to a co-
evolutionary dynamic between P. viticola and grapevine 
[14]. Host shifts may contribute to these dynamics. In 
fact, the intimate relation between hosts and pathogens 
lead to the evolution of host-specific adaptations [15]. In 
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P. viticola center of origin (North America) this patho-
gen interacts with several Vitis species, and the existence 
of race-specific isolates was pointed out [16]. In 2013, 
Rouxel presented genetic, morphological, and virulence-
based evidence to the existence of a complex of cryptic 
species that have radiated in Vitaceae and that presented 
host plant specialization [15].

Up to date, in the P. viticola species complex, five 
cryptic species were identified presenting genetic dif-
ferentiation and different host ranges [15, 17]. These 
five P. viticola formae speciales (f. sp.) are: (1) P. muralis, 
with a host plant specialisation towards Parthenocissus 
quinquefolia and V. riparia; (2) P. viticola clade riparia, 
that is only able to infect interspecific hybrids; (3) P. viti-
cola clade vinifera, that is able to infect V. vinifera cul-
tivars and hybrids; (4) P. viticola clade vulpina, found 
in V. vulpina and (5) P. viticola clade aestivalis which is 
the main clade present in V. vinifera vineyards [15, 17]. 
Furthermore, the clade f. sp. aestivalis was pointed out 
as responsible for the initial colonisation of European 

vineyards, ultimately serving as the source for the intro-
duction of P. viticola to vineyards across the world [18].

Regarding P. viticola clades, high genetic diversity 
was also reported [15, 17, 19]. In fact, P. viticola clades 
present frequent sexual recombination leading to high 
recombination rates. In this sense, one may hypothesise 
that different species may be hidden within these “clades”. 
This was previously pointed out by Schröder et  al. that 
studied several isolates from vineyards in the United 
States with both nuclear and mitochondrial markers, 
leading to the identification of three lineages that present 
significant genetic divergence [19].

Plasmopara viticola genetic diversity
While North America is considered the centre of P. 
viticola origin, European Vitis vinifera only had con-
tact with P. viticola in 1878, when this pathogen was 
introduced in the European continent [7]. After its 
introduction, the grapevine downy mildew disease 
became epidemic leading to severe yield losses. Only 

Fig. 1 Scheme of Plasmopara viticola asexual life cycle
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in 1998 the scientific community began to character-
ise P. viticola population genetic structure in Europe. 
Random amplified polymorphic DNA (RAPD) mark-
ers were then used to estimate the pathogen genetic 
diversity in Switzerland vineyards [20]. Since then, 
several attempts have been conducted to explore the 
genetics of this pathogen population with two types of 
approaches being mainly used in European vineyards 
throughout the years: RAPD markers [21] and the 
microsatellites/simple sequence repeats (SSR markers) 
[22–28].

Recent findings regarding the global dispersion pat-
terns of P. viticola pointed out to Europe as a source 
for P. viticola introduction worldwide [18]. In this 
study, Fontaine et  al. 2018 used mitochondrial gene 
sequences and microsatellite markers to understand 
the pathogen introduction and dispersal routes and 
by studying 2000 isolates from the main world wine 
producing regions (North America—native pathogen; 
Europe, China, South Africa, Australia, and Argen-
tina) drawn several conclusions: cultivated European 
vineyards were devastated by a specific genetic clus-
ter of P. viticola sp. aestivalis and European popula-
tions of this pathogen were the sources for secondary 
introduction in other continents, such as China, South 
Africa and Australia [18, 29–32]. For South Africa 
the analysis of P. viticola population throughout dif-
ferent seasons suggested that population structure in 
warmer climates (such as South Africa and Australia) 
might be different than what is found in regions with 
more favourable environmental conditions [31]. These 
populations would suffer bottlenecks during unfavour-
able climatic conditions leading to a strong selective 
pressure.

Altogether these approaches pointed out to some 
major conclusions, namely: (1) genetic diversity is 
higher in North America populations (founder effect); 
(2) P. viticola populations in the regions where it was 
first introduced have high genetic diversity relative to 
other European populations; (3) most of the genetic 
diversity present in European P. viticola is found within 
small spatial scales (e.g.: vineyards), however despite 
no data on long-distance dispersal is yet available, we 
should not ignore its importance; (4) two genetic clus-
ters of P. viticola are present in Europe (Eastern and 
Western Europe), which may point out to distinct 
waves of pathogen expansion; (5) primary infections 
are important for the epidemics and oosporic infec-
tions are important during the growing season; (6) con-
tinental-wide population structure in Europe is weak 
(although significant) and (7) P. viticola populations act 
as panmictic units with prevalent sexual recombination 
happening every winter.

Plasmopara viticola adaptation: the overcome of grapevine 
resistance
The publication of P. viticola high quality genome assem-
bly [8] enabled the study of mechanisms involved in 
the adaptation to biotic and abiotic selective pressures, 
allowing a better understanding of population genomics. 
Through this, it was shown that several genes encoding 
for secreted proteins and RxLRs present a fast evolution 
rate and are involved in pathogen adaptation [8] to biotic 
and abiotic factors. This feature is highlighted in several 
studies that pinpoint the breakdown of grapevine resist-
ance [14, 33–36]. Understanding the breakdown of plant 
resistance is of utmost importance when aiming for a 
more sustainable viticulture, especially following the pes-
ticide use restrictions imposed by the European Union.

Plasmopara viticola and American grapevine spe-
cies have evolved together, so American genotypes are 
genetically resistant to this pathogen. Thus, American 
germplasm has been widely used in grapevine breeding 
programs as a source of resistance traits. Plants obtained 
through breeding programs using hybrids of V. vinifera 
and resistant/tolerant Vitis species exhibit greater toler-
ance to the disease, all while maintaining the desirable 
characteristics of V. vinifera, constituting a viable alter-
native to the use of pesticides. In this field, scientific 
research has contributed to the identification of regions 
in grapevine chromosomes where resistance genes to 
this pathogen are located. Currently, 31 resistance loci 
associated with P. viticola resistance (Rpvs) have been 
described [37], 27 of which are listed in the database of 
the International Variety Catalogue of Grapevine (Vitis 
International Variety Catalogue-VIVC, www. vivc. de]). 
There are several examples of commercially available 
varieties that were bred for resistance such as ‘Regent’ 
(Rpv3.1; VIVC number 4572), ‘Solaris’ (Rpv10, Rpv3.3; 
VIVC number 20340) and ‘Bianca’ (Rpv3, Rpv7 and 
Rpv11; VIVC number 1321).

One of the most widely harnessed resistance locus in 
breeding programs is the Rpv3 locus [38], followed by 
Rpv10 and Rpv12. However, and perhaps because of this, 
the emergence of P. viticola isolates capable of breaking 
down plant resistance has been shown for these three 
backgrounds [35, 39, 40]. Recently, Paineau et  al. 2022 
analysed 33 European P. viticola pathovars virulence 
towards different host resistance factors. Five pathotypes 
were shown to be able to overcome either single or mul-
tiple resistance factors [40]. In fact, of the 33 pathovars 
analysed, 28 were able to overcome Rpv3 haplotypes 
confirming the widespread occurrence of host resistance 
breaking isolates.

In fact, while host resistance genes have been widely 
studied, knowledge on Plasmopara viticola aviru-
lence factors is scarce. Due to the establishment of host 

http://www.vivc.de
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hypersensitive reaction, it is hypothesised that a gene-
for-gene interaction may be occurring between grapevine 
and P. viticola. Nonetheless, no AVR-R gene partners 
were identified so far. Several attempts are being con-
ducted to identify avirulence factors in Plasmopara 
viticola, namely the recent full genome sequencing of 
136 P. viticola strains sampled in a natural population 
of Bordeaux leading to the development of genome-
wide association studies enabled the identification of a 
Rpv3.1 breakdown related region in P. viticola [14]. This 
approach led to the identification of the avrRpv3.1 locus 
involved in the interaction with the host Rpv3.1 loci, 
which, based on population genetics indices, was pointed 
out to be under positive selection on resistance hosts. 
This locus presents major structural variations together 
with a 30Kbp deletion, which may represent an evolu-
tionary strategy, as deletion of avirulence genes may aid 
to evade host recognition [14]. Moreover, a high density 
of transposable elements was described for this region, 
which has been shown in another pathosystem to signifi-
cantly impact the virulence of the pathogen [41].

Another driving force for evolution worth exploring in 
P. viticola lies in its sexual reproduction cycle. Although 
highly challenging due to the obligatory biotrophic life-
style of P. viticola, Dvorak et  al. were able to cross two 
parental strains of interest, INRAE-Pv1419 (overcomes 
Rpv3 and Rpv10-mediated resistance) and INRAE-Pv412 
(overcomes Rpv3-mediated resistance). The progeny was 
evaluated by phenotyping pathogenicity related traits 
with the aim of understanding the mode of inheritance of 
the resistance breakdown associated traits [42].

RXLRs and CNR as weapons in oomycete infection strategy
Phytopathogenic oomycetes rely on a diverse array of 
enzymes and effector molecules to carry out the intricate 
infection process. Upon encountering the stomata of the 
host tissue, the zoospores attach to their guard cells and 
initiate the infection. Subsequently, the developing infec-
tion structures must navigate through, suppress, and 
manipulate the host’s constitutive and induced defence 
mechanisms. Most oomycetes employ various tactics, 
such as secreting adhesins, cell wall-degrading enzymes, 
elicitors, or effectors, as part of their infection strategy. 
These effectors, acting as virulence factors or toxins, facil-
itate the establishment of disease, while others, known as 
elicitors and/or avirulence factors (Avr), are recognized 
by the plant, triggering a defence response from the host. 
Effectors may be recognized by plant receptors on the 
plant cell surface or can be translocated into the plant 
cytoplasm after haustoria development [43–45]. Overall, 
oomycete effectors possess three main characteristics: 1) 
the ability to trigger or suppress cell death; 2) the trans-
location to and within the host plant; and 3) the capacity 

to enhance colonisation of host cells or boost host resist-
ance to the pathogen. These effectors are secreted across 
the haustorial host–pathogen interface to modulate 
host cellular processes and enhance disease susceptibil-
ity. Among the oomycete effectors, the most well-known 
classes are RxLR and Crinkler (CRN for CRinkling and 
Necrosis symptoms on leaves; [34]).

Typically, the RxLR proteins consist of a signal pep-
tide at the N-terminus, followed by an RxLR motif, or its 
variant, and it is often associated with an EER motif that 
facilitates secretion and translocation to the plant cell 
[46]. Also, in many cases one or more WY-domains are 
present leading to a structural fold specific to these effec-
tors. Moreover, many RxLR proteins present the LWY-
domain, often organised in tandem repeats leading to a 
structural and functional modularity of these effectors 
and contributing to their high evolutive potential [47].

RxLR proteins are recognized by plant resistance (R) 
genes, and highly expressed in early time-points of infec-
tion [48]. RxLR effectors are present in most oomycete 
genomes and have been described to overcome R genes 
because of their high mutation rates and evolution-
ary potential. For instance, the Phytophthora infestans 
AVR3a effector can evade recognition by the Nicotiana 
benthamiana NLR protein R3a through mutation of two 
amino acids [49]. Despite their constant evolution, the 
conserved sequence in some RxLR effectors can help 
identify their target R genes across different pathogen 
strains [50, 51].

Although the function of many RXLR effectors is still 
unknown, increasing research is contributing to the 
knowledge of their importance and probable function. 
PvRxLR131 is one of the recently studied effectors that 
was proven to enhance pathogenicity when overex-
pressed in Colletotrichum gloeosporioides and to decrease 
the resistance of Arabidopsis thaliana to P. syringae and 
of N. benthamiana to P. capsici when expressed in planta 
[52]. Protein–protein interaction assays have shown that 
PvRxLR131 effector activity is mediated by BRI1 kinase 
inhibitor 1 (VvBKI1) to suppress growth- and defense-
related brassinosteroid (BR) and ERECTA (ER) signaling 
[52]. PvRxLR28 was shown to inhibit the expression of 
defense-related genes, such as ROS-producing proteins. 
It has been described to enhance susceptibility to P. viti-
cola and P. parasitica when transiently expressed in the 
leaves of grapevines and N. benthamiana, respectively 
[53]. In contrast, PvRxLR16 induced the upregulation of 
defense-related genes, such as those involved in the sali-
cylic acid (SA), jasmonic acid (JA), and ethylene (ET) sig-
nalling pathways. Its overexpression in N. benthamiana 
leaves was found to trigger cell death and ROS accumu-
lation and consequently increase disease resistance, thus 
suggesting that PvRxLR effectors may suppress immune 
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responses triggered by PvRxLR16 [53, 54]. More recently, 
PvAvh77, another avirulence homolog, has been shown 
to trigger cell death in Vitis riparia and N. benthamiana. 
However, when expressed in V. vinifera ‘Thompson seed-
less’ plants engineered to be tolerant to Botrytis cinerea 
and Erysiphe necator, it increased the susceptibility to P. 
viticola by reducing host immunity [55]. Two other P. vit-
icola effectors, PvRxLR53 and PvRxLR159, inhibited the 
induction of programmed cell death by INF1 and BAX 
when overexpressed in N. benthamiana. It was observed 
that PvRxLR53 suppressed ROS production induced by P. 
capsici and, consequently, reduced plant resistance to this 
pathogen. PvRxLR159 has also been shown to reduce N. 
benthamiana resistance to P. capsici [56]. The expression 
of these effectors at the initial hours post-inoculation of 
grapevine leaves suggests that P. viticola might secrete 
PvRxLR53 and PvRxLR159 to suppress host immunity 
early in the infection process [56, 57].

CRN effectors are a class of small secreted proteins 
that was first identified in P. infestans, which are able to 
suppress plant defences [58, 59]. This class is character-
ised by a conversed LxLFLAK motif in the N-terminal 
region, while the C-terminal domains are highly variable 
[59]. The CRN effectors in P. viticola have been studied 
by Xiang et al. [59]. These authors identified 27 CRN-like 
genes in the YL isolate, 15 of which were found to sup-
press plant cell death induced by BAX. However, only 
one CRN effector suppressed cell death induced by INF1. 
PvCRN17, PvCRN20, and PvCRN23 significantly sup-
pressed plant cell death and promoted P. capsici patho-
genicity in N. benthamiana. Overexpression of PvCRN10 
and PvCRN26 enhanced the resistance of N. benthami-
ana leaves to P. capsici, despite being described as cell 
death suppressors, indicating an ability to reduce this 
defense mechanism. Moreover, PvCRN19, an effector 
that does not trigger or suppress cell death, was found to 
enhance P. capsici pathogenicity [59].

RXLRs and CNR diversity in P. viticola
Since the genome draft release of P. viticola, new insights 
into pathogenicity and infection strategies have been 
provided, namely through the identification of effec-
tors namely RxLR and CRN (Supplementary Table  1) 
in different isolates [60, 61]. Prior to genome release, a 
secretome analysis by de novo transcriptome assembly of 
three isolates (CRIRO-L-2 from Adelaide, Australia and 
ZJ-1-1 and JL-7-2 from the NorthEast of China) already 
pointed out to the existence of 51 combined RxLR effec-
tors [61]. Also, a transcriptomic resource containing P. 
viticola (SL, Czech isolate and SC, French isolate [34] and 
P. halstedii pointed to a common existence of 50 putative 
RxLR and 60 CNR [62].

After the first genome draft, several works pointed to 
different numbers of RXLR and CNR genes in the P. viti-
cola genome. For the P. viticola isolate, INRA-PV221 col-
lected in Bordeaux, France in 2016 [9], 540 RxLR coding 
genes were identified [8]. Shortly after, the whole genome 
sequence of JL-7-2 P. viticola isolate from Shangai, 
China, was published and 100 RxLR and 90 CRN coding 
sequences were predicted. Also in this work, the authors 
compared the RxLR and CRN gene coding sequences 
from the JL-7-2 with the already published information 
on the European isolates (SL and SC; [34]) and found 
that 18 RxLR and four CRN were common [63]. Later 
in 2018, Brilli et al., pointed to the existence of 57 RxLR 
and 68 CRN coding sequences in the PVitFEM01 isolate 
from San Michele all’Adige, Italy [64]. More recently, the 
YL isolate, from Shanghai, China, was sequenced and 
100 RxLR [65] and 35 CRN were identified. The authors 
compared the number of RxLR and CNR with the already 
described for other isolates and compared with JL-7-2 
only four genes were found to be common. Compared 
to INRA-PV221, eight genes were common and finally, 
when compared to PVitFEM01, only five genes were 
found to be common [59].

In the high-quality P. viticola genome assembly pub-
lished in 2019, it was pointed out that this pathogen pre-
sents a two-speed genome architecture, with secreted 
protein-encoded genes being located at gene-sparse and 
repeat-rich regions that are under a high selective pres-
sure. Moreover, the identification of the avrRpv3.1 locus 
with a 30Kbp deletion involved in the interaction with 
the host Rpv3.1 loci also highlighted that within this 
deletion there are two closely-related genes that encode 
proteins with LWY-fold structural modules repeats [14]. 
LWY-folds are common features of avirulence genes such 
as the RxLR effectors composed by C-terminal motifs 
(W,Y and L) and repeated up to eight times, These genes 
are in rapidly evolving parts of the genome and under 
high selective pressure [66]. RXLR effectors present this 
LWY domain and the discrepancy found between the 
number of RxLR common to different P. viticola isolates 
may reflect pathogen adaptation and evolution.

NLP and non‑RxLR P. viticola effectors
Another class of effectors in oomycetes are the “necrosis- 
and ethylene inducing peptide 1 (NEP1)-like proteins” 
(NLPs). This class is highly conserved and can be divided 
into two groups: non-cytotoxic NLPs and those that can 
strongly induce necrosis [67, 68]. The NLPs that induce 
necrosis are only able to do so on dicot plants but not on 
monocots [69]. This class of pathogenic effectors is char-
acterised by a conserved central region of the protein, a 
GHRHDWE motif, and two highly conserved cysteine 
residues in the N-terminal region [68]. NLPs have been 
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identified in several genera, such as Phytophthora, 
Pythium and Hyaloperonospora, and have been described 
to trigger plant defence responses and cell death [70–72].

In P. viticola, eight NLP coding genes were identified 
in the genomes of the isolates INRA-PV221, JL-7-2, and 
PvitFEM01 [73], and 10 were described for the ZJ-1-1 
isolate [74]. Only NLP7 was shown to be able to trigger 
cell death and enhance plant resistance to P. capsici when 
expressed in N. benthamiana and to Hyaloperonospora 
arabidopsidis when overexpressed in A. thaliana [73, 74]. 
NLP4, 5, and 10 have also been described to enhance A. 
thaliana resistance to H. arabidopsidis [74]. These newly 
identified immunity-inducing NLPs will also contribute 
to unravel grapevine defense genes that are currently 
unknown.

Non-RxLR effectors containing LWY domains have 
also been described. Pvit47 was identified as a WY/LWY 
domain containing candidate effector protein that pre-
sent cell death-inducing activity in Nicotiana species but 
not in grapevine [47]. This effector is expressed in spo-
rangia, germinated spores and during grapevine infection 
in isolate Pv221 collected in Blanquefort (France) [75]. 
Pvit33 presents only the WY domain, is also expressed in 
different stages of P. viticola infection and was shown to 
induce cell death in Nicotiana and grapevine [75] trough 
SGT1 signalling pathway (SGT1 is highly conserved 
component of some Skp1/Cullin/F-box protein (SCF)-
type E3 ubiquitin ligase complexes, linked to HR induced 
responses in gene-for-gene systems [76].

First in‑planta P. viticola proteome reveals the presence 
of effectors in the host apoplast
The proteome of P. viticola was recently disclosed by 
untargeted proteomics of the host apoplast, from sus-
ceptible and tolerant grapevine leaves inoculated with 
the pathogen. The authors identified 164 proteins, 48 
of which were predicted to be secreted. Two PvRxLRs 
(PVIT_0014142.T1 and PVIT_0015177.T1) were identi-
fied in the proteome during the interaction with the toler-
ant cultivar ‘Regent,’ that present the Rpv 3.1 background. 
Four CRN proteins (PVIT_0001451.T1, PVIT_0006190.
T1, PVIT_0006424.T1 and PVIT_0025443.T1) were iden-
tified for both interactions [77, 78].

This study also described that during infection of the 
susceptible cultivar, P. viticola was able to disrupt the 
SA pathway and interfere with isoprenoid biosynthesis 
in the plant. These actions indicate that the pathogen is 
attempting to suppress plant defences to establish suc-
cessful colonisation. In contrast, during the interaction 
with the tolerant cultivar, the presence of proteins, such 
as an ubiquinol terminal oxidase (PVIT_0010523.T1), 
suggests that P. viticola faces greater difficulty in differ-
entiating infection structures. A B. cinerea mutant of 

this protein has shown defects in mycelial growth, spor-
ulation, spore germination, and virulence [79]. It also 
attempts to manipulate the host’s metabolism and pro-
tect itself from the oxidative stress induced by the plant’s 
defense responses [77, 78].

New performers in the interaction theatre: oomycete 
proteases and inhibitors
Studies have demonstrated the involvement of proteases 
in the regulation of plant immunity, making them prom-
ising targets for enhancing plant resistance. Various plant 
proteases play a role in activating pathogen-/microbe-
triggered immunity (PTI/MTI), and proteases secreted 
by pathogens directly or indirectly affect host immunity 
components. Furthermore, both plant and pathogen pro-
teases contribute to the establishment of effector-trig-
gered susceptibility (ETS) or immunity (ETI). Proteases 
and their inhibitors are essential components of both 
plant and pathogen secretomes, which operate within the 
apoplast and facilitate close communication within the 
pathosystem [80–82] Inhibitors of proteolytic enzymes 
are regulatory proteins present in all the kingdoms. They 
are implicated in all processes that involve proteases to 
regulate their activity. Protease inhibitors can be classi-
fied into clans and families, according to their specificity 
towards the target protease [81, 83]. Two major families 
of protease inhibitors have been described in oomycetes, 
the Kazal-like serine protease inhibitors, and cystatin-like 
protease inhibitors. These have been extensively studied 
due to their involvement mainly on Phytophthora-host 
interactions. These protease inhibitors are ubiquitous in 
oomycetes, with many similarities between different Phy-
tophthora spp. and Plasmopara spp. [44].

Kazal-type serine proteinase inhibitors are grouped 
into the family I1 protease inhibitors [83]. They are 
defined by a conserved amino acid sequence domain: six 
cysteine residues engaged in disulphide bonds arranged 
in a 1–5/2–4/3–6 pattern [84]. Kazal domains often 
occur in tandem arrays, and serine protease inhibi-
tors can have one or several of these domains. Moreo-
ver, atypical Kazal domains with one to two disulphide 
bridges have also been described [85, 86]. The expres-
sion of these specific inhibitors has been associated with 
higher degrees of pathogen aggressiveness [87].

In Phytophthora infestans, the serine protease inhibi-
tors PiEPI1 and PiEPI10 have been shown to interact and 
bind specifically to members of the subtilisin A class of 
serine proteases, which includes the tomato P69B subti-
lase [85, 86, 88]. The cystatin-like cysteine protease inhib-
itors PiEPIC1 and PiEPIC2B have been shown to interact 
with an apoplastic papain-like cysteine protease, inhibit-
ing tomato PLCPs RCR3 and C14 [89, 90]. PiEPIC2B also 
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binds to the Phytophthora-inhibited protease 1 (PIP1), 
consequently inhibiting tomato defence response [91].

Other examples of known protease inhibitors include 
PpEPI10, a homologue of PiEPI10 found in P. palmivora, 
which has been shown to inhibit HbSPA protease in 
the host plant Hevea brasiliensis [92, 93]. Phytophthora 
mirabilis PmEPIC1, an ortholog of PiEPIC1, inhib-
its the RCR3-like protease MRP2 in its host Mirabilis 
jalapa [94]. Transcriptome studies have shown that these 
inhibitors are mostly expressed early stages ofthe infec-
tion course [95]. Muthuswamy et  al. observed that the 
expression of Kazal-like serine protease inhibitors from 
Phytophthora capsici occurs only in the first hours of 
infection [87].

Several protease inhibitors have also been identified in 
the genomes of various species in the Peronosporaceae 
family, with a variable number of putative genes coding 
for serine or cysteine protease inhibitors. In the Pseu-
doperonospora humuli apoplastic secretome, 32 enzyme 
inhibitors have been identified, of which five are pro-
tease inhibitors belonging to the Kazal-like serine pro-
tease inhibitor family [96]. In the Plasmopara halstedii 
genome, downy mildew of sunflower, 54 cysteine, 62 ser-
ine, and 15 aspartic protease genes were identified. More-
over, 23 protease inhibitors were identified, of which 
19 were putative Kazal-like serine protease inhibitors 
and four putative cystatin-like cysteine protease inhibi-
tors [97]. In Peronospora tabacina, the causal agent of 
downy mildew in Nicotiana tabacum, aspartyl, cysteine, 
and serine proteases were found to be secreted, and six 
Kazal-like serine protease inhibitors were detected [98]. 
In the causal agent of basil downy mildew, Peronospora 
belbahrii, 26 serine and cysteine proteases were identi-
fied, and only two protease inhibitor genes were found 
to be secreted, with sequence similarity to Kazal-like 
serine protease inhibitors [99]. To date, serine protease 
inhibitors have not been characterized in P. viticola, rep-
resenting a gap in knowledge in what constitutes a prom-
ising and strong weapon in the molecular arsenal of plant 
pathogens.

The availability of the P. viticola genome and transcrip-
tome is crucial to start to unravel which proteases and 
protease inhibitors are present during P. viticola infec-
tion. Research on different groups of effectors has shown 
that both the number of effectors and their sequence 
conservation can vary among the isolates of P. viticola, 
indicating that its secretome can be more or less specific 
towards the variety or cultivar of Vitis vinifera. As such, 
the secretome of one isolate can contain protease inhibi-
tors specific to the proteases of one Vitis vinifera variety, 
which may render this variety more susceptible [100]. In 
addition, plant proteases can undergo structural modifi-
cations between tolerant and susceptible cultivars, which 

halts the ability of the pathogen inhibitor to identify and 
inhibit protease activity.

The identification of the interacting partners of these 
protease and protease inhibitors in grapevine-downy 
mildew interactions will elucidate the importance of 
these molecules in plant defence and in the mechanisms 
of pathogen infection. In 2012, Gindro et al. showed for 
the first time that commercial protease inhibitors of ser-
ine and cysteine proteases were able to diminish plant 
defense mechanisms against P. viticola infection [100]. 
In the same year, the construction of a cDNA library 
from P. viticola allowed for the analysis of its tran-
scripts in its interaction with Vitis vinifera cv. ‘Muscat 
Ottonel,’ through expressed sequence tags (ESTs) [101]. 
The authors identified cysteine protease, cysteine pro-
tease inhibitors and Kazal-like serine protease inhibitors 
among more than 500 P. viticola genes [101].

Conclusion
This review provides valuable insights into the genetic 
diversity, population structure, and adaptation strategies 
of Plasmopara viticola, the ethiological agent of grape-
vine downy mildew. The genetic diversity analysis made 
so far reveals distinct patterns among populations in dif-
ferent geographic regions, highlighting the influence of 
historical introductions and local environmental condi-
tions. The emergence of five formae speciales highlights 
the pathogen’s ability to adapt to specific host environ-
ments and, thus, the relevance of this pathogen when 
planning agricultural practices. Apart from that, the 
breakdown of grapevine resistance genes provides critical 
insights into the ongoing challenges in sustainable viti-
culture, particularly in the context of evolving P. viticola 
populations capable of overcoming host resistance.

The study of effector molecules, such as RXLRs and 
CRNs, sheds light on the sophisticated infection strate-
gies employed by P. viticola. The identification of diverse 
effectors, their role in manipulating host defense mecha-
nisms, and the ongoing arms race between the patho-
gen and grapevine resistance genes contribute to our 
understanding of the molecular interactions underlying 
the disease. Additionally, the role of proteases and pro-
tease inhibitors in the P. viticola—grapevine interaction 
remains to be fully explored, which may provide a novel 
perspective on the pathogen’s ability to modulate host 
immunity.

In summary, this comprehensive review enhances 
our knowledge of P. viticola biology, epidemiology, 
and molecular mechanisms, offering valuable infor-
mation for the development of effective disease man-
agement strategies in viticulture. It contributes to a 
broader understanding of oomycete-plant interactions 
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and emphasize the need for continuous research to 
address emerging challenges in the context of evolv-
ing pathogen populations and changing environmental 
conditions.
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