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A B S T R A C T   

Downy mildews are obligate oomycete pathogens that attack a wide range of plants and can cause significant 
economic impacts on commercial crops and ornamental plants. Traditionally, downy mildew disease control 
relied on an integrated strategies, that incorporate cultural practices, deployment of resistant cultivars, crop 
rotation, application of contact and systemic pesticides, and biopesticides. Recent advances in genomics provided 
data that significantly advanced understanding of downy mildew evolution, taxonomy and classification. In 
addition, downy mildew genomics also revealed that these obligate oomycetes have reduced numbers of viru-
lence factor genes in comparison to hemibiotrophic and necrotrophic oomycetes. However, downy mildews do 
deploy significant arrays of virulence proteins, including so-called RXLR proteins that promote virulence or are 
recognized as avirulence factors. Pathogenomics are being applied to downy mildew population studies to 
determine the genetic diversity within the downy mildew populations and manage disease by selection of 
appropriate varieties and management strategies. Genome editing technologies have been used to manipulate 
host disease susceptibility genes in different plants including grapevine and sweet basil and thereby provide new 
soucres of resistance genes against downy mildews. Previously, it has proved difficult to transform and 
manipulate downy mildews because of their obligate lifestyle. However, recent exploitation of RNA interference 
machinery through Host-Induced Gene Silencing (HIGS) and Spray-Induced Gene Silencing (SIGS) indicate that 
functional genomics in downy mildews is now possible. Altogether, these breakthrough technologies and 
attendant fundamental understanding will advance our ability to mitigate downy mildew diseases.   

1. Introduction 

Downy mildews are obligate oomycete pathogens in the order of 
Peronosporales within the formal family classification of Peronospor-
aceae [1]. Although only several hundred species have been classified in 
this family, they are responsible for serious losses in yield and reduction 
in quality in many important arable and horticultural crops including 
sunflower, onion, pea, faba bean, lettuce, spinach, hops, grapes, bras-
sicas and cucurbits [2–8]. This family also contains the model downy 
mildew species Hyaloperonospora arabidopsidis, which infects the model 
plant Arabidopsis thaliana [9]. The most common downy mildew species 
are listed in Table 1 and representatives of downy mildews on different 

host plants are displayed in Fig. 1 and some of the infection structures 
are shown in Fig. 2. 

Downy mildew pathogens undergo stereotypical primary and sec-
ondary infection cycles, albeit with some variation within species. Both 
primary and secondary infections contribute to downy mildew epi-
demics in crops. The primary infection cycle is initiated by sexually 
formed oospores, which reside within diseased tissues on the plant and 
overwinter or survive during undesired environmental conditions in the 
absence of a host [10,11] (Fig. 2A). Under cool and humid conditions, 
oospores germinate and initiate the primary infections through roots (e. 
g., Hyaloperonospora brassicae or H. arabidopsidis [12]), or in some cases 
through producing sporangia and zoospores that infect leaves (e.g., 
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Plasmopara viticola [13]). As with other oomycetes, intercellularly 
growing hyphae are coenocytic (contain several nuclei without the 
formation of cross-walls) [14] and their vegetative nuclei are diploid 
[15]. As hyphae branch and grow further, they develop haustoria into 
host cells (Fig. 2B) [13]. This colonisation of tissue is followed by the 
asexually formed sporangiophores, which carry sporangia or co-
nidiophores (Fig. 2C) bearing conidiospores, commonly seen as a white, 
fluffy, downy growth on the abaxial (lower) surface of a leaf. This 
symptom gives the name “Downy” to the disease and the causative 
pathogens. The asexual spores initiate the secondary infection after 

being released from the sporophores by wind or rain drops. After landing 
on a leaf, conidiospores germinate (Fig. 2D) and form an appressorium 
and penetrates at the junction of two adjoining epidermal cells [16]. 
Some downy mildew species produce sporangiospores that produce 
motile zoospores, which encyst over stomata, produce a germ tube and 
an appressorium and penetrate through the stomata [13]. The full dis-
ease cycle is around 5–18 days [17]. 

As the nutrients deplete within the colonized tissues, formation of 
oospores is triggered through the development of antheridium and 
oogonium. Some downy mildews are homothallic (self-fertile, e.g., 
Hyaloperonospora arabidopsidis), while others are obligate outcrossers in 
which sexual reproduction happens only when complementary mating 
types grow together in intimate proximity (e.g., Bremia lactucae and 
P. viticola, [18]). 

Throughout history, downy mildew outbreaks have caused signifi-
cant economic impacts on diverse commercial crops and ornamental 
plants [13,19–22]. Traditionally, control of downy mildews relied on 
integrated strategies that utilize cultural practices, deployment of 
resistant cultivars, crop rotation, application of contact and systemic 
pesticides, and biopesticides [23–25]. Unfortunately, downy mildew 
populations can adapt quickly to selective pressure, leading to rapid 
breakdowns in host resistance [26] or insensitivity to chemical controls 
[18]. This adaptability necessitates new discoveries and exploitation of 
novel approaches such as CRISPR and RNA interference for mitigating 
the negative effects of disease. 

These imperatives frame the remainder of this article. We focus on 
the recent research being carried out on molecular plant-downy mildew 
interactions, in particular the identification of new resistance sources, 
exploiting susceptibility genes, effectors, nutrient uptake, reverse ge-
netics and population studies with translational aspects. 

Table 1 
The most common downy mildews and their host plants.  

Genus Pathogen Host Reference 

Bremia B. lactucae Lettuce [100] 
Hyaloperonospora H. arabidopsidis 

H. brasicae 
Arabidopsis 
Brassica campestris, B. juncea, 
B. napus, B. olaracea 

[101] 
[102] 

Peronospora P. belbahrii 
P. destructor 
P. effusa 
P. tabacina 
P. trifoliorum 
P. manshurica 
P. viciae f.sp. pisi 
P. viciae f.sp. 
fabae 

Sweet Basil 
Onion 
Spinach 
Tobacco 
Alfalfa, clover 
Soybeans 
Pea 
Faba bean 

[103] 
[104] 
[10] 
[105] 
[106] 
[107] 
[5] 
[108] 

Peronosclerospora P. maydis Maize [109] 
Plasmopara P. halstedii 

P. viticola 
Sunflower 
Grapevine 

[22] 
[13] 

Pseudoperonospora P. cubensis 
P. humuli 

Cucurbits- Cucumber, 
Pumpkin, Zucchini, Squash, 
Melon, Watermelon 
Hops 

[110] 
[111] 

Sclerophthora S. macrospora 
S. rayssiae 

Rice, Sorghum, Wheat, Oat, 
Maize, Turf grass, maize 
Barley and Maize 

[112] 
[113]  

Fig. 1. Different downy mildews on their host plants. A) Bremia lactucae on lettuce, B) Hyaloperonospora arabidopsidis on Arabidopsis thaliana, C) Peronospora viciae f. 
sp. pisi on pea, D) Peronospora viciae f. sp. fabae on faba bean, E) Plasmopara viticola on grapevine, F) Peronospora grisea on hebe. 
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2. Analysis of sequenced genomes has illuminated diverse 
aspects of downy mildew biology 

The inability to culture downy mildews on synthetic media has 
hampered genetic, molecular and physiological studies of these organ-
isms. However, new light has been shed on downy mildews through 
exploitation of accessible, cost-effective technologies for assembling and 
analyzing genomes. The first downy mildew genome was published over 
a decade ago [27], and several additional species have been sequenced 
since then (e.g., [28–32]). Relevant links to available genome assemblies 
of different downy mildews are listed in Table 2. Long-read technologies 
helped resolve complex, repetitive regions and have been used to pro-
duce near-complete downy mildew genome assemblies [29,30]. 
Cost-effective short-read sequencing has supported genome resequenc-
ing and RNA-seq, and metagenomic filters can be utilized to remove the 
contaminating sequences that are inevitable in heterogenous samples 
obtained from the plant rather than from a pure culture [29,31]. Alto-
gether, these and other advances have been exploited for increasingly 
high-quality assemblies, analyses of which have sparked research on 
several important aspects of downy mildew biology. 

One such insight is provided by a report that convincingly demon-
strates heterokaryosis for the lettuce downy mildew pathogen B. lactucae 
[29]. Heterokaryons are single cells, such as coenocytic oomycete hy-
phae, that contain multiple, genetically distinct nuclei. This manuscript 
presented a nearly complete genome assembly for B. lactucae and used 
resequencing, genetic segregation, and flow cytometry to demonstrate 
that a large proportion of field isolates are heterokaryotic. This repre-
sents yet another of many mechanisms through which genetic diversity 
can buffer oomycetes against selective pressures. Accordingly, the paper 
demonstrated enhanced fitness and virulence for heterokaryons 
compared to homokaryons. It will be of great interest to generalize these 
observations to other downy mildew species and to grapple with the 
implications for disease control strategies. 

Genome analysis has radically revised our understanding of downy 
mildew evolution. Downy mildews have been generally classified as 

sister taxon to the Phytophthora genus. However, recent analyses of 
genomic data support a more complicated history (e.g., [32–35]). 
Phylogenetic models place downy mildew pathogens in two clades, each 
nested within a different clade of Phytophthora species. Thus, it appears 
that downy mildews are comprised of at least two independent 

Fig. 2. Developmental stages of the Hyaloperonospora arabidopsidis. A) oospores on infected Arabidopsis leaves, B) Intracellular mycelia and haustorium in infected 
tissue, C) Conidiophore bearing conidiospores on infected tissue, D) Germinating conidiospores on glass slides. 

Table 2 
Links for available genome assemblies of downy mildew pathogens.  

Pathogen Links for Reference Genome Sequences 

Bremia lactucae https://www.ncbi.nlm.nih.gov/genome/?term=Brem 
ia+lactacae 

Hyaloperonospora 
arabidopsidis 
Hyaloperonospora 
brasicae 

https://www.ncbi.nlm.nih.gov/genome/bro 
wse/#!/eukaryotes/2623/ 
http://protists.ensembl.org/Hyaloperonospora_arabi 
dopsidis/Info/Index 
https://www.ncbi.nlm.nih.gov/genome/?term=Hy 
aloperonospora+brassicae 

Peronospora belbahrii 
Peronospora destructor 
Peronospora effusa 
Peronospora tabacina 

https://www.ncbi.nlm.nih.gov/genome/?term=Per 
onospora+ +belbahrii 
https://www.ncbi.nlm.nih.gov/genome/?term=Pero 
nospora+destructor 
https://www.ncbi.nlm.nih.gov/genome/?term=Pe 
ronospora+effusa 
http://protists.ensembl.org/Peronospora_eff 
usa_gca_003704535/Info/Index 
http://protists.ensembl.org/Peronospora_eff 
usa_gca_003843895/Info/Index 
https://www.ncbi.nlm.nih.gov/genome/?term=Pero 
nospora+tabacina 

Plasmopara halstedii 
Plasmopara viticola 

https://www.ncbi.nlm.nih.gov/genome/?term=Plas 
mopara+halstedii 
http://protists.ensembl.org/Plasmopara_halst 
edii_gca_900000015/Info/Index 
https://www.ncbi.nlm.nih.gov/genome/?term 
=Plasmopara+viticola 

Pseudoperonospora cubensis 
Pseudoperonospora 
humuli 

https://www.ncbi.nlm.nih.gov/genome/?term=Pse 
udoperonospora+cubensis 
https://www.ncbi.nlm.nih.gov/genome/?term=Pse 
udoperonospora+humuli  

M. Tör et al.                                                                                                                                                                                                                                     

https://www.ncbi.nlm.nih.gov/genome/?term=Bremia+lactacae
https://www.ncbi.nlm.nih.gov/genome/?term=Bremia+lactacae
https://www.ncbi.nlm.nih.gov/genome/browse/#!/eukaryotes/2623/
https://www.ncbi.nlm.nih.gov/genome/browse/#!/eukaryotes/2623/
http://protists.ensembl.org/Hyaloperonospora_arabidopsidis/Info/Index
http://protists.ensembl.org/Hyaloperonospora_arabidopsidis/Info/Index
https://www.ncbi.nlm.nih.gov/genome/?term=Hyaloperonospora+brassicae
https://www.ncbi.nlm.nih.gov/genome/?term=Hyaloperonospora+brassicae
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora++belbahrii
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora++belbahrii
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora+destructor
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora+destructor
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora+effusa
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora+effusa
http://protists.ensembl.org/Peronospora_effusa_gca_003704535/Info/Index
http://protists.ensembl.org/Peronospora_effusa_gca_003704535/Info/Index
http://protists.ensembl.org/Peronospora_effusa_gca_003843895/Info/Index
http://protists.ensembl.org/Peronospora_effusa_gca_003843895/Info/Index
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora+tabacina
https://www.ncbi.nlm.nih.gov/genome/?term=Peronospora+tabacina
https://www.ncbi.nlm.nih.gov/genome/?term=Plasmopara+halstedii
https://www.ncbi.nlm.nih.gov/genome/?term=Plasmopara+halstedii
http://protists.ensembl.org/Plasmopara_halstedii_gca_900000015/Info/Index
http://protists.ensembl.org/Plasmopara_halstedii_gca_900000015/Info/Index
https://www.ncbi.nlm.nih.gov/genome/?term=Plasmopara+viticola
https://www.ncbi.nlm.nih.gov/genome/?term=Plasmopara+viticola
https://www.ncbi.nlm.nih.gov/genome/?term=Pseudoperonospora+cubensis
https://www.ncbi.nlm.nih.gov/genome/?term=Pseudoperonospora+cubensis
https://www.ncbi.nlm.nih.gov/genome/?term=Pseudoperonospora+humuli
https://www.ncbi.nlm.nih.gov/genome/?term=Pseudoperonospora+humuli


Seminars in Cell and Developmental Biology 148-149 (2023) 42–50

45

evolutionary lineages that emerged from different Phytophthora lineages 
and convergently evolved very similar attributes. This raises questions 
about the taxonomy and classification of downy mildew species relative 
to Phytophthora, which are addressed thoughtfully in this recent com-
mentary [36]. 

Another interesting insight from comparative genomics is that obli-
gate oomycete lineages maintain reduced arsenals of virulence proteins 
compared to those of hemi-biotrophic and necrotrophic oomycetes [37]. 
For example, the number of predicted pectin lyase genes in genomes 
from three downy mildew species ranged from 6 to 22, compared with 
82–122 for three Phytophthora species [34]. Such reductions are 
apparent in essentially every family of genes that encodes secreted 
virulence factors [28–32]. These reductions are generally interpreted as 
a signature of evolution to a mode of stealthy growth inside the host. In 
other words, selection has acted to reduce genes with activities that 
could alert the host to the presence of an invader (e.g., genes that 
contribute to the necrotrophic phase of hemi biotrophy.) Such signa-
tures are ubiquitous in downy mildew pathogens as well as in fungal 
lineages that have evolved to obligate biotrophy, and probably represent 
general signatures of obligate biotrophy in phytopathogens. However, 
no virulence gene families are completely eliminated in any downy 
mildew genomes, and it will be of interest to investigate the functions of 
those virulence genes that remain and how they are deployed and 
perhaps camouflaged to maintain biotrophy. 

Gene reductions have also been documented for a variety of meta-
bolic pathways in downy mildews. The first such observation was for 
enzymatic pathways that assimilate nitrate and sulfate [27]. These 
pathways are broadly conserved in non-obligate oomycetes as well as in 
phytopathogenic fungi. Contrastingly, key enzymes are absent from 
many downy mildews as well as in another oomycete lineage (Albugo 
genus) in which obligacy has evolved independently. These losses have 
been interpreted as an evolutionary trajectory towards utilization of 
host-derived, organic sources of nitrogen (N) and sulfur (S), enabling the 
microbes to discard energetically expensive pathways for assimilation of 
inorganic N and S. Intriguingly however, these pathways appear to be 
intact in the genomes of Plasmopara species, although their functionality 
is unclear [28]. Additional metabolic deficiencies have been subse-
quently documented for downy mildews [28–32]. One recent, notable 
report describes a comprehensive comparison of metabolic pathways 
from a broad sample of oomycete species with diverse lifestyles [38]. 
Numerous gene losses were evident in obligate biotrophs, and network 
analysis suggested a general model of evolution towards “metabolic 
shortcuts” though which gene losses primarily impacted terminal 
branches in the metabolic network, perhaps to capitalize on host nu-
trients produced by redundant, parallel pathways in the host. Experi-
mental interrogation of these predictions would provide important 
information about the metabolic interplay between downy mildews and 
their hosts and could identify metabolic “Achilles Heels” that could be 
exploited via chemical control or genetic resistance (e.g., manipulation 
of host disease susceptibility genes as described below). 

Another notable deficiency in many downy mildew species is the loss 
of flagellar motility [39]. Corresponding genomic signatures are clearly 
apparent in many of these species, via the absence of genes encoding 
structural and regulatory components of flagellar motility (e.g., [34]). 
This is interpreted as an adaptation to foliar pathogenesis and atmo-
spheric dispersal, eliminating the need for motility in aquatic habitats or 
soil. Interestingly, however, Plasmopara species retain flagellar genes 
and functional flagella [28]. Are these genes important for Plasmopara 
transmission, or are these genes on a trajectory towards obsolescence 
and loss? 

3. Virulence factors: downy mildews reprogram host cells from 
the inside 

As noted above, advances in genomics and bioinformatics have 
transformed our perspectives of virulence mechanisms for all 

oomycetes, including downy mildews. High quality genome assemblies 
have enabled identification of candidate virulence factors using bio-
informatic tools. Candidates are then prioritized and their virulence 
functions are interrogated with molecular, cellular, and biochemical 
experiments, in some cases informed by structural biology [40]. 

Several different families of virulence factors have been defined for 
phytopathogenic oomycetes [39,41]. Most of these families are evident 
in sequenced genomes of downy mildew species and include proteins 
that carry out functions in either the apoplast or the interior of plant 
cells. Apoplastic effectors are primarily comprised of enzymes that 
degrade macromolecules, for example proteases or carbohydrate-active 
enzymes [39]. As noted above, gene families encoding such factors are 
reduced in downy mildews. However, downy mildews encode robust 
complements of effectors that enter host cells. These are introduced and 
summarized in the following paragraphs. 

The best understood virulence factors from downy mildew pathogens 
belong to the so-called “RXLR” superfamily [42]. These proteins are 
defined by a classical N-terminal secretory leader, followed by the 
consensus RXLR motif (Arg-any amino acid-Leu-Arg) and in many cases, 
an adjacent cluster of amino acids with acidic side chains (the “eeR” 
motif). RXLR proteins typically range in length from 100 to 300 resi-
dues, and do not contain domains suggestive of function other than, in 
some cases, subcellular targeting signals such as nuclear localization 
signals. However, many AVR proteins contain motifs called “W-Y” or 
“L-W-Y”, often arranged as tandem repeats that comprise evolvable in-
terfaces for interaction with host proteins [43]. 

RXLR genes are prominent in the genomes of Phytophthora and 
downy mildew species. Annotations based on canonical RXLR motifs 
predict that Phytophthora genomes typically contain several hundred 
predicted RXLR genes, while downy mildew genomes contain ~40–150 
genes [41,42]. However, recent studies have identified downy mildew 
effectors for which the RXLR sequence is degenerate or apparently ab-
sent [44]. In one example, a significant proportion of WY candidate 
effectors displayed virulence or avirulence activities when transiently 
expressed in lettuce, suggesting that they are bona fide effectors [45]. 
Based on these and other data, the authors proposed that previous bio-
informatic screens based on the RXLR motif have likely underestimated 
the full complement of intercellular effectors for downy mildews, and to 
a lesser extent for Phytophthora species. Thus, an important challenge for 
the future is to improve the workflows for bioinformatic prediction of 
effectors for downy mildew pathogens. 

Another challenge for research on downy mildew effectors is to 
experimentally validate the biological activity of predicted effector 
proteins and to undertake the requisite studies to understand the mo-
lecular mechanisms through which they promote virulence [42]. 
Because of the inability to transform downy mildew species, such studies 
have employed genetically tractable surrogates for effector delivery (e. 
g., phytopathogenic Pseudomonas bacteria) or by expressing the effector 
genes as transiently expressed or stably integrated transgenes in plant 
hosts. These approaches have been used to screen effector virulence and 
avirulence activity, map subcellular localization, and identify plant 
proteins that are targeted for manipulation [40,42]. Most of this work 
has focused on Hyaloperonospora arabidopsidis (Hpa) as a model, due to 
the genetic tractability of its host A. thaliana [9]. However, productive 
investigation of other downy mildew/host interactions are emerging (e. 
g., [45–47]). 

Several excellent reviews have discussed progress on RXLR effector 
biology (e.g., [40,42]). Here, we summarize several generalities and 
highlight one interesting recent study. First, downy mildew RXLR ef-
fectors can localize to diverse subcellular addresses and can interact 
with a wide variety of plant host proteins. Many of these putative plant 
target proteins are known to be regulators of immunity, and several 
downy mildew effectors have been validated to suppress immunity by 
interacting with host immune regulators. In some cases, immune regu-
latory proteins or protein complexes are targeted by effectors from 
bacterial and/or fungal phytopathogens, further supporting the 
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importance of these targets for immune regulation [48]. Notably, host 
processes other than immunity have not been frequently discovered for 
downy mildew RXLR proteins. We consider this as an opportunity for 
productive future investigations. 

A recent publication provides a good example of the methods 
through which downy mildew effectors can be studied, and how these 
studies can provide insights of broad significance to plant-oomycete 
interactions [49]. This study is based on large-scale functional com-
parisons of RXLR effectors from Hpa and from the late blight pathogen 
Phythophthora infestans. Effectors from each pathogen were studied in 
the native hosts (Arabidopsis and potato, respectively) as well as in the 
non-native hosts. In general, both sets of effectors displayed immune 
suppressive activity in the native host but not in the non-native host, 
suggesting that effectors evolve host-specific interactions with their 
target proteins. This was generalized by protein interaction screens, 
which demonstrated that effectors from P. infestans do not frequently 
interact with Arabidopsis homologs of the potato proteins with which the 
P. infestans effectors interact. Similarly, Hpa effectors did not frequently 
interact with potato homologs of their Arabidopsis targets. These find-
ings suggest that the phenomenon of non-host resistance (e.g., Arabi-
dopsis resistance to P. infestans) could be explained in part by 
lineage-specificity of interactions between effectors and host target 
proteins. This holds implications for genetic control of resistance: The 
authors demonstrated that substitution of a targeted protein in potato 
with a non-targeted homolog from Arabidopsis impaired P. infestans 
virulence in potato, due to its inability to manipulate the heterologous 
Arabidopsis protein [49]. In more general terms, effector-target speci-
ficity could provide guidance for replacement or editing of host sus-
ceptibility genes (see below) to hamper pathogen virulence [50]. 

Although most of the experimental attention on downy mildew ef-
fectors has focused on RXLR proteins, other interesting candidate viru-
lence factors have been annotated [51]. These include so-called Crinkler 
effectors, along with elicitins and Necrosis- and ethylene-inducing 
peptide 1 (Nep1)-like proteins (NLP). Each of these families have been 
associated with virulence in Phytophthora but have only limited atten-
tion for downy mildews (e.g., [52]). Interestingly, each of these viru-
lence protein families has been associated with cytotoxicity in 
Phytophthora, so it is somewhat surprising that they are maintained in 
downy mildews, even at low copy numbers. However, this conservation 
implies that they play important, biotroph-specific functions that are 
worthy of investigation. Perhaps the ability to suppress their expression 
via RNAi and thereby interrogate virulence activity will provide initial 
motivation to understand their modes of action. 

4. Durable resistance and exploiting susceptibility genes for 
defence 

Studies on plant-microbe interactions over the years revealed that 
molecules originating from the pathogen such as pathogen-associated 
molecular pattern molecules (PAMPs) or effectors are detected by cell 
surface and intracellular receptors, respectively [53]. Intracellular re-
ceptors, usually encoded by R-genes, encode nucleotide binding-leucine 
rich repeat (NB-LRR or NLR) proteins [54] and have been traditionally 
targeted by the breeders for the control of plant diseases. 

R genes against downy mildew pathogens have been identifeid in 
diverse host plants such as lettuce [55], sunflower [56], spinach [57] 
and grapevine [58]. Many of these genes have been incorporated into 
breeding programmes using marker-assisted selection. However, a 
major drawback of these single major R-gene based disease control is the 
breakage of resistance by an evolved pathogen population often result-
ing from mutations in the corresponding avirulence (effector) gene [59]. 
To alleviate this problem, breeders can “stack” or pyramid” several 
R-genes in a single variety to generate a durable resistance, however, 
this system can also fail [60]. An alternative approach, which promises 
more durable resistance, is to use quantitative resistance where many 
genes are contributing from a genomic region, quantitative trait loci 

(QTL), from small to a moderate effect to resistance phenotype [61]. 
Several examples of QTLs against downy mildew diseases such as 
P. cubensis on cucumber [62,63], P. humuli on hops [64] and P. belbahrii 
on sweet basil [65] have been reported and genes contributing to 
resistance have been identified. 

As disease occurs in a compatible interaction between a virulent and 
a susceptible host, plant host susceptibility genes (S-genes), are actively 
involved in the interaction and enable pathogen infection [66]. 
Manipulation of S-genes through mutation and gene editing technolo-
gies has been reported to provide resistance against pathogens, 
providing new opportunities for plant breeding [50]. For example, a 
forward genetic screen for reduced susceptibility to the downy mildew 
pathogen H. arabidopsidis in the highly susceptible Arabidopsis Ler-eds1 
accession revealed eight dmr (downy mildew resistant) loci that reduced 
the pathogen growth [67]. Subsequent map-based cloning studies of 
some of these DMR genes enabled a better understanding of the mech-
anistic basis of host susceptibility to downy mildews (Table 3). The best 
example is provided by DMR6, which encodes a 2-oxoglutarate 
(2OG)-Fe(II) oxygenase, associated with host defence [68,69]. DMR1 
encodes homoserine kinase (HSK), a key enzyme in the primary amino 
acid metabolism [70]. 

Transgenic approaches and genome editing have been used to assess 
whether S-genes could be manipulated for disease control in crop species 
(Table 3). The Arabidopsis DMR6 orthologue from grapevine, VviDMR6, 
has been identified and demonstrated that VviDMR6 can complement 
Arabidopsis dmr6–1 resistant mutant [71], suggesting that mutation in 
this gene through gene editing technologies could be explored for downy 
mildew resistance in grapevine. Accordingly, editing of the DMR6 
orthologue from grapevine with CRISPR/Cas9 system improved resis-
tance to downy mildew [72]. Similarly, editing of the orthologue of the 
DMR6 in sweet basil led to a considerable reduction in the sporulation 
and biomass production of the downy mildew pathogen P. belbahrii [73]. 
The ObDMR1 orthologue in sweet basil ObDMR1, was mutated using 
CRISPR/Cas9 system, but no pathology assay was reported [74]. How-
ever, using the same approach on ObDMR1/ObHSK1, another group 
showed that mutation in the gene significantly reduced susceptibility to 
the downy mildew disease [75]. Overexpression of the grapevine gene 
VvNAC72, a transcription factor, has been reported to show a strong 
resistance to the downy mildew pathogen P. viticola in grapevine [76]. 
These studies show that identifications of orthologues of S-genes in host 
plants could be explored in a wide range of plant-downy mildew 
pathosystems, providing a new generation of resistance breeding for 
crop improvements. 

In addition to genome editing technologies, studies on susceptibility 
genes to provide resistance to downy mildews also included the RNA 
interference technology such as use of double stranded RNA (dsRNA). 
For example, [77] applied dsRNAs targeting the susceptibility gene 
VviLBDIf7 in grapevine exogenously and demonstrated a significant 
decrease in downy mildew growth indicating an alternative strategy 
such as developing sRNAs as a pesticide targeting a susceptibility gene 
for disease control. Detailed use of small RNAs in downy mildew path-
ogens are given below. 

5. Genetic manipulation 

As downy mildew pathogens are obligate oomycetes, till now, it has 
proved difficult transform and manipulate these microorganisms, and 
thus genetic investigations such as Restriction enzyme-mediated inte-
gration (REMI) [78] with these microorganisms could not be explored 
for high throughput mutagenesis. Studies on other oomycete pathogens 
such as P. infestans and P. sojae have benefited from genetic trans-
formation to investigate effectors and other genes within their native 
environment [79]. As noted above, alternative strategies had been 
developed for the obligate downy mildews to investigate the role and 
function of effectors. These included, a) co-bombardment assays into 
plant cells using the GUS gene to indicate avirulence activity [44], b) 
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effector delivery from bacteria using Type III secretion [80], and c) 
creation of stably transformed plants expressing effector genes under 
control of inducible promoters [81]. However, these methods stripped 
the effector gene away from the pathogen where the expression level of a 
gene may not be comparable to that in the native background. More-
over, single-gene assays do not accurately capture gene function in the 
native milieu. For these reasons, RNAi-based tools for reverse genetics in 
downy mildews, described in the following section, are a welcome 
advance. 

6. Exploiting RNA interference in plant-downy mildew 
interactions 

RNA interference (RNAi) is a gene regulation mechanism conserved 
across different species [82], in which small interfering RNAs (siRNAs) 
generated from double stranded RNAs (dsRNAs) guide transcriptional 
and post-transcriptional gene silencing (TGS and PTGS, respectively) 
[83]. In recent years, studies have shown that plants communicate with 
interacting fungal and oomycete pathogens by using small RNAs 
(sRNAs). An elegant study by [84] on Arabidopsis-Botrytis interaction 
showed that host sRNAs are transported to pathogen cells inside extra-
cellular vesicle (EV). Working on the model Hpa-Arabidopsis pathos-
ystem, [85] used the host Argonaute I (AGO1) to pull down sRNAs 
originating from the downy mildew pathogen. They identified over a 
hundred Hpa sRNAs, 34 of which are targeting more than 49 Arabidopsis 
genes, indicating the possible involvement of sRNAs in virulence. This 
type of study indicates exchange of sRNAs between the pathogen and the 
host that lead to silencing of each other’s genes through the process 
called Trans-Kingdom RNA silencing [86]. 

Exploitation of RNAi machinery by Host Induced Gene Silencing 
(HIGS) and Spray Induced Gene Silencing (SIGS) have shown promising 
results to investigate the role of pathogen genes in their native envi-
ronment [87]. Although the number of sRNA-based studies on downy 
mildews are relatively small, the results are promising. [88] used HIGS 
on lettuce plants targeting the Highly Abundant Message #34 (HAM34) or 
Cellulose Synthase (CES1) genes of the B. lactucae and reported significant 
reduction in growth and inhibited sporulation of the downy mildew 
pathogen. Using a SIGS approach and targeting the DCL1 and DCL2 
genes in grapevine downy mildew pathogen P. viticola, [89] observed 
reduction in transcript abundance from these genes as well as in the 
disease progress rate in an already-established infection. [90] provided 
the first report of successful SIGS against a downy mildew pathogen by 
targeting the Cellulose synthase A3 (CesA3) gene in Hpa. They used sense 
and antisense sRNAs targeting the Hpa-CesA3 gene in Hpa isolates and 
showed the antisense sRNAs inhibited spore germination and thus 
infection of Arabidopsis, while sense sRNAs had no obvious effect on Hpa 

pathogenicity. These small number of investigations using sRNAs on 
downy mildew pathogens open a long-closed door to much-needed 
reverse genetic studies on these obligate pathogens. This is a major 
area for exploitation in the future. 

7. Population genetics 

Population genetics aims to understand how polymorphisms in and 
between populations contribute to the dynamics of adaptation and 
evolution, due to various factors including genetic drift, recombination, 
mutation and selection [91]. Enhancing our understanding of 
intra-specific diversity at the genomic level, and the mechanisms regu-
lating pathogenicity and virulence could help to manage the effects of 
disease more effectively and limit yield losses and wastage, through 
selection of appropriate varieties and management strategy. Whole 
genome sequencing provides a cost- effective technology to rapidly 
obtain genetic information for comparing diversity between individuals. 
As genome assemblies have been constructed for numerous commer-
cially relevant downy mildew species, re-sequencing is now routinely 
employed to study oomycete pathogen populations [92]. For example, 
in Peronospora effusa (spinach downy mildew), sexual recombination is 
posited to drive changes in virulence at a regional scale, whereas asexual 
reproduction is the primary cause of polycyclic disease in crops at the 
field scale [93]. 

Genotyping by Sequencing (GbS) has been exploited similarly to 
WGS; recent studies in P. destructor (onion downy mildew) utilised GbS 
to investigate population structure and genetic variance, and identified 
greater genetic diversity observed within fields than between them 
(23.98%); a similar situation was observed within regional variance 
(82.07%) compared to differences between regions (17.93%) [94]. 
Locally, low levels of genetic diversity were observed, reflecting pre-
dominantly clonal reproduction. This is similar to Pseudoperonospora 
humuli (hop downy mildew), where minor, but significant genetic 
variation was observed between sites and plants at the same site [95]. 
Population genetic data was also used to investigate P. destructor 
epidemiology and indicated that asexual reproduction in over-wintering 
colonies appears to be the main source of new epidemics and that the 
disease is endemic, contrasting the initial theory that new infections 
were initiated primarily by spores spread on prevailing winds from crops 
in warmer regions in the USA [8]. 

Developing the capacity to accurately distinguish between downy 
mildew pathotypes is an important consideration for practical disease 
control to enable the most effective sources of resistance to be deployed. 
Some downy mildew species have a relatively wide host range, for 
example P. halstedii affects over 35 genera of Asteraceae [96] and 
P. cubensis infects cucurbits including squash, pumpkin, melon and 

Table 3 
Putative susceptibility genes exploited for defence in plant-downy mildew interactions.  

Downy mildew 
pathogen (DM) 

Plant species/Host Susceptibility 
gene 

Function of gene Phenotype Method References 

H. arabidopsidis A. thaliana DMR1 
DMR6 
DMR6/DLO1 

Homoserine kinase 
Encode a 2-oxoglutarate (2OG)-Fe 
(II) 

Provide resistance 
Showed complete resistance 
Overexpression shows 
increased susceptibility 

Map-based cloning 
Map-based cloning 
Transgenic 
approach 

[70] 
[68] 
[69] 

Peronospora belbahrii Ocimum basilicum 
(Sweetbasil) 

ObDMR6 
ObDMR1/ 
ObHSK 

Oxidoreductase 
Homoserine kinase 

Enhanced resistance Gene editing 
(CRISPR/Cas9) 

[73] 
[75] 

Plasmopara viticola Vitis vinifera 
(Grapevine) 

VvDMR6.1 
DMR6 
VvNAC72 
VviLBDIf7 

Encode a 2-oxoglutarate (2OG)-Fe 
(II) 
Transcriptional repressor of 
VvGLYI-4 
Repressor of jasmonate-mediated 
defense mechanism 

Complement Atdmr6.1 
Enhanced 
resistance 
Increased resistance 
Increased resistance 

Transgenic 
approach 
Gene editing 
(CRISPR/Cas9) 
Transgenic 
approach 
RNAi approach 

[71] 
[72] 
[76] 
[114] 

Pseudoperonospora 
cubensis 

Cucumis sativus 
(cucumber) 

CsSGR (QTL 
locus) 

Regulator of chloroplast 
degradation 

Durable resistance Map-based 
clonning 

[63]  
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cucumber [97]. Contrastingly, many downy mildews demonstrate a 
high degree of/discrete host and race specificity(ies), reflecting 
co-adaptation in an evolutionary arms race. This is particularly evident 
in downy mildews affecting selectively bred crops including lettuce, 
spinach and pea; Bremia lactucae, Peronospora effusa and P. viciae f. sp. 
pisi have been found to exhibit complex race types (e.g. B. lactucae: 37 
races in EU; 16 races of P. viciae [98,99]. Genetic diversity in pathogen 
populations was first characterised by describing the differential re-
sponses to host resistance through development of differential sets of 
host varieties to describe and monitor pathotypes prevalent in the 
populations. Differential screening is regularly used for determining 
prevalent races of downy mildew affecting lettuce (Lactucae sativa) and 
spinach (Spinacia oleracea) crops in Europe/UK and the USA to help 
guide plant breeders select resistant varieties, and enable growers 
deploy these effectively to reduce the negative effects from disease. 

However, the resulting pathotypic classes, and ability to discriminate 
between isolates depends greatly on the genetic composition of the host 
panel used to derive the differential phenotypes. Although limited in the 
degree of genetic information they yield, differential sets are still useful 
practical tools for investigating population diversity. 

8. Conclusions and future perspectives 

As additional genomic sequences of downy mildew became avail-
able, we expect further developments in effector research in the near 
future. Use of AlphaFold for accurate protein structure prediction has 
proved useful for effectors in other oomycetes such as Phytophthora, and 
we expect this machine learning approach to be extended to downy 
mildew effectors so the specialisation of these pathogens to their host 
plants could be elucidated in detail. Discovery of trans-kingdom spread 
of small RNAs has gained attention in the last few years and exploitation 
of this siRNA-mediated gene silencing in downy mildews opened the 
way for a high throughput gene silencing investigations in these obligate 
pathogens. Alternatives to R gene-mediated disease control, such as 
altering S-genes against downy mildews using genome editing technol-
ogies, are showing promising results and we would expect this to be 
applied to a wide range of plant-downy mildew pathosystems. Differ-
ential screening has been used routinely by breeders to determine 
prevalent races of downy mildew affecting crops. However, it is often 
laborious and provides only limited genetic information to the user. 
Pathogenomic approaches could be employed to investigate both inter- 
and intraspecific genetic variation in downy mildew species, helping to 
enhance our basic understanding and improve capability for practical 
diagnostics and monitoring. 
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