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Abstract: The necrotrophic plant pathogenic fungus Botrytis cinerea (Pers., 1794), the causative agent of
gray mold disease, causes significant losses in agricultural production. Control of this fungal pathogen
is quite difficult due to its wide host range and environmental persistence. Currently, the management
of the disease is still mainly based on chemicals, which can have harmful effects not only on the
environment and on human health but also because they favor the development of strains resistant
to fungicides. The flexibility and plasticity of B. cinerea in challenging plant defense mechanisms
and its ability to evolve strategies to escape chemicals require the development of new control
strategies for successful disease management. In this review, some aspects of the host-pathogen
interactions from which novel and sustainable control strategies could be developed (e.g., signaling
pathways, molecules involved in plant immune mechanisms, hormones, post-transcriptional gene
silencing) were analyzed. New biotechnological tools based on the use of RNA interference (RNAi)
are emerging in the crop protection scenario as versatile, sustainable, effective, and environmentally
friendly alternatives to the use of chemicals. RNAi-based fungicides are expected to be approved
soon, although they will face several challenges before reaching the market.

Keywords: gray mold; plant protection; plant immunity; dsRNA; SIGS; HIGS; post-transcriptional
gene silencing; RN Ai-based fungicides

1. Introduction

According to an estimation by the Food and Agriculture Organization of the United
Nations (FAQO), pests and pathogen infections lead to a yield loss that is about 20% to
40% of the potential annual total world crop production [1,2]. Food production systems
still rely on chemical pesticides to maintain crop yields. However, the pervasive use of
pesticides is a predominant cause of contamination for water, soil, and air, leading to the
loss of biodiversity and pesticide resistance [3]. Moreover, human exposure to chemical
pesticides is connected to the onset of chronic diseases such as cancer, heart, respiratory,
and neurological ones [4].

Among the fungal pathogens, one of the most damaging for crops is Botrytis cinerea.
This necrotrophic fungus, a causal agent of gray mold disease, results in significant losses in
agricultural production, estimated to range from $10 to $100 billion per year [5]. The control
of this fungal pathogen is rather difficult due to its wide host range and its environmental
persistence. Currently, the management of gray mold disease is still mainly based on
chemicals. However, the flexibility and plasticity of B. cinerea in challenging the defense
mechanisms of plants, along with its ability to evolve strategies for escaping chemicals,
require the development of new control strategies for proper management.
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The use of RNA-based biopesticides as an alternative to the repeated application of
conventional fungicides highlights the role of biotechnology in developing innovative and
more environmentally friendly paths to achieve sustainable food security. For this reason,
a new biotechnological tool based on the use of RNA interference (RNAi) is emerging
in the crop protection scenario. RNAI is a process of post-transcriptional gene silencing
(PTGS) triggered by molecules of double-stranded RNA (dsRNA), small interfering RNA
(siRNA), or hairpin RNA (hpRNA), resulting in the specific degradation of target mRNA.
In particular, the exogenous application of dsRNA against some pathogenic fungi has been
reported as a non-genetically modified organism (non-GMO) strategy for plant disease
control by targeting specific genes in a nucleotide-sequence-specific manner [6-9].

RNAi-based technology requires the fine-tuning of many factors to achieve effective
pathogen control. In the design phase, a crucial step is to choose the target gene to be
silenced while avoiding problems for non-target organisms. Moreover, other challenges for
RNAIi applications are represented by the amount of dsRNA produced and the stability of
the formulation used. Due to the sequence-dependent nature of RNAi, dsRNA sequences
can be customized to reduce the possible effects on non-target species. One of the possible
strategies is to use highly specific genes of the pathogen, such as virulence genes, which are
much less likely to have adverse effects on non-target organisms. Therefore, in view of the
prospects of applying RNAI for pathogen control [Spray-induced Gene Silencing (SIGS),
in vivo production of dsRNA and dsRNA-based formulations], the use of this type of gene
is much more useful and less risky than using essential genes [10-12].

The aim of this review was to outline a detailed and updated picture of some aspects
of host-B. cinerea interactions from which new and sustainable control strategies could
be developed to minimize the use of classic synthetic fungicides. The control of this
generalist and fearsome pathogen through increasingly ecologically sustainable solutions
is an unresolved challenge that presupposes progress in research on various aspects such
as the life span of the pathogen, disease cycle, virulence factors, host susceptibility traits,
plant immunity mechanisms, hormones, and post-transcriptional gene silencing. All of
these aspects have been addressed in this review, and their overview has represented our
specific objectives.

Among the new and most promising unconventional control strategies against
B. cinerea, the development of RNAi-based solutions is particularly interesting. There-
fore, in this review, we focused our attention on the results obtained in different crops
to control B. cinerea through the new solutions offered by RNAi. In this context, we paid
particular attention to the prospects offered by exogenous dsRNA treatments. Addition-
ally, some issues related to dsRNA production, formulation, and risks associated with the
release of nucleic acids into the environment were addressed.

In summary, the different topics related to B. cinerea included in this review constitute
an overview of the ongoing studies on this devastating pathogen, while the specific focus
on RNA interference and dsRNA treatments to silence specific target genes allows us to
understand where the research has reached and the future prospects of one of the most
innovative control strategies in plant pathology.

2. Botrytis cinerea

Botrytis cinerea, belongs to the Ascomycota phylum, and is the causal agent of gray
mold disease. Christian Hendrik Persoon described it for the first time in 1794 [13]. Later,
Heinrich Anton de Bary [14] discovered that B. cinerea and Botryotinia fuckeliana represent
the same fungus, the latter is the apothecial (sexual) stage of B. cinerea, while B. cinerea is
the anamorph one [15].
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B. cinerea is considered the major pathogen within the genus Botrytis [16,17], which
includes 32 species that are commonly recognized as necrotrophic pathogens since they
use enzymes to induce host cell death [18]. B. cinerea is considered a generalist pathogen,
causing gray mold diseases in 586 genera of vascular plants [19,20]. B. cinerea, having a
necrotrophic lifestyle, causes death of host cells with extensive damage to plant tissues,
usually ending in rot of the plant or harvested product (Figure 1) [21]. B. cinerea is an
outstanding pathogen due to its elastic infection approaches, high reproductive capability,
wide host range, and aptitude to survive for prolonged periods as conidia and/or sclerotia.
The pathogen is most damaging to senescent or mature plant tissues, but it can also attack
them at early stages of development. Extensive damage is also caused by harvesting
apparently healthy crops that are transported to markets, resulting in obvious post-harvest
losses [22]. Due to its highly damaging nature and worldwide spreading, B. cinerea was
ranked second on the top ten list of fungal pathogens for its economic and scientific
importance [5]. Management of diseases caused by B. cinerea is rather complicated because
of the pathogen’s tendency to develop rapid resistance to fungicides [23], and the use
of a single control approach is unlikely to be successful [24,25]. As in the case of other
fungal pathogens, the most pervasive method of controlling B. cinerea is through chemical
approaches [26,27]. However, the availability of the genome of B. cinerea [23], which has
been fully sequenced and recently improved in coverage and annotation [28], is a tool that
provides a better understanding of the pathogen and represents a reservoir of opportunities
for controlling its activity.

2.1. The Life Cycle of Botrytis cinerea

B. cinerea can live as micro- and macroconidia, chlamydospores, ascospores, mycelia,
sclerotia, and apothecia. The life cycle of the pathogen includes an anamorph stage in
which asexual spores (macroconidia) are released from mature conidiophores (Figure 1),
while sclerotia are formed under unfavorable environmental conditions [29,30]. Under
advantageous environmental conditions, sclerotia germinate, emitting conidiophores or,
following a heterothallic sexual cycle, forming apothecia, which deliver ascospores [29].
Ascospores are produced through microconidia that fertilize sclerotia of different mating
types; in any case, the sexual cycle is not very common in nature [22,31]. Many micro-
conidia are observed in the sexual reproductive cycle, which constitute an additional
microscopic propagule when B. cinerea is subjected to adverse conditions [32]. Microconidia
can behave as spermatia during sexual reproduction and can develop from the germ tubes
of macroconidia, within the bare cells of old hyphae, and from sclerotia and appresso-
ria [32,33]. Chlamydospores are another temporary survival structure through which the
fungus can overcome short-term adverse conditions and originate after a transformation of
the vegetative mycelium and its hyphal disintegration [33]. Therefore, the fungus has a
wide variety of overwintering structures and, likewise, various sources of inoculum that
enable it to initiate infection. In addition, its remarkable flexibility allows it to survive in
different habitats and in environments that are not always favorable. The combination of
these unique characteristics explains why disease control caused by B. cinerea is so difficult
to manage.
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Figure 1. Symptoms of gray mold caused by Botrytis cinerea. (A) Leaf blight lesion on tomato (Solanum
Iycopersicum, L.), credit photo: K. Cullum, BioWorks, Inc., www.bioworksinc.com. (B) Fruit rot on
strawberry (Fragaria x ananassa Duch), credit photo: Jonas Janner Hamann, Universidade Federal
de Santa Maria (UFSM), Bugwood.org. (C) Bunch rot on grapevine (Vitis vinifera L.), credit photo:
Gerald Holmes, Strawberry Center, Cal Poly San Luis Obispo, Bugwood.org. (D) Flower blight on
Buddha’s hand citron (Citrus medica var. sarcodactylus), credit photo: Emilio Resta. (E) Petal blight
on rose flower (Rosa L.), credit photo: Dr. Parthasarathy Seethapathy, Amrita School of Agricultural
Sciences, Amrita Vishwa Vidyapeetham, Bugwood.org. (F) Conidiophores and conidia of B. cinerea,
credit photo: David Cappaert, Bugwood.org (https://www.ipmimages.org).
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2.2. The Disease Cycle of Botrytis cinerea

The disease cycle of B. cinerea begins with a conidium that lands on the plant surface
(Figure 2) and attaches to it. After its attachment, it starts to germinate, producing a germ tube
that will develop into an appressorium through which it penetrates the host surface [34].

I Mycelia on leaves Infected leaves

Sclerotium

Infection of leaves

Conidia
germination

Sclerotium producing

; Conidia
mycelium Conidiophore
Primary infection
of fruit
Secondary
infection
& of fruit
Sclerotium 3
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Mycelia

on fruit

Figure 2. Disease cycle of Botrytis cinerea in strawberries. Modified by Petrasch et al. [35]. The photos
of the conidia and their germination come from Spada et al. [36].

The fungus begins its primary injury by killing the underlying cells, and host defense
responses and necrosis occur at this time [34]. However, when the host defense system is
bypassed, the fungus begins to grow intensely, leading to rapid maceration of plant tissues
and even sporulation to produce the inoculum for the next infection [37].

2.2.1. Conidia Attachment and Germination

The conidia of B. cinerea are pervasive in the air and can randomly end at any
host [33,38]. They may also be delivered to host plant tissues by insects after their in-
gestion [39,40].

After conidia arrive on the host surface, adhesion to the epidermis occurs in two dis-
tinct phases. Rather weak adhesive forces, apparently involving hydrophobic interactions,
define the first phase, which occurs after hydration of the conidia. The second phase of
adhesion appears when the conidia have already been incubated for many hours under
conditions favorable for germination [41]. At this point, germlings can actively adhere to
both hydrophobic and hydrophilic substrates [42].
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Once landed and attached to the surface, the conidia start to germinate. Many factors
can influence conidia germination. First, a very high level of relative humidity is fundamen-
tal for germination and must be higher than 93% [43,44]. Moreover, the availability of free
surface water plays a crucial role in germination. In fact, during plant surface penetration,
its absence could cause the formation of a shorter emerging germ tube [44,45]. The avail-
ability of sugars (glucose, xylose, and galactose) at this stage seems to be important not
only in enhancing germination but also involved in oxidative processes connected to host
cell death [46]. Another factor that could influence germination is the presence of ethylene,
which is usually produced by the plant at the time of tissue senescence or fruit ripening. A
necrotroph such as B. cinerea, since it feeds on dead plant cells, could take advantage of this
signal that stimulates conidia to germinate on the hydrophobic host surface and to start the
infection [47,48]. Ethylene might have a dual task during infection: weakening the host
and promoting conidia germination and hyphal growth [34].

2.2.2. Appressorium Formation and Role of the BcPIs1 Gene

To finalize the host penetration, B. cinerea starts to form infection structures, and the
germ tube, once it reaches lengths of 10-15 pum, differentiates into an appressorium [33]
(Figure 3). The appressorium adheres to the host surface redirecting, the polarized growth
to 90 °C and forming a penetration peg, which can break the host cuticle [45,49,50]. The
germ tube forms a simple unicellular appressorium within 6 h after germination, which is a
hyaline and lightly swollen germ tube apex adhering to the host. When exogenous nutrients
are available, at least 12 h after germination, multicellular dome-shaped appressoria can be
formed, referred to as infection cushions [33,51-53] (Figure 3). The hyphal tip of the germ
tube of B. cinerea, after an increase in osmotic potential, begins to swell and retain water.

Gourgues et al. [54] identified the BcPIs1 gene in the genomes of B. cinerea, Col-
letotrichum lindemuthianum, and Neurospora crassa, homologous to the Pls1 gene of Magna-
porthe grisea. In M. grisea, this gene encodes for a tetraspanin required for penetration and
essential for appressorium function [55]. Tetraspanins are small proteins associated with
membranes and were first identified in mammals in multiple copies [56]. Their function
appears to be as adaptors of membrane proteins activated in cell differentiation, motility,
and adhesion [57-59]. Gourgues et al. [60] showed that BcPIs1 was expressed immediately
before and during penetration of B. cinerea in appressoria, germ tubes, and conidia, but it
was no longer detectable at 18 h post-infection, corroborating the hypothesis that BcPIs1 is
needed for the penetration of B. cinerea into intact host plants. In addition, they pointed
out that functional appressoria are necessary for the successful penetration of B. cinerea. In
fact, B. cinerea BcPls1-deficient null mutants (Bcpls1::bar) generate an apparently normal
appressorium but cannot direct the penetration peg toward the host surface, instead dif-
ferentiating secondary hyphae that grow on the surface without penetrating. Bcpls1::bar
mutants were not able to infect intact tissues but were still able to infect injured plant
tissues, suggesting two different pathways, one dependent and the other independent of
BcPlIs1 [59].

Moreover, the lack of penetration for BcPls1 mutants could be explained by the in-
ability to establish polar growth at the base of the appressorium orthogonally to the host
surface [61].

2.2.3. Active Penetration of the Host

When B. cinerea attacks the host, it can choose between an active penetration and a
passive one. In the last case, it can use natural wound sites, entering through open stomas
or also by artificial openings due to previous infections operated by other pathogens.

Concerning active penetration, when conidia land on host tissues, the real first barrier
they meet is the cuticle covering the epidermal cells, since the wax layer does not seem to
be a real obstacle. In fact, B. cinerea can reduce surface hydrophobicity and overcome the
wax layer by using the polysaccharide cinerean as a surfactant [62].
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Figure 3. Formation of appressoria and infection cushions by the B. cinerea B05.10 isolate. Conidial
suspensions in SMB medium were inoculated onto glass slides or sprayed onto the surface of lettuce
plants [63]. Glass slides were prepared as described by Hou et al. [64] and stained with trypan blue or
lactophenol cotton blue after 24 h (A,B) or 72 h (C) of incubation. Artificially inoculated lettuce plants
were incubated in transparent plastic propagation boxes at 25 + 1 °C with 98-99% relative humidity
under natural lighting conditions in the laboratory for 6 days. Infected leaf discs (J 6 mm) were fixed,
cleared, and stained with lactophenol cotton blue (D,E) or trypan blue (F,G) as described by Isenegger
et al. [65]. White arrow = appressorium; yellow arrow = infection cushion. Light microscopy was
performed with a Dialux 22 microscope (Leitz, Wetzlar, Germany). Images were captured using a
Leica DFC 450C digital microscope camera with control software LASX Version 3.1.1.17751 (Leica
Microsystems Ltd., Heerbrugg, Switzerland). Scale bars = 25 pum.

When the penetration peg cracks the cuticle, it can generate HyO, [66], which could
help penetration by providing a substrate for oxidases that tweak the cuticle. During
cuticle penetration by appressorium, a superoxide dismutase BcSOD] is secreted, and it
may contribute to the process since it was demonstrated that Abcsod1 mutants had a lower
virulence on different hosts [67].

After passing through the cuticle, the penetration peg of B. cinerea invades the anticlinal
wall standing between two epidermal cells (rich in pectin), and concurrently, the swelling
of their cell wall occurs [68]. This suggests that a pectin degradation process is involved
during host penetration; in particular, the endopolygalacturonase (endoPG) BcPG2 seems
to regulate this process. Bcpg2 gene deletion mutants exhibit a consistent delay in primary
lesion formation, and their virulence is greatly reduced in tomato and bean [69], although
mutants in several endoPG genes did not have the same strong effect on necrotizing activity.
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2.3. Botrytis cinerea: A Killer Pathogen

B. cinerea has always been classified as a necrotrophic pathogen, although recently
a classification as hemibiotrophic was proposed since it has a short biotrophic phase of
8-16 h at the very beginning of infection [70], but in any case, it remains a model organism
among fungi with a necrotrophic lifestyle.

Many metabolites and proteins can be produced by B. cinerea to cause cell death or to
induce symptoms of programmed cell death (PCD) that the fungus takes advantage of for
plant invasion [47,71]. Among the secreted secondary metabolites, two main compounds
with phytotoxic activity have been identified: a bicyclic sesquiterpene called botrydial and
a highly substituted lactone called botcinolide [72-74].

B. cinerea can also produce oxalic acid (OA), which is not considered a primary phy-
totoxic agent but rather a co-factor in pathogenesis [65]. In fact, low pH levels enhance
the synthesis and activity of aspartic protease, endoPG, and laccase [75]. In addition, OA
stimulates pectin degradation after endoPG activity. When OA subtracts the Ca>* ions of
Ca-pectates present in the cell walls, it negatively acts against the intermolecular forces
between pectic polymers, helping to break down the pectin structure, which therefore
swells because of water absorption [68].

The reactive oxygen species (ROS) are also involved in the attack strategy of the fungus;
in fact, they are produced at the host-fungal interface. The presence of O, and H,O,
in hyphal tips or close to the invaded host cell wall was demonstrated [76]. Usually, in
plant-pathogen interactions, the oxidative burst appears during a hypersensitive response
(HR), a PCD aimed to stop the availability of water and nutrients for the fungus, and that
gives resistance to biotrophic pathogens [77].

In the case of B. cinerea, being a necrotroph, plant cell death is profitable to the
pathogen [47]. During cuticle penetration and primary lesion formation, the fungus actively
provokes an oxidative burst [76,78]. In ROS production, nicotinamide adenine dinucleotide
(NADPH) oxidases are enzymes that play a key role in B. cinerea virulence as they generate
O?~, which is further converted to H,O, by a superoxide dismutase (BcSOD1) [79].

Two genes involved in the pathogenicity of B. cinerea and encoding two NADPH
oxidases have been studied: BcnoxA and BenoxB. Mutants for these genes showed a reduced
virulence, proving that BcroxB was involved in penetration and BcrnoxA in lesions spreading.
Moreover, a double knockout AbcnoxAB mutant was approximately avirulent [79].

Among the metabolites and proteins secreted by the fungus and capable of causing
PCD are those that induce HR symptoms. For example, NEP1-like proteins associated
with the cell membranes of the responsive cell can reach the nuclear envelope of the
responsive cell [80]. Bc(NEP1 and BcNEP2 belong to NEP1-like proteins and can increase
callus apposition, ROS accumulation, and the induction of defense genes to the point of
causing cell death when present at high doses [81].

Another family of proteins that can induce HR symptoms is the cerato-platanin family.
In particular, the BcSpll protein is one of the most abundant in this family. It has been
shown to induce the hypersensitivity response in the host plant, including ROS induction,
cytoplasmic shrinkage, electrolyte leakage, cellular autofluorescence, and activation of
defense genes [82].

2.3.1. From Living Plant Tissues to Fungal Biomass

The main goal of B. cinerea is to convert plant biomass into fungal biomass; therefore,
the fungus synthesizes a plethora of cell wall degradation enzymes (CWDEs), whose main
substrate is pectin. For example, pectin lyase, pectin methyl esterase, and many polygalac-
turonases (PGs) show a preference of B. cinerea toward hosts with a high amount of pectin
in the cell wall [83-85]. Pectin methylesterases (PME) seem to help in the depolymerizing
of highly methylated pectin, making it easier to be degraded by pectate lyases and PGs [86].
In the strain Bd90, a mutant for the gene Bcpmel encoding PME was less virulent, even
if in the strain B05.10, mutants in two Bcpme genes included Bcpmel and did not show
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any reduction in virulence. A possible explanation is that the strain B05.10 can avoid
demethylation for pectin degradation [86,87].

In the process of pectin degradation, a key role is played by endoPGs. In the genome
of B. cinerea, there are at least six genes encoding for endoPGs, whose expression may vary
depending on the stage of infection and host physiology [88]. B. cinerea also produces
exoPGs that catalyze the hydrolytic cleavage of galacturonan, thus making low molecular
mass and easier-to-metabolize compounds available to the fungus [89].

Among the CWDEgs, the fungus produces cellulases that degrade the cellulose at the
(3-1,4-glycoside bonds, although when the cellulase gene is deleted, it does not compromise
fungal virulence. In fact, Cel5A, an endo-3-1,4-glucanase, is not needed in pathogenesis,
even if it is expressed during infection [90].

B. cinerea also produces xylanases that break the (3-1,4-polysaccharide bonds of xylan,
the main hemicellulosic component of the host cell wall. A knockout mutant for the Xyn11A
gene had a wide effect on pathogenicity, with a reduction in the lesion size of 70%.

Proteases are another important class of enzymes for B. cineres; in fact, thirty-four
different proteases have been found experimentally in its secretome [91]. First, proteases
generate amino acids that promote fungal growth, and second, they may cooperate in
the process of plant cell wall degradation. The aspartic protease (AP) BcAPS is produced
by B. cinerea immediately after germination and accounts for about a quarter of the pro-
tein mass [92]. Mutants for six aspartic proteases have been generated, and only the
Bcap8 mutant showed a 70% lower protease activity, but no difference in virulence was
observed [93].

However, it is worth highlighting that specific changes in cell wall compositional
profiles appear to correlate with fungal disease susceptibility. In some wine and table
grape cultivars, hemicellulose layers and the arabinogalactan protein content were largely
unaffected by B. cinerea infection. Cell wall factors important in influencing resistance may
include pectin methylesterification profiles as well as extensin reorganization [94].

2.3.2. Tissue Invasion and Host Response: A Cross Talk

B. cinerea is programmed to kill the host plant using a double strategy: on one side,
necrotic cell death, and on the other, the host PCD. Its penetration of the host surface and
the enzymatic breaking of plant cell walls stimulate a cascade of events both in the fungus
and in the host [91,95,96].

Cell wall appositions (CWA), such as papillae, are post-infection defense mechanisms
developed by plants in response to pathogen attack. Numerous studies have focused on
the characterization of papillae by ultrastructural observations or histochemical analyses.
Several classes of compounds are associated with papillae: callose, phenolic compounds
including lignin, reactive oxygen species (ROS), cell wall structural proteins such as ara-
binogalactan proteins, and cell wall polymers. In particular, callose acts as a physical
barrier but also serves to protect the plant cell from toxic metabolites that accumulate in
papillae [97].

The accumulation of callose and suberin in young tomato fruit has been linked to
the formation of “ghost spots” (small necrotic lesions surrounded by a white halo), which
appear to limit B. cinerea growth [98,99].

Callose deposition also occurs after infection with mycorrhizal fungi and plant growth
promoting bacteria. Recently, a study showed that tomato plants inoculated with R.
irregularis induced higher levels of callose and displayed smaller mycelium diameters
during infection with B. cinerea. Knowledge of the factors involved in the regulation of
callose during these microbial interactions could be useful in the development of new
biotechnological approaches for crop protection [100].
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At the host-pathogen interface, the two pathways of autophagy and apoptosis are
in a dynamic equilibrium between them. The ability of B. cinerea to suppress autophagy
could be crucial for disease progression as much as that of inducing apoptosis in host
plants [74,101]. The breakdown of autophagy gives the fungus time to grow within the
plant, and when fungal biomass is optimal, the fungus switches to producing compounds
that initiate apoptosis, causing cell death and necrotic tissue. In this way, instead of wildly
killing the host, the pathogen pilots the plant to colonize it [74].

First, considering that the main cause of B. cinerea infections are conidia, it is reasonable
to think that there is not a massive secretion of killing substances by the fungus in the early
infection phase [91]. Germinating conidia are exposed to toxic substances produced by
the host to kill fungal cells and to destroy most of the new hyphae (e.g., camalexin) [102].
During this critical phase, the fungus must counteract host-induced cell death and use an
anti-apoptotic mechanism to do so. This allows the necrotroph to retain a small number of
viable fungal cells within the necrotic zone [102,103].

During the early stages of infection, host plants activate the autophagy pathway as
a controlled mechanism of cell death to avoid the spread of necrotic areas and produce
phytoalexins that actively kill the pathogen. This is a local cell death strategy to avoid
an extensive one [74,101,104]. Autophagic-related (atg) genes are expressed during the host
response against B. cinerea, and their knockdown leads to a rapid spread of necrotic tissues.
This kind of response occurs not only in cells surrounding the infected area but also in
distal areas in the absence of mycelium [101,104].

The maintenance of the infectious process depends on the establishment of a complete
necrotic region before the pathogen is killed by toxic host metabolites [91]. The onset of
primary necrotic lesion formation concurs with the activation of the host defense system in
neighboring tissues as a reaction to the death of invaded cells [50].

During infection, the host may also produce a whole series of molecules that are
typically synthesized as a defense response to HR caused by a biotrophic pathogen. The
host implements the deposition of lignin, the secretion of phytoalexins, and pathogenesis-
related (PR) proteins [105-107]. These mechanisms are activated at the level of primary
necrosis, where the fungus is temporarily confined. Therefore, all mechanisms activated
by the plant may give rise to a period of quiescence for B. cinerea [21]. During quiescent
infections, there are no visible disease symptoms, and this is the case, for instance, for
non-green tissues of soft fruits such as strawberries or grapes [37]. The fungus resumes
to grow in correspondence with fruit ripening [37], and an explanation was found in
the decreasing level of resveratrol, which is gradually lower during the ripening stage
of fruits [108]. Resveratrol is a stilbene phytoalexin, a class of molecules with fungitoxic
or fungistatic action produced as a defense mechanism by the attacked host plant. In
immature fruits, along with phytoalexin, it is also possible to find inhibitors of PG called
PG Inhibiting Proteins (PGIPs), which contribute to the quiescence phase of B. cinerea [109].
Several approaches using plant and B. cinerea mutants as well as transgenic plants have
identified processes that target the plant cell wall via enzymes produced by both the host
and the fungus [110,111].

2.3.3. Evasion of Chemical Defense and Infection Spreading

Phytopathogenic fungi have developed numerous mechanisms over time to overcome
the chemical barriers posed by their hosts. The main strategy is the enzyme detoxification of
toxic compounds [112], which plays a key role in the success of host colonization [113]. The
most studied example is the use of a stilbene oxidase, which is a substrate-specific laccase
used to detoxify the phytoalexins resveratrol and pterostilbene and which allows the fungus
to oxidize these compounds into harmless configurations [114]. B. cinerea can also detoxify
other compounds such as a-tomatine and other saponins such as digitonin, avenacin,
and avenacosides that are deglycosylated using three different saponinases: a xylosidase
(tomatinase, digitoninase) and two glucosidases (avenacinase/avenacosidase) [115-117].
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Moreover, because at the host-pathogen interface, the oxidative burst can stress not
only the plant but also the fungus, the latter needs to detoxify the ROS produced using an
extracellular catalase [118].

Once the primary lesion is established, the fungus begins to extend it by killing
neighboring cells. It can use all CWDEs: pectin lyase, pectin methylesterase, cellulase,
and exo- and endo-polygalacturonase. In this way, the fungus can shred plant tissues and
convert them into fungal biomass, leading to the spread of the disease [21,119].

2.4. Signaling in Botrytis cinerea Regulates the Infection Process

B. cinerea is well known for its wide host range, and this ability may depend on
its evolved strategies to identify the proper host, penetrate and colonize its tissues, and
overwhelm the host’s defense response. To do so, the fungus must pick up physical and
chemical signals from the different hosts and, in the meantime, react with appropriate
means that promote fungal development. The fungus undergoes a series of metabolic
transformations that lead to adhesion of conidia to the host surface, differentiation of the
germ-tube and its oriented growth, the formation of infectious structures, and the synthesis
of enzymatic and phytotoxic compounds [120]. All these mechanisms need a network
of signal transduction mechanisms, which includes G protein activity, cyclic adenosine
monophosphate (cAMP) signaling, and the mitogen-activated protein kinase (MAPK)
cascade pathway. The external signal activates the related genes in the fungal genome,
aiming to realize the appropriate response and establish the infection [121-123].

2.4.1. The Role of G Proteins in Botrytis cinerea Pathogenesis

Guanine nucleotide-binding proteins, or G proteins, are GTPases of the Ras super-
family and can be divided into monomeric and heterotrimeric. Monomeric G proteins are
important regulators of many biochemical reactions that depend on their transition from
an inactive form, with GDP-to-GTP exchange promoted by guanine nucleotide exchange
factors (GEFs), to an activated configuration [124]. In their active form, they can inter-
act with effector proteins by transmitting the signal to downstream pathways [124,125].
B. cinerea owns three RasGTPases involved in cell proliferation; in fact, knockout mutants
of Beras1 or Beras?2 are affected in hyphal growth and are impaired in radial growth rates,
respectively [126].

The fungus also contains a protein belonging to the RhoGTPase family, usually in-
volved in cell morphology/cytoskeleton dynamics, named BcRac. Bcrac mutants are quite
such as Bcras1, perhaps because the two monomeric GTPases play a role in the same signal-
ing mechanism [127]. The heterotrimeric G proteins can regulate multiple cellular functions.
They are signal transducers that pair receptors from the cell surface to cytoplasmic ones,
playing an essential role during pathogenic development [121]. These proteins were named
by their ability to bind guanine nucleotides and contain three different subunits, «, 3, and
v, where Ga is the nucleotide-binding one [128,129]. The G subunit can take on different
conformations depending on whether it is bound to GDP or to GTP [121].

The G protein subunits, in their inactive configuration, are bound to the G protein-
coupled receptor (GPCR), which crosses the membrane. When a ligand binds to the receptor,
there is a dissociation between Ga-GTP and the Gy dimer for a GTP exchanged with a
GDP in the Ga. At this point, the subunits G and Gy can form bonds with effectors
localized on the membrane, such as adenylate cyclase, phosphodiesterases, phospholipases,
and ion channels. The Ga subunit has intrinsic GTPase activity; consequently, after the
hydrolysis of the bound GTP, there is a re-link of GBvy, GPCR, and Ga-GDP [130].

B. cinerea has three genes coding for the Go subunit named Bcg1, Bcg?2, and Bcg3, and
they are all involved in the infection process. Gl (Bcg1) appears to be involved in the
colonization of plant tissues immediately after penetration, and when inactivated, infected
leaves cannot be observed to spread lesions [131].
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Ga3 (Bcg3) appears to be important both for conidia germination when carbon sources
are available and for primary lesion formation. In fact, the penetration of Abcg3 conidia
was shown to be less efficient, and the reduced penetration rate could be due to defective
host surface sensing, which resulted in fewer penetration attempts [132].

When Bcg3 is inactivated, there is a lower conidiation, a higher sclerotia formation, and
a delay in tomato leaf infection due to a delayed establishment of primary necrosis [132].
Moreover, Gl and Ga3 can elicit ;CAMP production by triggering the adenylate cyclase
activity [132,133].

B. cinerea also has two G3 and Gy genes, Bcgbl and Bcggl, working as functional units
to maintain the inactive form of the Ga subunit [134].

G protein signaling can be directed by some regulators (RGSs) that trigger Ga subunits
to behave as GTPase-activating proteins (GAPs). Among the possible RGSs for B. cinerea,
phosducin-like proteins (PhLPs) can be found [130,135]. They are fundamental for correct
G protein signaling since they work as chaperones in the association of Gy dimers [135].
B. cinerea possesses three PhLPs, and it appears that BcPhnA is essential for plant infection
as it is involved in the production of sclerotia and conidia [23,124].

Among the possible G protein-coupled receptors (GPCRs) in B. cinerea, BcGpr3, belong-
ing to the cCAMP receptor-like class (BcGpr2-6), seems to be involved in giving resistance to
the defensin VvAMP2 produced by grapevine [23,134,136].

2.4.2. The Cyclic AMP (cAMP)-Dependent Pathway Affects Botrytis cinerea Pathogenesis

The cAMP-dependent signaling pathway can regulate many fungal processes in plant
pathogenic fungi, such as virulence, differentiation, and morphogenesis. For example,
in M. grisea, a cAMP signaling pathway is involved in appressorium formation; in fact,
mutants for adenylate cyclase (MACI) failed to penetrate becoming no more pathogenic [137].
The adenylate cyclase (AC), a membrane-associated enzyme, is the main effector protein of
heterotrimeric G proteins, and it is activated by the interaction with G« subunits after the
messenger cAMP is formed by the ligand bound to the GPCR. Generally, PKA, a cAMP-
dependent protein kinase, is the primary receptor for cAMP in eukaryotes [138]. B. cinerea
contains genes coding the PKA (BcPkaR), two genes encoding its subunits (BcPkal, BcPka2),
and the adenylate cyclase (Bac) [126].

In B. cinerea, the adenylate cyclase gene Bac is expressed from the onset of necrosis
development until its spread from primary necrotic spots. A mutation in the Bac gene
led to no conidia formation and reduced colony growth and virulence. Moreover, the
interaction of Bac with Gal and Ga3 elevates cAMP at the intracellular level [132,139].
cAMP abundance is also regulated by the main catalytic PKA subunit, which is BcPkal, and,
when it is deleted, there is remarkable growth retardation, virulence reduction, and a higher
cAMP amount [126]. Abac and Abcpkal mutants showed quite similar reduced virulence,
but the lack of germination and sclerotia formation induced by sugar are very unique
features for Abac suggesting other possible effectors of Bac and cAMP signaling [124,126].

The cAMP pathway is also regulated by phosphodiesterases (PDEs), since they dete-
riorate the secondary messenger. Among PDEs, BcPde?2 is important for the appropriate
regulation of sclerotia formation, conidiation, colony growth, and virulence. Differently
from other fungi, where the absence of PDE activity causes higher cAMP levels along with
highly active PKA signaling, for B. cinerea, it leads to marginally lower cAMP and PKA
activation [140].

2.4.3. The Role of Mitogen-Activated Protein Kinases (MAPKSs) in Botrytis cinerea

The mitogen-activated protein kinases (MAPKSs) have a crucial role in the transduc-
tion of extracellular signals by using phosphorylation/dephosphorylation cycles to flow
information [124].
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MAPK cascade is formed by three interlaced protein kinases that are serially activated
through phosphorylation of Ser, Thr, and Tyr residues: the MAP kinase kinase kinases
(MAPKKKSs), the MAP kinase kinases (MAPKKSs), and the MAP kinases (Figure 4). After
their activation, MAPKs phosphorylate the effector proteins located in the cytosol or in
the nucleus. In this way, MAPKSs trigger very specific downstream responses, such as
the activation of the expression of gene arrays and transcription factors in response to
environmental stimuli [141].

Sequence comparisons with MAPK modules present in Saccharomyces cerevisiae, which
regulate cell wall integrity, hyperosmoregulation, invasive growth, mating, and ascospore
formation, showed the presence of three MAPKSs in B. cinerea [141,142].

The Fus3p/Kss1p ortholog is BcBmpl, a single-copy gene homologous to the PMK1 of
M. grisea, which is crucial for invasive growth and appressorium formation [143]. The PMK1
homologue was also studied in Colletotrichum lagenarium and Cochliobolus heterostrophus,
and it was demonstrated to be essential for pathogenesis [144,145]. For all these three
phytopathogenic fungi that form appressorium during infection, their mutants for PMK1
or its homologues, appressorium formation, were lost [143-145].

BcBmp1 deletion mutants in B. cinerea were non-pathogenic in carnation flowers or on
tomato leaves, and they were faulty in regulation of the penetration process and in eliciting
plant cell death. Even if conidia did not show irregularity in germination and continued
to grow on plant surfaces, they could not penetrate or cause necrotic lesions. Concerning
fungal growth or conidiation, Bmp1 seemed to be not essential but useful in maintaining
appropriate mycelial growth rates. In fact, B. cinerea bmpl mutants did not show defective
germination of conidia, but anyway, they showed reduced vegetative growth. In other
fungi, the PMK1 homologues play many different roles in fungal growth and differentiation,
as well as in the regulation of plant infection [146].

Moreover, it was highlighted that BcBmpl regulates conidia’s ability to intercept
different signals, such as chemical ones provided by nutrients and physical ones given
by the host surface. BcBmypl is partially necessary for germination signaling triggered by
carbon sources, along with cAMP and BcG3. In fact, source-induced germination is affected
in the Abmp1 mutant, even if the effect is not comparable to the Abcg3 one. Furthermore,
BcBmpl1 is crucial for signaling induced by hydrophobicity; in fact, Abmpl conidia had
almost no germination on the hydrophobic surface [132].

Among the several effector proteins of BcBmp1, BcStel2 was studied, and mutants
with deletion of this transcription factor showed a delayed infection due to low penetration
efficiencies, no sclerotia development, and intensified melanization. These findings support
the hypothesis that during germination, BcBmp1 and BcStel2 regulate a wide number of
genes [147].

The yeast SIt2 ortholog is the BcBmp3 gene [148] for B. cinerea. In filamentous fungi,
Slt2-type MAPK seems to be involved in preserving cell-wall integrity and to be related to
some aspects of saprotrophic and pathogenic growth [149-152]. In M. grisea, the S. cerevisiae
Sit2 homologue is MPS1, which is important for maintaining cell wall integrity and for
appressorium penetration. MPS1 is also involved in conidiation and aerial hyphae develop-
ment [152]. In C. lagenarium, the ortholog MAF1 is involved in many steps of the infection
process and is important in the initial differentiation stage of appressorium formation [150].
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Figure 4. General outline of a MAPK pathway in Botrytis cinerea. Signals from B. cinerea elicitors,
extracellular membrane (CFM) proteins, and surface sensors (Msb2) are transferred to the central
component of the MAPK cascade. The MAPK pathway consists of MAP kinase kinase kinase
(MAPKKK), MAP kinase kinase (MAPKK), and MAP kinase (MAPK). The MAPK pathway is operated
by three modules via BcBmp1 (BcStell-BcSte7-BecBmp1), BeBmp3 (BeBck1-BcMkk1-BecBmp3), and
BcSak1 (Bos4-Bos5-BcSakl) in response to osmotic and oxidative stress. The signal transduction
pathway functions through Bosl, which activates a His-phosphotransferase (HPT) protein, and
two response regulators, Brrgl and BcSkn7, involved together with BcSakl in the osmotic stress
response (OSR) pathway. Also indicated are the putative MAPK adaptor protein BcSte50 and a
member of the acyl-coenzyme A synthetase family, Begbll, that positively regulates BcSte50-mediated
phosphorylation of BcBmp1. In the nucleus, the transcription factor BeSte12 activates the hydrophobic
surface-binding protein BcHsbA1/2/3 for adhesion to host tissues and virulence. Kinases activated
by cell wall stress and virulence signals are sensed through membrane receptor-like protein kinases
(RLKs) of the host cells. Modified by Sharma and Kapoor [153] and Tang et al. [154].

BcBmp3 was demonstrated to be involved in the saprotrophic growth of B. cinerea, and
Abmp3 mutants had only scant aerial mycelium with a reduced number of conidiophores
and few macroconidia produced in favor of microconidia. Uniquely, compared to other
fungi, there was no loss of cell wall integrity or increased sensitivity to CWDEs in B. cinerea
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bmp3 mutants. On low-osmolarity media, radial growth is reduced, but the same was
not observed in germlings, as this response was dependent on developmental stage [155].
Sit2/Bmp3 seems to be involved in the stabilization of internal osmotic pressure, in a way
complementary to the Hogl gene in S. cerevisiaze, known for its role in the response to
high osmolar conditions [155,156]. BcBmp3 also seems to be involved in surface sensing
of hyphae, which is an essential pre-penetration event. Abmp3 mutant germlings had
germ tubes with excessive elongation, and mostly superficially growing hyphae with a
consequently reduced penetration rate [155]. This would explain why mutants showed
growth retardation and a delay not only in primary lesion formation but also in lesion
expansion. Moreover, Abmp3 is defective in the formation of sclerotia with a similar
trend of AbcnoxA mutants [79,155], consistent with the BcBmp3 positive regulation of the
BcnoxA gene. As suggested by Segmiiller et al. [79], the MAPK cascades have an impact
on the BcNox gene expression in B. cinerea. It seems that BcBmp1 negatively modulates
BcNoxA expression, and even greater is the control of BcBmp3, which is positive on BcNoxA
expression and negative on BcNoxB expression. Thus, BcBmp3 seems to play an essential
function in the becnox genes regulation at transcriptional level.

The ortholog of the yeast Hog1 is BcSak1 in B. cinerea [157]. In several pathogenic fungi,
such as C. lagenarium, M. grisea, and Cryphonectria parasitica, Hogl homologues and their
role in pathogenicity have also been studied, but they are generally involved in response
pathways to oxidative and osmotic stresses [158-160]. BcSakl showed instead to have
unique features since, in contrast to other studied fungi, it has a significant impact on
pathogenesis for B. cinerea. In fact, it is important for conidia and sclerotia formation.
The bcsakl mutants had a complete absence of conidiation and developed sclerotia earlier
compared to the wild type. Mutants were defective in the early phases of penetration
as they grew very slowly with long and mostly unbranched hyphae, without forming
appressoria, and without penetrating the plant [157].

Among the regulating elements that are upstream of the MAPKSs cascade, in B. cinerea
there is a phosphotransfer histidine kinase (HK) acting as a response regulator (RR) and
belonging to the family-III HK, called Bos1 [161]. The Bos1 gene product is involved in os-
moregulation pathways, negatively regulating the phosphorylation level of its downstream
BcSak1 [161,162]. Deletion of bos1 leads to constitutive activation of BcSakl, with a higher
sensitivity to hyperosmotic conditions and oxidants and a lower one to fungicides. It also
leads to impaired virulence and loss of conidiation [157,161,163].

BcSak1 was shown to be involved in hyperosmotic stress in the presence of NaCl and
in the oxidative stress response caused by Hy,O,, with visible effects on the mutants where
no evident growth was detectable or it was significantly reduced, respectively. In fact, the
protein is phosphorylated following hyperosmotic and oxidative stressful conditions as
well as after treatment with calcofluor white (CFW) and fungicides, confirming a role in
cell wall composition and integrity [157,161].

Mutants of B. cinerea lacking BcSakl showed higher contents of chitin and (-1-3
glucan, with a lower susceptibility to CWDEs and cell wall interfering agents, along with
the resulting quantity of glycerol after fungicide and NaCl treatments. Furthermore, in
the Besakl mutant, BcBmp3 is hyperphosphorylated in the presence of oxidative stress,
demonstrating that both MAPK pathways interact between them. In addition, all the
MAPKSs seem to regulate melanin biosynthesis: BcSak1 and BcBmp3 are indispensable for
pigmentation, and BcSak1 is particularly essential after light exposure, while BcBmpl1 is
fundamental for pigmentation in dark conditions [164].

3. Further Aspects Related to Plant Inmunity and an Overview of Possible
Unconventional Defence Strategies against Botrytis cinerea

In plant immunity, two levels of responses are induced. In the first instance, plant
trans-membrane pattern-recognition receptors (PRRs) can identify microbe-, pathogen-,
and/or damage-associated molecular patterns (MAMPs, PAMPs, and /or DAMPs). This
type is indicated as PAMP triggered immunity (PTI). In this case, very frequently is, for
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example, the generation of reactive oxygen species (ROS), the production of phytoalexins,
and the activation of mitogen-activated protein kinase (MAPK) signaling pathways, with
consequent induction of gene transcription providing protection against pathogens. When
the level of PT1 is exceeded, the host can activate a second level of cell-dependent response
through specific resistance (R) proteins characterized by conspicuous leucine-binding nu-
cleotide domains. R proteins recognize effectors, which are pathogen-delivered proteins
called effectors. Hence, the second level of perception involves the recognition by intracel-
lular receptors of pathogen virulence molecules called effectors; this recognition induces
effector-triggered immunity (ETI) [165-168].

In general, the understanding of the molecular mechanisms underlying the control
of plant responses to B. cinerea has great relevance from an application point of view in
facilitating the development of environmentally low-impact technologies and solutions for
the next crop defence strategy against B. cinerea attacks.

Between hosts and necrotrophic agents, a series of molecular responses have been
refined over the course of evolution, including the action of a range of hormones, the
synthesis of molecules with specific antimicrobial action, and extensive reprogramming of
gene expression presided over by countless transcription factors [95,169].

Necrotrophic pathogens, among which B. cinerea constitutes one of the most fearsome
representatives, are less easily counteracted by the host through R genes, while the endoge-
nous balance of several phytohormones such as salicylic acid (SA), jasmonic acid (JA), ethy-
lene (ET), brassinosteroid (BR), and others assumes a particularly important role [170,171].
We then come to analyze some experimental data on the role of some phytohormones in
the interaction between B. cinerea and host plants (model and cultivated plants).

It has been found that Arabidopsis mutants characterized by altered JA content/sensitivity
are more susceptible to different B. cinerea isolates [172]. Indeed, these genotypes exhibited
a highly altered molecular response to infection compared with controls. JA has also
been found to activate defences against necrotrophic diseases especially in the presence
of ET [173]. In contrast, SA-related signaling primarily leads to activation of the host’s
defensive response against biotrophic pathogens. So, increasing the level of SA in the host
can have negative effects on the plant’s defences; in fact, it has been shown, for example,
that in Arabidopsis plants mutant for the B. cinerea susceptibility gene, AtPLC2, there is a
low production of ROS and an intensification of SA signaling [174].

El Oirdi et al. [175] found that B. cinerea produces an exopolysaccharide that works
as an elicitor of SA signaling, which in turn goes against the activation of JA signaling
with a positive effect on necrotrophic growth on tomatoes. This is therefore an excellent
strategy for the pathogen to subvert the host’s defences. Recently, in Arabidopsis, BFP1 has
been shown to be a key host gene to reduce the rate of JA catabolism and counteract the
virulence of B. cinerea [176]. In rose, two transcription factors (RhEFR005 and RhCCCH12)
that respond to JA and ET signaling were found to exert control over endogenous cytokinin
levels, which in turn is a positive element in reducing host damage by B. cinerea [177].

Regarding auxins, it is interesting to report that in the tomato-B. cinerea interaction, a
molecular signal [Phytosulfokine (PSK), a disulfated pentapeptide] from the host has been
characterized, which when activated leads to increased cytosolic calcium and activates an
auxin-dependent pathway that enhances immunity to B. cinerea in tomato [178]. On the
other hand, it is known that Arabidopsis mutants defective in the auxin-stimulated SCF
ubiquitination pathway showed susceptibility to B. cinerea attack [179]. Similarly, it was
found that exogenous treatments with indole-3-acetic acid (IAA) and gibberellic acid (GA3)
have a promoting effect on B. cinerea resistance, while the opposite occurs if ET and abscisic
acid (ABA) are administered [180]. As regards cultivated tree plants, it is noteworthy that
the administration of 50 mg mL~! IAA in Actinidia significantly improves the response to
B. cinerea [181].
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ET represents a hormone that is known to be involved in the response to a variety
of abiotic stress sources but also has a considerable role in biotic interactions. Regarding
the tomato-B. cinerea interaction, very interesting is the work carried out by Diaz and
collaborators [107]. In fact, in addition to carrying out exogenous treatments, the authors
appropriately used in their experimentation a series of mutants for the synthesis and/or
perception of hormones (e.g., Never ripe, Epinastic, and Defenseless) concluding that ET is
important for the expression of tomato resistance to B. cinerea. In addition, the Defenseless
mutant, deficient in JA synthesis, showed a significant increase in susceptibility to B. cinerea.

As for ET response factors (ERFs), numerous members are often present in plants,
and some of them play a role in immunity. For example, ERF5 and ERF6 transgenic plants
showed an increased resistance level against B. cinerea [182]. In the interaction between
tomato and B. cinerea, Deng et al. [183] studied the factor SIERF.C1. These authors obtained
plants deleted or overexpressing the gene encoding for this ERF and showed that in tomato
fruits, B. cinerea aggression triggers SIERF.C1 expression and ET production, resulting in
SIMPKS transcription. The subsequent step is the phosphorylation of SIERE.C1 at a specific
residue to activate the expression of PR genes. Various elements of the molecular chain of
events that govern the response of tomato fruits to B. cinerea have therefore been deciphered.

In PAMP-triggered immune responses, it is very important for the host to recognize
molecular signals of the pathogen as necrosis- and ET-inducing-like proteins (NLPs). In
Arabidopsis, Ono and colleagues [184] showed that a central role is played by the RLP23
receptor of NLP peptides. In fact, RLP23 is required for Arabidopsis immunity against
B. cinerea, and indeed, the defective mutant of this receptor exhibits high susceptibility to
gray mold. Moreover, the authors showed that the RLP23 role is active at the pre-invasive
steps of interaction.

It is important to remember that for plants, a constitutive and repeated immune
response has negative effects on growth, and therefore a fine hormonal balance must be
established to respond effectively to pathogens but without excessive damage to host
growth. These aspects are even more prominent when it comes to plants of agronomic
interest [185]. To date, the molecular mechanisms that preside over this adjustment are still
poorly characterized [186].

In the activation of the plant immune response, as expected, transcription factors play
a key role. With reference to the plant-B. cinerea interaction, various data suggest that
the role of WRY33 is very important. In Arabidopsis, it has been established that WRY33
is phosphorylated by MAP kinases following infection by B. cinerea, and this molecular
step presides over the activation of the PAD3 gene, which leads to the biosynthesis of
camalexin [187]. In addition, WRY33 is also crucial in the host hormonal response [188]. In
fact, the wrky33 mutant of Arabidopsis is extremely susceptible to B. cinerea and shows a very
high ABA endogenous level. The authors demonstrated that WRKY33 directly affects the
activity of two essential genes for ABA biosynthesis: NCED3 and NCEDb. The crucial role
of WRKY33 has also been investigated in crop species, such as tomato, where the reduction
of cell death and ROS accumulation in the infected area appeared as key events [189,190].

As previously reported, characterizing the molecular mechanisms of immunity may
facilitate the development of new solutions to combat B. cinerea in nature. For example,
the patented elicitor AsES is a member of the subtilisin-related alkaline proteases, and
it is precisely its proteolytic activity that triggers a systemic defence, response against
pathogens in strawberries. Hael-Conrad et al. [191] demonstrated that AsES generates a
defence response in a dose- and time-dependent manner against B. cinerea. Interestingly,
hormones in SA-, JA-, and ET-induced signaling pathways are important for activating
AsES-dependent responses. Therefore, the authors suggest that elicitors can be used to
induce plant defenses and could represent an alternative to the use of fungicides.
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An attractive strategy could be chemical interference with the mechanisms of pathogens
that can detoxify, for example, ROS. In this regard, an interesting target gene could be BcTol1.
Yang et al. [192] showed that BcTol1 is differentially regulated to enhance BcCcp1 secretion
during the early phase of infection. Inactivation of BcTol1 or BcCcp1 leads to dramatically
reduced virulence of B. cinerea. Moreover, the authors identified two BcToll-targeting small
molecules with a role in the prevention of B. cinerea invasion.

It may also be useful to develop treatments to promote activation of the immune
response. This is what has been done in lettuce by exogenous cellobiose treatments. This
product of cellulose hydrolysis may actually function as a type of pathogen/damage-
associated molecular pattern to induce plant innate immunity. He and colleagues [193]
determined that below 60 mg L~!, cellobiose administered on lettuce can have positive
effects on plant response to B. cinerea by activating high activities of 3-1,3-glucanase and
antioxidant enzymes at the early stage of pathogen infection. Interestingly, EDS1, PTI6,
and WRKY70, which are cellobiose-activated core regulatory factors such as SA signaling,
played a crucial role in modulating plant responses.

A recent and interesting experiment evaluated whether a natural, volatile, and sus-
tainable metabolite can be used to control B. cinerea on crop plants. Felemban and col-
leagues [194] determined that a carotenoid degradation product, 3-ionone (apocarotenoid),
suggests interesting uses. In Arabidopsis, the authors showed that the exogenous supply of
this apocarotenoid causes profound transcriptional reprogramming and changes on the
endogenous level of hormones such as ABA, JA, and SA. These responses had a positive
effect on plants when they were inoculated with B. cinerea. This remarkable increase in the
level of resistance toward B. cinerea was also confirmed in tobacco and tomato plants. More-
over, even transgenic plants characterized by an endogenous level of 3-ionone showed less
damage from B. cinerea when inoculated.

An interesting natural substance to control B. cinerea may also be chitosan. This is a
highly biocompatible biopolymer due to its biodegradability, bioadhesivity, and bioactivity.
For these reasons, it displays a wide range of applications. Among these, chitosan can
induce plant defence mechanisms (defence priming). De Vega et al. [195] focused their
attention on defence priming by chitosan. The use of chitosan results in induced resistance
(IR) in solanaceous and brassicaceous plants. In tomato plants, increased resistance has
been related to priming callose deposition and JA accumulation. Data from large-scale
transcriptomic analysis showed that chitosan triggers gene expression at early stages after
infection. Moreover, two new tomato genes with a typical priming profile were found:
Avr9/Cf-9 rapidly elicited proteins 75 (ACRE75) and 180 (ACRE180). Transient and stable
overexpression of ACRE75, ACRE180, and their Nicotiana benthamiana homologs showed
that they are positive regulators of plant resistance against B. cinerea. These findings
provided helpful information for searching for strategies to protect Solanaceae plants against
B. cinerea.

Further examples of natural substances effective against B. cinerea can also be provided
by some essential oils. In apple fruit, treatments with thyme oil induced resistance against
B. cinerea through the priming of defence responses. Data suggested that the PR-8 gene in
the host has a crucial role in the efficiency of antimicrobial effects to contrast gray mold [196].
Other essential oils (EOs) have been tested against B. cinerea. In a recent study, a strong
reduction in the growth of B. cinerea was obtained using a very low dose (0.5 mg mL 1)
of Cinnamomum cassia, Litsea cubeba var. formosana, and O. vulgare EOs [197]. Specifically,
the active metabolites, carvacrol and thymol, completely inhibited the germination of
B. cinerea spores at a concentration of 300 pg mL~!, while the same substances induced
collapse and damage to the treated B. cinerea mycelia as observed by scanning electron
microscope (SEM).
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Natural allies to counteract B. cinerea devastation in plants can also be simple amino
acids. In this regard, both the in vitro and in vivo experiments against gray mold conducted
by Li and colleagues [198] clarified that the amino acids of interest may be L-methionine
and L-arginine. Analysis of the effects induced on the mycelium showed disruption of the
cell membrane, lipid peroxidation, and abnormal development of hyphae. The authors
argue that L-methionine or L-arginine are useful natural substances to control gray mold
postharvest in both fruit and vegetables.

Among the most interesting B. cinerea control strategies to be implemented in nature
on crops is the use of biocontrol microorganisms [199-203]. In-depth analysis of this
complex topic is beyond the scope of this review. However, here, we hope that in the
future, innovative research topics such as transcriptomic analysis on key biocontrol agents
will also be encouraged in order to evaluate the role of specific genes in enhancing (or
worsening) their ability to counteract the action of the pathogens. In this context, Zheng
et al. [204] analyzed the interaction between Pantoea jilinensis and B. cinerea to understand
the molecular details of biocontrol mechanisms. The effective strategy has been to silence
specific genes to better understand their role.

What if a waste to be disposed of at a specific cost became a weapon against B. cinerea?
This question was answered by Zhao and colleagues [205] by evaluating whether an agro-
industrial waste product such as sunflower receptacles can be effective against B. cinerea.
Indeed, the sunflower receptacle has proven to be a source of interesting diterpenes for use
in counteracting B. cinerea infection.

An alternative strategy to combat B. cinerea may be outlined in the future by the study
of long non-coding RNAs (IncRNAs) that this pathogen induces in the host. Chen and
colleagues [206] recently addressed this hypothesis. The authors identified, at the level of
tomato fruit, nearly three hundred different IncRNAs that react to B. cinerea. Specifically,
a greater amount of antisense IncRNAs was found to target genes enriched in hydrolase
activity. The roles of these IncRNAs were further investigated by VIGS (Virus-Induced
Gene Silencing) experiments with a relative knockout approach. Therefore, the collected
data could support references for the role of specific IncRNAs in inhibiting B. cinerea
by modulating the expression of defense-related genes or influencing hydrolase activity.
Furthermore, in the same host-pathogen interaction, other authors have recently focused
on the study of specific miRNAs and siRNAs [207].

4. RNA Interference (RNAi): First Evidence and an Overview of Molecular Mechanisms

The control of B. cinerea is often quite difficult due to its wide host range and its
environmental persistence. The most common strategy to reduce the spread of B. cinerea is
through chemical means, generating not only the problem of the development of resistance
but also of human health and the environment [26]. The flexibility and plasticity of the
pathogen in challenging the defense mechanisms of plants, along with its ability to evolve
strategies for escaping chemicals used for its control, pushed research toward the develop-
ment of new control strategies for a safer and more environmentally friendly management
of gray mold diseases. In this context, RNAi-based technologies are arising for the develop-
ment of new control strategies, and they could benefit from information provided by new
genomic sequencing (NGS), which offers greater possibilities to combat the pathogen. In
RNAi-based pathogen control, a specific nucleotide sequence of dsRNA could be simply
applied to plants as a potential alternative to conventional fungicides [10-12].

RNAI is an ancient mechanism strongly conserved from yeasts to humans during
the evolution process [208-210]. Its formal discovery dates to 1998, when Andrew Fire
and colleagues discovered the function of dsRNA in gene silencing events. Even then,
it was evident that RNA could be used to interfere with the expression of a gene [211].
Already in 1985, John C. Sandford and Stehpen A. Johnston, illustrating the applications of
the parasite-derived resistance, suggested the use of RNA complementary to that of the
parasites to block the infection through anti-sense strand interference due to the formation
of an RNA-RNA duplex [212]. Anyway, it was previously thought that the RNAi was
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mainly due to an anti-sense hybridization mechanism between the inserted RNA and the
target mRNA transcript. Soon after, in 1995, in a study by Su Guo and Kenneth J. Kemphues
on Caenorhabditis elegans, it was shown that sense RNA was as efficient as antisense RNA
in decreasing gene expression [213]. They were studying the PAR-1 gene, which encodes
a putative Ser/Thr kinase with similarity to kinases from yeasts and mammals and is
necessary for directing the polarity of C. elegans embryos. When they injected sense or
antisense RNA into the gonads of worms, an average of 50% of worms arrested their
development, showing a phenotype close to the par-1 mutant.

The breakthrough of Andrew Fire, Craig G. Mello, and colleagues was to test the
synergy of sense and antisense RNAs. The unc-22 gene was chosen for initial comparisons
of activity. unc22 encodes an abundant but nonessential myofilament protein [214]. They
found that the dsRNA mixture produced interference much better than sense or antisense
RNAs alone [211]. Notably, the results of this interference were evident in both the injected
animals and their progeny. They also noticed that a few molecules of dsRNA were sufficient
to have a huge interference, guessing a non-stoichiometric process due to an amplification
element in the whole silencing process.

Starting from this crucial discovery, some previously conducted studies on homology-
dependent gene silencing mechanisms have been reevaluated as they may share a common
biological basis. In 1990, C. Napoli and colleagues were working with transgenic petunias
with the goal of altering flower pigmentation. They introduced a chimeric CHALCONE
SYNTHASE (CHS) gene to allow its overexpression, which instead led to blocking of antho-
cyanin biosynthesis, and flowers showed total or partial white phenotypes. They found
that the transgene was as inactive as the endogenous gene and was therefore somehow
able to suppress the expression not only of the homologous endogenous gene but also of
itself in a phenomenon called co-suppression [215].

Co-suppression phenomena were not exclusive to plants, but similar events were also
observed in the fungus Neurospora crassa. Studies have been conducted to overexpress
the albino-1 (al-1) gene required in carotenoid biosynthesis, which gives the typical orange
pigmentation to the fungal colony. However, around 30% of N. crassa transformants showed
an albino phenotype identical to that of al-1 mutants. The observed phenomenon was
termed ‘quelling’, understood as a PTGS event [216]. Co-suppression in the broad sense,
as defined by Jorgensen [217], has also been observed in Drosophila through white-alcohol
dehydrogenase (adh) transgenes, and, furthermore, a gradual reduction of expression in the
transgenes and the endogenous gene was found to be related to an increased dosage of the
transgene [218].

In the meantime, many laboratories were working on viral RNA. It was known that in
plants, if there is sequence similarity between the virus and a transgene or an endogenous
gene, Virus-Induced Gene Silencing (VIGS) can occur, and plants react to RNA viruses by
targeting them for destruction [219-223]. By analogy with RNA interference in animals,
this mechanism is thought to involve the transformation of dsRNA into siRNAs. An RNase
complex is then guided by the base pairing of the siRNAs to specifically target single-
stranded (ss) RNA [224,225]. After the discovery by A. Fire, C. G. Mello, and colleagues, it
was clear that both transgene arrays and replicating viral RNA generate dsRNA, and a new
term was coined: RNAi [211].

The RNAI features imply the existence of a mechanism capable of not only triggering
but also amplifying the silencing signal as an active response to foreign RNA. Subsequently,
comparative studies were conducted of the C. elegans genes required for RNAi with those
required in other organisms such as Drosophila, plants, and fungi [226-229]. From these anal-
yses, it emerged that the silencing process, variously referred to as PTGS, co-suppression,
quelling, and RNAj, indicated a common underlying mechanism that echoed an ancient
origin in a common ancestor of plants, animals, and fungi [215,216,230,231]. In addition to
these important findings, after PTGS plant studies, small RNAs (sSRNAs) were shown to be
produced [232] and consecutively identified as the common key molecule that specifically
drives RNA silencing events [233-236].
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RNAi-based pathways are used by eukaryotic organisms for several regulatory mecha-
nisms, such as control of genes and genome integrity, defense against viruses, and control of
developmental factors. RNAi seems to be involved in the control of transposable elements
(TEs) in plants and animals [226,237-239]. Mutations in RNAi pathway genes can lead to
a loss of silencing effect along with increased activity of TEs [226,237,239,240]. In plants,
RNAI is closely linked to viral defense; in fact, mutants of the gene related to the PTGS
pathway have shown increased susceptibility to viruses, and, on the other hand, many plant
viruses have developed genes to hinder the RNAi response in wounded cells [209,241-247].

RNA-dependent transcriptional silencing can also regulate heterochromatin formation
involving histone H3 methylation for controlling gene expression [248]. In fact, silencing
of RNAIi genes can lead to a loss of heterochromatin and centromeric functions necessary
during mitosis for chromosome segregation [249-252]. Moreover, its regulation of hete-
rochromatin can interfere with meiotic genes regulated in turn by long terminal repeat
(LTR) retrotransposons. When these LTRs are transcribed, silencing of the affected locus
can occur [208,253]. Defects in the RNAi pathway or the loss of these LTRs can affect the
expression of meiotic genes [254]. Regulation of meiosis can also take place through RNAi,
for example, in N. crassa during meiosis from unpaired regions of chromosomes [255].

Furthermore, genes of the RNAi pathway appear closely linked to the regulation of
developmental stages in different organisms. The Arabidopsis ARGONAUTE1 (AGO1)
protein was first identified during a study of developmental mutants and was only later
shown to play a role in RNAi [228,256]. Studies on C. elegans mutants for the DCR-1 gene
showed heterochronic phenotypes close to the lin-4 and let-7 mutations. lin-4 and let-7
are small temporal RNA (stRNA) genes that regulate stage-specific development [257].
In Drosophila, the bantam gene encodes a 21-nt microRNA, which controls development
and promotes tissue growth by regulating the pro-apoptotic gene hid that recognizes
complementary sequences in its 3'-UTR region [258]. In all the above-mentioned cases,
what is clear is that RNAi is an important pathway between organisms that can be used for
several crucial purposes by many different species [259,260].

RNAIi or RNA silencing are general terms for a peculiar collection of events in which
short RNA molecules trigger the repression of homologous sequences (Figure 5).

Although they may vary in some details, RNAIi in animals, PTGS in plants, and
quelling in fungi follow all the same highly conserved pathway, referring to an ancient
common origin [261-264]. The characterization of the phenomena underlying RNA,
following numerous studies, has made it possible to reveal the components and molecular
pathways that regulate this mechanism [265]. The basic process involves dsRNA being
cleaved into smaller sSRNA duplexes, molecules of 21-25 nucleotides, first described in
plants [232]. They are very specific for target sequences as they can guide recognition and
address the cleavage of homologous mRNA.

The dsRNA molecule that triggers the pathway can originate in the nucleus or in the
cytoplasm in several ways, such as viral replication, simultaneous synthesis of sense and an-
tisense RNA strands, transcription through inverted DNA repeats, and by RNA-dependent
RNA polymerases (RARPs) [266,267]. The sRNAs can originate from endogenous or exoge-
nous dsRNAs, and two important types of SRNAs can commonly be found: microRNAs
(miRNAs) and small interfering RNAs (siRNAs) [265].

Subsequently, SRNA production is a stepwise process, including the activity of class II
and class III RNase-1II-type endonucleases, called DROSHA and DICER, respectively, and
containing RNase III and dsRNA binding domains (dsR-BD) [234,268,269].
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Figure 5. General scheme of a step model of the RNAi mechanism. TE: transposable element;
siRNA: small interfering RNA; AGO: Argonaute; RISC: RNA-Induced Silencing Complex; RARP:
RNA-dependent RNA polymerase. Modified by Plasterk [270] and Limera et al. [271].

DROSHA specifically processes miRNA precursors but not long dsRNAs. The miR-
NAs are first transcribed as long and hair-pinned primary transcripts (pri-miRNAs) and
then processed by DROSHA, which uses dsSRNA-binding domains (dsRBDs) for pri-miRNA
recognition [265]. This results in the formation of a miRNA precursor of approximately
70 nt (pre-miRNA) in the nucleus [272-274]. When DROSHA removes the folded miRNA
precursor, a 5’-phosphate and a 2-nucleotide 3’ overhang stand at the base of the miRNA
structure [273,275]. Later, the exportin-5 (XPO5)/RanGTP complex, a nuclear export recep-
tor, delivers the pre-miRNA to the cytoplasm [276-278]. At this point, an enzyme of the
DICER family processes pre-miRNAs and long dsRNA [274]. The miRNAs, after being
processed by DICER, associate with the AGO in the RNA-Induced Silencing Complex
(RISC), and one of the strands is eliminated. The remaining strand is linked to the AGO
protein, which can recognize sequences in the 3’ UTR of target mRNAs. According to the
homology with the target sequence, miRNAs can mainly regulate translation rather than
degradation of mRNA [279]. In plants, because miRNAs are highly complementary to the
target mRNA, cleavage is the primary mode of action. Only in recent years have translation
inhibition pathways been discovered in plants [280].

DICER enzymes are evolutionarily conserved as they were identified in many organ-
isms, including C. elegans, plants, N. crassa, Drosophila, and humans [269,281-288]. DICER
triggers dsRNA cleavage, producing a 21-25-nt dsRNA ready for RISC loading [236]. The
enzyme contains two RNase III domains, which can sometimes form a pseudo-dimer, and
each cleaves one strand of the duplex [289,290]. A PIWI/AGO/ZWILLE (PAZ) domain
allows RNA recognition, thus playing an important role in the biology of RNA silencing
mechanisms [291]. The PAZ domain binds to the 3’ end [292], preferring 2-nt overhangs of
dsRNA [293], and to the C-terminal dsRBD. A dual-pocket architecture has been suggested
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for the PAZ domain, enabling the stabilization of the 2-nt 3’ overhang along with the
reorientation of the processed dsRNA to assist its loading on RISC [294]. The physical
distance in the overall architecture of this enzyme between the PAZ and RNase III domains
could lead to the production of different lengths of siRNA [295]. The complex also has an
N-terminal RNA helicase for substrate unpacking [269]. It has also been suggested that the
helicase domain may function to guide dsRNA substrates to PAZ-RNase III domains [296].

At this point, the siRNAs are incorporated into the RNA uploaded on RISC, the
multiprotein complex assembled in the cytoplasm [233,297,298]. The first step is the
unwinding of siRNA duplexes, in which only the antisense strand is charged into the
RISC and targets the cognate mRNA for degradation [299,300]. This process is guided
by highly precise base pairing of the antisense or guide strand and the target mRNA; in
particular, the recognition site is represented by the so-called seed sequence (nt 2-8). It
could be that the guide strand recognizes its targets within the seed-sequence nucleotides
2-5, and after undergoing conformational changes, confirms the target with nucleotides 6-7
and then with the remaining ones [301]. Thus, the mRNA is cleaved at the middle of the
siRNA strand and subsequently degraded [299,302]. The main component of RISC is AGO
proteins, which are characterized by four main domains: amino-terminal (N-terminal),
PAZ, MIDDLE (MID), and PIWT in all organisms, from bacteria to humans [303,304].

A variable domain (ND) is present in the N-terminal region, which helps to separate
the siRNA-target duplex after slicing [305]. The 5’-phosphate of the antisense strand is put
in the right position by the MID domain, which interacts with the nucleotide specificity
loop with the help of the PIWI domain [306]. The 3’ end of the RNA binds to the PAZ do-
main [292,307], which provides a binding pocket for the two-nucleotide overhanging [308].
The PIWI domain is such as ribonucleases H (RNaseH) and is the core of enzymatic
cleavage activity in the RNA-mediated silencing complex, which requires Mg?* for its
activity [303,309]. The MID-PIWI section does not encounter considerable conformational
changes to contain the target, while the PAZ domain seems to involve rearrangement and
releases the guide related to target binding [310]. At the end of the process, the target
mRNA is cut and degraded.

In addition to the main mechanism of RNAj, in the so-called transitive RNAi, an RARP
can use previously produced siRNAs as primers with the aim of amplifying the abundance
of dsRNA, and DICER will subsequently cleave the new dsRNA into siRNA with a diffusion
silencing signal [311]. RARPs have been identified, for example, in C. elegans, plants, and
filamentous fungi [311-314]. Another spreading signal pathway is systemic RNAi, in
which an amplification mechanism allows the production of the RNAIi signal, which is
subsequently moved between cells [315].

In plants and fungi, SRNAs also mediate transcriptional gene silencing (TGS) through
mechanisms involving DNA methylation, as observed in Arabidopsis [316,317], or histone
methylation, as demonstrated in budding yeast for pericentric heterochromatin forma-
tion [318].

4.1. RNA:i in the Fungal Kingdom

The RNAi mechanism has been fully investigated in fungi, and its role differs through-
out the fungal kingdom, since it has evolved according to the peculiarities and requirements
of each species. Fungi have exploited RNAI to regulate several functions, such as genome
integrity, defense against exogenous DNA, virulence, and development, using it as a ver-
satile evolutionary tool capable of enhancing the great fungal diversity. Fungi served as
model organisms during the discovery of RNAi, particularly N. crassa, for which one of
the first silencing events was reported. N. crassa has different RNAi mechanisms; the first
described is quelling, which suppresses virus infections and TEs [216,312]. Quelling is the
canonical RNAi pathway triggered by a transgene homologous to an endogenous gene.
The quelling pathway consists of an RARP (QDE-1), two DICER-like proteins (DCL1 or
DCL2), an AGO (QDE-2), and the RecQ helicase QDE-3 [281,312,319,320].
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Another important mechanism described for N. crassa is the meiotic silencing of un-
paired DNA (MSUD). MSUD has a remarkable ability to scan homologous chromosomes
for unpaired DNA during meiosis. After the unpaired DNA has been identified, MSUD
silences all RNA from the unpaired DNA along with any RNA transcribed from homolo-
gous sequences elsewhere in the genome, regardless of their pairing status [321,322]. This
mechanism was also found in Gibberella zeae operating during prophase I [323]. MSUD
involves some genes of the canonical RNAi pathway (Dcl1) along with SAD-1, a specific
RdRP, the AGO SMS-2, and the SAD-3 helicase, and all form a multiprotein complex that
generates MSUD-associated siRNAs (masiRNAs) in the perinuclear region [324].

The first described function of RNAi is that of defense against viral infections through
the production of virus-derived small interfering RNAs (vsRNAs), and it has been fully
studied in Cryphonectria parasitica since it is considered a model in virus-fungus interac-
tions [325]. C. parasitica mutants for RNAi genes were strongly susceptible to mycovirus as
they were impaired in the production of vsRNAs [325]. As a counter-defense, viruses can
use RNAi suppressors; in fact, the mycovirus Cryphonectria hypovirus 1 (CHV1) expresses a
Papain-like protease named p29, which blocks the expression of dcl2 and ago2 in the fungus,
abolishing its immunity [326].

Similarly, in several Aspergillus species, RNAi appears to be related to virus-fungus
interactions [327]. In A. nidulans, 341 virus-derived siRNAs indicate that RNAi acts as a
defense mechanism against viruses [328]. On the other hand, viruses can also encode RNAi
suppressors to block the RNAi viral defense response in A. nidulans [328]. The evolution
in virus-host interaction has led to a fine-tuning of the RNAi mechanism so that both
can benefit.

The RNAi mechanism can also control the spread of TEs, and its role in TEs repres-
sion has been illustrated in plants as well as in animals [226,329,330]. The role of RNAi
in the control of TEs has also been studied in fungi. In N. crassa, a PTGS mechanism
controls the LINE1-like retrotransposons without involving DNA methylation [331]. In
Schizosaccharomyces pombe, siRNAs targeting the Tf2 retrotransposon were found, and the
siRNAs appeared to be related to the methylation of histone H3 in lysine 9 (H3K9me) [332].
In Magnaporthe oryzae, approximately 10% of all observed sRNAs are mapped to LTR-
retrotransposons [333]. In Mucor circinelloides, sSRNAs produced by the canonical RNAi
pathway regulate the TE located around the centromeric area (Grem-LINE1) [334]. Fur-
thermore, another pathway called the non-canonical RNAi pathway (NCRIP) seems to
play a role in silencing Grem-LINE1 by modulating the canonical pathway [335]. Similarly,
Puccinia graminis f. sp. tritici produces a high amount of sSRNAs in centromeric regions
during infection, which induces silencing of TEs around centromeres [336].

The pathogenic fungus Cryptococcus neoformans has also been shown to use RNAi for
the TEs control and maintenance of genome integrity, particularly during sexual repro-
duction, where an RNAi mechanism called sex-induced silencing (SIS) is used [337]. In
C. neoformans, five genes (Rdel-5) are required for the suppression of HAR1 (DNA TE),
and Rde4, involved in siRNA biogenesis, may have a role in TE control [338]. Moreover,
along with siRNAs, miRNAs targeting TEs were detected in C. neoformans, suggesting their
possible involvement in TE control [339].

Another important role of RNAi pathways is the regulation of endogenous genes re-
lated to metabolism or vegetative growth, as well as genes involved in sexual reproduction
and pathogenesis [340,341].

In M. circinelloides, the RNAi mechanism goes beyond the canonical, epimutational,
and non-canonical pathways. They all create a regulatory network for the control of
endogenous genes [340,342]. Its basic RNAi mechanism works against transgenes, viruses,
and transposons, but it also uses exonic siRNAs (ex-siRNAs) to modulate the expression of
endogenous genes. In M. circinelloides, approximately 700 genes are regulated by ex-siRNAs,
all of which play an important role in its development and physiology [343,344]. Mutants
for ex-siRNA synthesis components show reduced growth, lower asexual sporulation, and
altered hyphal morphology [345,346].
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Similarly, Trichoderma atroviride produces sSRNAs such as ex-siRNAs of M. circinelloides,
related to development and growth [347], and Fusarium graminearum produces ex-siRNAs
during ascosporogenesis [348].

Another RNAi mechanism shown in M. circinelloides is the non-canonical RNAi path-
way (NCRIP), where the non-canonical features are the independence of DICER and AGO
proteins. Here, another class of sSRNAs called RdRP-dependent dicer-independent sR-
NAs (rdRNAs) is produced after mRNA degradation [349]. This pathway binds dsRNA
but only cuts ssRNA. NCRIP shows a heterogeneity of functional roles. It reduces the
epimutational pathway, and the loss of NCRIP increases the formation of drug-resistant
strains. The NCRIP mechanism is involved in oxidative stress and sexual interaction and
can also regulate a huge amount of genes mainly related to saprophytic growth (cellular
metabolism, germination, and development) [335,349]. NCRIP also influences the control
of retrotransposon expression, playing a key role in genome stability [350].

Moreover, in M. circinelloides, the epimutational RNAi pathway allows transient si-
lencing of specific mRNA during a stress challenge [351,352]. This pathway is activated
during exposure to antifungal compounds to enhance drug resistance through siRNA
production [351]. The mechanism requires both canonical RNAi and NCRIP in a balance
that triggers the activation of epimutation under stress factors and confers plasticity to the
fungus under different conditions [351,353].

Epimutants were shown to grow during NCRIP inactivation as there was competition
between the two RNAi pathways [349]. The three RNAi pathways are closely related, allow-
ing M. circinelloides fine regulation in the control of mRNA levels to address environmental
challenges for the fungus [335].

N. crassa produces, through at least four different mechanisms, microRNA-like RNAs
(milRNAs) for the control of endogenous genes, which are produced starting from precur-
sors with specific stem-loop RNA. milRNAs appear to silence endogenous targets with
mismatches, as in animal miRNAs [354]. They can be involved in both the asexual and
sexual phases, as has also been found for F. graminearum [355,356].

As shown above, a great diversity of RNAi-based mechanisms can control fungal
gene expression, revealing its implications for several important functions connected with
growth, morphology, and sexual development.

Along with the mentioned roles, RNAi can also affect heterochromatin formation,
and S. pombe is considered a model for understanding the mechanism [357]. In S. pombe,
heterochromatin formation depends on siRNAs from centromeric regions displaying nu-
merous repeats [253,358]. These siRNAs link to the RNA-induced transcriptional silencing
complex (RITS) and bind to the RNA transcripts of centromeric repeats [252,359]. RITS
activity involves the histone methyltransferase Clr4, which catalyzes the lysine methylation
in the histone H3 (H3K9me), inducing heterochromatin assembly [252,358,360]. Moreover,
H3K9me, acting as a binding site, promotes chromatin-modifying proteins as well as RNAi
components, thereby stimulating the amplification of siRNA and H3K9me domains in
nearby centromeric regions [253,361]. RNAi-mediated heterochromatin formation and the
H3K9me also outline a possible epigenetic inheritance pathway that includes the spreading
of secondary siRNAs and H3K9me3 to the target gene and around it, where RNAi and
H3K9me act synergistically to maintain silencing, achieving transgenerational epigenetic
inheritance [362].

4.2. RNAi in Host-Pathogen Interaction

The growing interest in RNAi as an alternative strategy to control plant pathogens has
led to a deep understanding of its involvement in host-pathogen interaction [363-366].

In Colletotrichum gleosporioides, DCLs have been shown to regulate several proteins
directly related to or involved in fungal pathogenicity. Double-deletion mutants for DCL1
and DCL2 showed strongly reduced growth and conidiation, suggesting a role of the RNAi
pathway in vegetative growth along with conidia formation. Furthermore, the double
mutants were unable to cause lesions on Hevea brasiliensis leaves, showing a complete
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loss of pathogenicity. In fact, they presented a delay in germination and predominantly
superficial hyphal growth on the host surface [367].

In Magnaporthe oryzae, SRNAs and the mRNA transcriptome of RNAi deletion mutants
were analyzed to understand the role of the RNAi mechanism. The sSRNA pathway seems
involved in the preservation of the M. oryzae genome through transcriptional control of
telomeric intergenic and repeated regions, supporting the role of RNAi in developmental
processes, fungal growth, and virulence [368].

In Sclerotinia sclerotiorum, double-deletion mutants for DCLI and DCL2 and mutants in
the agl-2 gene encoding the AGO protein showed markedly reduced growth and virulence
before viral infection and even more severe devitalization after virus infections. This
implied phenotypic changes such as reduced growth, decreased pigmentation, and slowed
sclerotia formation [369,370].

In Valsa mali, AGO proteins have important roles in fungal pathogenicity and in envi-
ronmental responses, in particular VMAGO?2 for H,O, tolerance [371]. Similarly, FoQde-2
deletion mutants for the AGO protein of Fusarium oxysporum f. sp. lycopersici showed
reduced virulence on tomatoes; on the contrary, no effect on vegetative growth was demon-
strated [372].

RNAIi pathways in F. graminearum are involved in conidiation, ascosporogenesis,
and pathogenicity. FgDcrl and FgAgo2, which generate ex-siRNAs, can regulate the
virulence of F. graminearum and could regulate the biogenesis of milRNAs by influencing
gene expression, in particular perithecia-specific miRNA-like RNAs [355,373]. In addition,
F. graminearum produces several mycotoxins to colonize host tissues. Analysis of the
mutants showed that the amount of deoxynivalenol (DON) produced was strongly lower
in wheat spikes when RNAi mutants infected them, suggesting that the RNAi may enhance
mycotoxin production [373].

In the case of the citrus fruit pathogen Penicillium italicum, mutants for Pit-DCL1 and
Pit-DCL2 were strongly less pathogenic, and critically stopped the biogenesis of milRNAs,
which may be involved in the mechanism of cross-kingdom RNAi [374].

Cross-kingdom RNA| is an important feature of fungal pathogenesis as it consists of
the trafficking of sSRNAs between the host and the pathogen that promotes silencing in
trans [375-378]. This mechanism was first illustrated in B. cinerea, which produced sRNAs
to silence Arabidopsis and tomato immunity. It deviated from the host RNAi mechanism
by inactivating host AGOL1 proteins and suppressing immunity genes. The Arabidopsis
agol mutant showed resistance to B. cinerea, while the B. cinerea dcl1-dcl2 double knockout
mutant failed to produce these sSRNAs, particularly Bc-siR3.1, Bc-siR3.2, and Be-siR5, and
showed reduced pathogenicity. This demonstrated that B. cinerea uses sSRNAs as effectors to
suppress plant immunity and successfully infect the host through a cross-kingdom sRNA
trafficking mechanism [378].

Similarly, Verticillium dahline depends on plant AGOL for its pathogenicity [379]. The
fungus produces sRNAs that are primarily directed at Arabidopsis AGO1-associated genes
during infection, suggesting the use of sSRNAs to silence host targets. Indeed, the Arabidopsis
agol mutant showed enhanced resistance to the pathogen [12].

The soybean pathogen Phytophthora sojae produces RNA silencing suppressors (PSR1
and PSR2) to repress host RNA silencing through the inhibition of sSRNA biogenesis. In
particular, PSR1 inhibits the synthesis of siRNAs and miRNAs, while PSR2 hinders the
formation of siRNAs [380]. Furthermore, Hou et al. [381] found that PSR2 specifically
reduces the accumulation of secondary siRNAs triggered by microRNAs miR161 and
miR173. miR173 targets long non-coding RNAs of the TAS1/TAS2 family, leading to
TAS1/TAS2-derived secondary siRNAs. Both TAS1/TAS2 secondary siRNAs and miR161
target protein-coding mRNAs from genes encoding the pentatricopeptide repeat (PPR),
generating PPR-derived secondary siRNAs. TAS-and PPR-derived siRNAs are secondary
siRNAs, and their biosynthesis depends on the activity of RDR6. RDR6 is involved in the
production of bacterial-induced 1siRNA-1 and natural antisense transcript (NAT)-associated
siRNAs (nat-siRNA, e.g., nat-siRNAATGB2). Knockout rdr6 mutants are very susceptible
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to Pseudomonas syringae pv. tomato, Agrobacterium tumefaciens, and Xanthomonas oryzae pv.
oryzae [382-385]. In addition, rdr6 mutants of Arabidopsis showed hypersusceptibility to
B. cinerea, Phytophthora capsici, and V. dahliae [379,381,386]. The contribution of RDR6 to
plant immunity may be due to its key role in the production of secondary siRNAs that
silence pathogen mRNAs [387].

Puccinia striiformis f. sp. tritici also uses this mechanism. In fact, it produces a
microRNA-like RNA 1 (Pst-milR1) to suppress host defenses. Silencing of Pst-milR1 led
to increased resistance of wheat to the pathogen [388]. Moreover, in Blumeria graminis f.
sp. hordei and B. graminis f. sp. tritici, SRNA-seq analysis revealed the presence of specific
sRINAs that target plant genes, altering important host functions in primary metabolism.
This suggests a cross-kingdom RNA transference between these fungi and their hosts [389].

These examples support the role of cross-kingdom RNAi in pathogenesis in diverse
species of fungi, bacteria, and Oomycota, suggesting its importance in the evolution of
host-pathogen interaction.

5. RNAi-Based Technologies to Control Plant Pathogens: HIGS and VIGS

In host-pathogen interactions, hosts can also transport sSRNAs into related pathogens
to contain their virulence, as was recently discovered [12,390-394].

In V. dahliae infection, cotton plants respond by increasing the synthesis of miR166
and miR159 and delivering them to the fungal hyphae for specific silencing. In fact, they
target genes that are fundamental to fungal virulence and which encode respectively Clp-1
and HiC-15, a Ca®*-dependent cysteine protease, and an isotrichodermin C-15 hydroxylase
contributing to fungal pathogenicity [394].

In the case of the root-knot nematode Meloidogyne incognita, when exposed to dsRNA
targeting the signaling peptide 16D10 that promotes its root growth, a significant reduction
in 16D10 mRNA was found. Moreover, in M. incognita infection of Arabidopsis producing
16D10 dsRNA, gall formation was reduced, indicating that the dsRNA produced in the
plants was ingested by the nematode and then underwent the expected RNAI effect [395].
The plant engineering to produce dsRNA, called host-induced gene silencing (HIGS),
demonstrates the delivery of dsRNAs from the host to interacting pathogens, supporting
the evidence for cross-kingdom RNAi [390,396].

HIGS is a possible strategy for crop protection, as transgenic crops could produce
customized dsRNA against the target pathogen, which will be processed into sSRNAs
against essential or pathogenicity genes [397].

The first report of HIGS against a fungal pathogen was conducted against Blumeria
graminis. It is an obligate biotrophic phytopathogen tightly connected through the haustoria
with the host cell for the supply of nutrients to the fungus. A biolistic bombardment of
RNAI constructs was conducted in host plant cells and found that 16 out of 76 B. graminis
target mRNAs led to a great reduction in haustoria production. These findings were
confirmed by a VIGS approach using Barley Stripe Mosaic Virus (BSMV) as a proof of
concept for the further development of transgenic plants engineered against B. graminis
mRNAs related to genes involved in haustoria formation [396].

HIGS experiments have also been conducted on Fusarium graminearum. Transgenic
plants expressing double-stranded RNA were produced, targeting all three fungal sterol 14a-
demethylase CYP51 genes, usually targets of DMI (demethylation inhibitor) fungicides such
as azoles [398,399]. The resulting Arabidopsis and barley RNAi plants exhibited complete
immunity to F. graminearum [399]. Similarly, RNAi constructs targeting different regions of
chitin synthase 3b (Chs3b), a gene highly expressed during F. graminearum colonization, were
used in wheat. This resulted in a notable reduction in fungal infection on both seedlings
and ears [400].
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In a HIGS study on Puccinia triticina, transformed wheat plants were used for the ex-
pression of hairpin RNAi constructs. They targeted a cyclophilin (PtCYCI) or a MAP-kinase
(PtMAPK1) of the fungus, which led to a consistent reduction in their transcript abundance,
resulting in reduced fungal growth in remarkably resistant plants [401]. Furthermore,
transgenic wheat plants expressing a HIGS construct against Puccinia striiformis f. sp. tritici
and targeting a PsCPK1 subunit of the protein kinase A (PKA) gene showed a reduction
in long infection hyphae and disease phenotype, resulting in increased resistance to the
pathogen [402].

Plants previously infected with Barley Stripe Mosaic Virus (BSMV) strains with antisense
sequences against F. culmorum, showed reduced levels of target transcripts in the pathogen
and lower disease symptoms in wheat. Engineered wheat plants exhibiting an RNAi
hairpin construct targeting the gene FcGls1, encoding a 3-1, 3-glucan synthase, showed
higher resistance to Fusarium Head Blight (FHB) in leaves and spikes as fungal hyphae
presented severe cell wall deformities [403].

In B. cinerea, transgenic Arabidopsis plants expressing hairpin RNAs against DCL1 and
DCL2 of the pathogen were analyzed. They showed smaller lesions and reduced fungal
growth, demonstrating that RNAi signals moved from plant to fungal cells very efficiently,
silencing target genes [12]. Furthermore, a VIGS approach was used [12,404]. The same
BcDCL1 and BcDCL2 RNAi fragments were introduced into Tobacco Rattle Virus (TRV) to
allow their expression in tomatoes. When tomato leaves were infected with B. cinerea, they
showed reduced or no symptoms of the disease [12].

The above-mentioned studies are just a few examples of HIGS used against plant
pathogens, and there are many other successful works conducted on insects, nematodes,
Oomycota, fungi, and even parasitic plants [405,406].

As previously reported, in addition to the use of transgenic plants, recombinant viruses
have been used to induce RNAi. A virus can be engineered to include mRNA sequences
and infect a plant that will use its antiviral RNAi response against the invading virus RNA
and the included sequence [221]. This RNAi-based technology called VIGS has been widely
used to study the function of plant genes, including those related to plant defense against
pathogens [221,397,407,408].

HIGS strategies against Uromyces appendiculatus, the causal agent of common bean
rust, have proven difficult and inefficient because beans are recalcitrant to genetic trans-
formation [409,410]. Therefore, Bean Pod Mottle Virus (BPMV) was used to express sSRNAs
corresponding to effector mRNAs of the fungus, and a reduction in rust disease symptoms
was achieved [411].

In the necrotrophic pathogen Sclerotinia sclerotiorum, VIGS was used to target soy-
bean respiratory burst oxidase homologues (RBOHs) by a Bean Pod Mottle Virus (BPMV),
obtaining high resistance to S. sclerotiorum with greatly reduced ROS levels [412].

Genome-wide association (GWAS) studies for virulence analysis of B. cinerea on
Solanum lycopersicum and S. pimpinellifolium indicated that the genetic architecture of viru-
lence is highly quantitative [413]. This confirms the widely accepted idea that the virulence
of B. cinerea is polygenic and depends on a complex and multiple set of pathogenicity
factors that give the pathogen the ability to infect multiple host plants. Therefore, genetic
improvement of crops against B. cinerea is complex because many different loci are often af-
fected [414-416]. Deepening knowledge on this topic requires different levels of study, such
as mapping of different quantitative trait loci (QTLs), use of multiple molecular markers,
and molecular and physiological analysis of different aspects of plant-host interaction. For
example, updated profiles exploring the broad genetic diversity of B. cinerea have provided
indispensable insights into the genetic and molecular mechanisms employed by the fungus
to attack its hosts [417]. In addition, the discovery of candidate genes for resistance to B.
cinerea will provide, in the future, an important theoretical reference for the mechanisms of
resistance to gray mold and the research and selection of gray mold-resistant plants [416].
The isolation of countless candidate genes for resistance and susceptibility against B. cinerea
requires extensive validation work to reliably assess the role of individual genes. Without
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a doubt, it is at this level that RNAi methods could facilitate genetic improvement work,
especially if the techniques are efficient and simple at the same time [418]. Clearly, valida-
tion work is also fundamental in order to then undertake the most appropriate genomic
editing programs. RNAi methods, especially VIGS, are useful to understand how the level
of damage caused by the pathogen can vary due to the silencing of a specific gene. Fur-
thermore, VIGS is very important to assess whether this also has undesirable effects on the
plant, such as variation in vigor and productivity [419]. Table 1 shows some recent studies
on the role of putatively important genes in crop breeding that also used RNAi techniques.

Table 1. Examples of recent research in which the role of resistance and susceptibility genes has been
validated through RNAi methods in different crops.

Host gisr::tance Susceptibility Gene Function of Protein RNAi Method Reference

Rosa chinensis RchHLH112 Basm/}}eh.x-loop helix VIGS [420]
transcription factor

Rosa chinensis RcbZIP17 Transeription factor with VIGS [421]

multi-functionality roles

Rosa chinensis

Protein involved in the
RcTBL16 O-acetylation pathway of VIGS [422]
plant cell walls

Gerbera hybrida

Polygalacturonase enzyme
ghPG1 and ghsit and ABA-aldehyde VIGS [415]
oxidase enzyme

Solanum lycopersicum

SIRCARY, SIRCAR11, Geneti
SIRCAR12, and Abscisic acid receptors t eneflc p [423]
SIRCAR13 ransformation

Solanum lycopersicum

Protein with DNA-binding
DEK domains with VIGS [424]
multi-functionality roles

Protein acting as a component
of the spliceosome and

Solanum lycopersicum  SISKIP1b h . VIGS [425]
ave roles in several
signaling pathways
microRNA with a silencing Genetic
Morus atropurpurea mno-miR164a function on MnNAC100 (a transformation [426]
transcription factor gene) and VIGS

Actinidia chinensis

microRNA with a role in
Ac-miR160d increased antioxidant VIGS [427]
enzyme activities and

phytohormone levels

WKRY transcription factors

. FaWRKY29 and with a role in growth,
Fragaria X ananassa FaWRKY64 development, and VIGS [428]
stress response
WKRY transcription factor
Fragaria x ananassa FaWRKY11 with a role in growth, VIGS [429]
development, and
stress response
Solunum tuberosum, S. DND1 A prote.m. a.ssoaa.ted with a Genetic . [430]
lycopersicum susceptibility trait transformation
Gossypium hirsutum HDTF1 Homeodomain transcription VIGS [431]

factor
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However, the scenario of genes given in Table 1 is not exhaustive of the information
gained on the susceptibility and resistance traits of plants against B. cinerea, and, therefore,
we refer to other, more specific reviews for this wide topic [432]. The complex genetics of
resistance make it problematic to decode critical genetic regulators of resistance in crop
plants. Key necrotrophic virulence effectors are gradually emerging, and it is important
to note that the identification of interactions between effectors and their virulence targets
represents a very relevant topic for future research [432]. The use of RNAi methods, for
example, to validate putative virulence factors of pathogens and plant susceptibility genes
may be of considerable interest.

Plant protection achieved by VIGS or HIGS leads to the development of Genetic Modi-
fied Organisms (GMOs). Indeed, these cross-kingdom RNA technologies require transgenic
plants or plants infected with engineered viruses [397]. Moreover, the feasibility depends
on the possibility of transforming the plants and the genetic stability of the resulting crop
species. Even when the transformation is successfully integrated into the genome, it takes
time to develop and release a commercial cultivar, considering the regulatory process and
public opinion about GMOs [433].

6. Environmental RNAi and SIGS Development for Plant Pathogen Control

Environmental RNAI is the uptake of external dsRNAs by organisms, that triggers
RNAI [434]. It is an attractive alternative for plant disease control because it does not
require modifications in crop genomes and results in high compliance for multi-target
strategies. Environmental RNAi does not take as long as HIGS or VIGS and can be directed
to any pathogen or pest that proves sensitive to RNAi approaches [433,435]. Moreover, it is
difficult for pathogens to generate mutations aiming to escape RNAi, and the mechanism
remains active even with various mutations in dsRNA [436]. Topical applications of dsSRNA
do not release toxic substances into the environment, nor do they cause alterations in crop
genes. Given these premises, a growing interest in the application of environmental RNAi
is rising.

Uptake of environmental dsRNA was first demonstrated in nematodes by injecting
dsRNA into adult animals or by feeding them with bacteria engineered to produce specific
dsRNA segments [211,437].

Environmental RNAi has also been demonstrated in insects through ingestion of
dsRNAs provided by an artificial diet, triggering RNA interference in Diabrotica virgifera
virgifera Le Conte, the western corn rootworm (WCR) [438]. Similarly, external uptake of
dsRNA was shown in Myzus persicae by feeding dsRNA produced by Arabidopsis expressing
RNA hairpin against the Eph genes, by recombinant Tobacco Rattle Virus (TRV) infecting
Nicotiana benthamiana, or also with dsRNA synthesized in vitro [439].

The mechanism of environmental RNAi was later discovered in fungi (Figure 6). Fungi
can uptake sSRNA duplexes and long dsRNAs ranging from 21 nt up to 800 nt [12,440].

When sRNAs or long dsRNAs were fluorescein-labeled and sprayed on B. cinerea
and F. graminearum agar plates, they were later observed within the cells of both fungi,
proving that fungal cells are able to obtain RNAs directly from the environment [12,400,440].
Accordingly, inhibition of gray mold disease was achieved by spraying long dsRNAs
targeting DCL1 and DCL2 of B. cinerea directly onto the surface of vegetables, flowers, and
fruits [12]. Furthermore, these RNAs can be processed by fungal cells or even accumulate in
host cells and then delivered into fungal ones through a cross-kingdom RNAi [392,393,441].

In F. graminearum, spray application of a long dsRNA on barley plants at a concentra-
tion of 1-20 ng mL~! and targeting the three cytochrome P450 lanosterol C-14a-demethylases
(CYP3-dsRNA) was shown to limit fungal growth. The effectiveness of silencing was
demonstrated not only in sprayed leaves but also in non-treated distal parts in a detached
leaf assay. The effective control of fungal infections by spray application in distal tissues
required movement of dsRNA through the plant vascular system as well as the processing
of dsDNA into siRNAs by fungal DCL1, following its uptake by the fungus. F. graminearum
mutant for DCL1 was unable to fully perform a CYP3RNA-mediated SIGS, implying that
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the fungus uses RNAI to produce hindering siRNAs against its host. Therefore, it is possible
that the fungus can take up environmental RNAs directly or indirectly through the plant
cells, the host plant cleaves dsRNAs, and sSRNAs are released to damage the pathogen [440].

SIGS HIGS

Spraying dsRNAs Transgenic plants

Fungal DCL
Fungal DCL

% — Vlrulence

p-‘f”-’\

jﬂnm:nullurmm siRNA '

Plant

Iﬂﬂ%m T Plant /

DCL (

. . dsRNA \
- ucleus

Figure 6. Schematic representation of SIGS and HIGS for the control of pathogenic fungi. DCL:
DICER-Like Protein. Modified by Sang and Kim [442].

In a study on the application of exogenous dsRNA to S. sclerotiorum, RNA sequencing
data were used to select the dsSRNA molecules targeting a single fungal gene [10]. Target
genes were knocked down by topical applications of dsRNA, leading to reduced lesions on
Brassica napus. In particular, the effect was evaluated using variable doses of dsRNA ranging
from 100 to 1000 ng mL~!, and at least 200 ng mL~! were required to induce significant
gene silencing. It was shown that high doses failed to trigger transcript reduction, as
previously demonstrated in other studies on flatworms and insects [443—445]. A high dose
could saturate the RNAI silencing machinery, making it unable to process all the molecules
at the same time [10]. Moreover, to achieve effective control of RNAi, the expression level
of target genes was evaluated, since a high level of gene regulation may affect RNAi-based
application because the dose of dsSRNA may not be enough to eliminate all the transcripts
of the target genes [10,446,447].

The first foliar application of dsRNA dates back to 2001, in a work by Tenllado
et al. [448]. They used in vitro-produced dsRNA to test the feasibility of its interference in
plant viral infections. They targeted three different viruses: the Tobacco Etch Virus (TEV),
the Pepper Mild Mottle Virus (PMMoV), and the Alfalfa Mosaic Virus (AMV). In this study,
the authors hypothesized that topical application of in vitro-produced dsRNA could be
commercially applied in crop protection if dsSRNA production was found to be inexpensive.
Afterwards, they tried to reduce the cost of dsSRNA production by using a crude extract of
E. coli HT115. dsRNAs expressed by bacteria have been shown to be equally effective in
protecting against plant viruses when sprayed on host plant surfaces [449].



Int. J. Mol. Sci. 2024, 25, 6798

32 of 61

One of the crucial points for the success of the RNAI tool is the choice of pathogenic
genes to inactivate, with the aim of also minimizing off-target problems. Until now, some
genes have been targeted for RNAi studies on B. cinerea, including effector genes, cell
wall elongation genes, ergosterol and chitinase biosynthesis genes, genes of the vesicle
trafficking pathway, and virulence genes involved in signal transduction or the secretory
pathway [10-12,450-452]. Considering the sequence-dependent nature of RNAi, dsRNA
molecules can be built with the aim of reducing possible side effects on non-target species.
Moreover, the use of highly specific genes of the target pathogen is much less likely to
negatively affect non-target organisms. In particular, targeting the virulence genes of the
pathogen could be less risky and much more pathogen-specifically oriented than using
essential pathogen genes.

A Case Study: Down Regulation of Botrytis cinerea Virulence Genes Using Topical dssSRNA
Treatments to Control Gray Mold on Lettuce Leaves

According to a recent classification, virulence genes in B. cinerea can be divided into
three classes: (i) the sensu lato virulence genes associated with the appressorium formation;
(ii) the sensu stricto virulence genes according to the definition of Choquer et al. [453], and
(iii) the plant cell wall disassembly genes (CAZyme genes) [23,453—455].

Spada and colleagues [36,63,456] selected three sensu stricto B. cinerea virulence genes:
the two MAP kinase genes BcBmp1 and BcBmp3 involved in fungal pathogenesis, and the
BcPls1 tetraspanin gene related to appressorium penetration. The authors demonstrated
that these genes were efficient and novel targets for RNAi against B. cinerea, and here some
of the main results are presented.

In addition, in silico analysis using the si-Fi v21 software [457] confirmed that BcBmp1-,
BcBmp3-, and BcPls1-dsRNA were highly specific for B. cinerea. Nevertheless, the best
approach to reducing risks is to combine bioinformatics analyses with biological data [458].
In fact, when BcBmp1-, BcBmp3-, and BcPls1-dsRNA molecules were tested in silico and
in vivo against T. harzianum (biocontrol agent) and F. oxysporum (endophyte), they did not
give any negative results, and their high specificity was confirmed, in accordance with the
prediction analysis [36,63].

The topical application of BcBmpl-dsRNA, BcBmp3-dsRNA, and BcPls1-dsRNA was
shown to mediate both in vitro and in vivo the knockdown of their transcripts.

To validate the selected virulence genes, the BcBmp1-, BcBmp3-, and BcPls1-dsRNA
molecules were in vitro applied to liquid cultures of B. cinerea grown in 96-well microtiter
plates. This kind of assay is simple and cost-effective for the analysis of the inhibitory
effects of molecules [459]. Furthermore, it allowed a small amount of dsRNA to be used
for a preliminary evaluation of its outcome on fungal vegetative growth and conidia
germination [460,461].

Fungal growth was not significantly delayed in the in vitro assay by BcBmpl-dsRNA
treatments. By contrast, fungal growth was significantly delayed in the treatment with
BcBmp3-dsRNA and BcPls1-dsRNA at 24, 48, and 72 h compared to the controls, and was
subsequently restored at 96 h. The presence of gene knockdown does not appear to be
directly linked to growth retardation. Indeed, the transcript levels at 48 h were remarkably
reduced compared to controls [36,63].

Germination of B. cinerea conidia was reduced by approximately 50% after 6 h of
incubation in the presence of BcBmp3-dsRNA compared to controls. Furthermore, some
germination defects after 9 h of incubation were also observed [36].

Gray mold caused by B. cinerea is considered one of the main diseases in greenhouse-
grown lettuce. The romaine lettuce variety and some iceberg lettuces are susceptible to B.
cinerea, both in greenhouses and in the field [462].
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In Lactuca sativa cv. Romana, Spada et al. [36,63] performed a detached leaf assay
by applying a conidial suspension of the pathogen as inoculum after locally treating
lettuce leaves with dsRNAs. At 5 dpi, topical application of BcBmpl-, BcBmp3-, and BcPls1-
dsRNA molecules reduced lesion areas approximately eight to ten times compared to the
controls (Figure 7). This strong decrease in necrotic areas (Figure 8A-C) was linked to a
drastically reduced level of Bmp1, Bmp3, and PIs1 transcripts in the infected lettuce leaves
(Figure 8D-F).

CTRL GFP-dsRNA BcBmp1-dsRNA BcBmp3-dsRNA BcPIs1-dsRNA

Figure 7. Infection symptoms of B. cinerea B05.10 on leaves of Lactuca sativa cv. Romana at 5 dpi.
Leaves were treated with water + TE (CTRL), GFP-dsRNA, BcBmp1-dsRNA, BcBmp3-dsRNA, or
BcPls1-dsRNA and then artificially inoculated with 5 pL of a conidial suspension (500 conidia) of the
pathogen. Scale bars = 1 cm. Modified by Spada et al. [36,63].

From the perspective of a practical application, the instability of naked dsRNA sprayed
on plants is an important point, and nanocarriers for dsSRNA delivery can be used to extend
its stability and durability. In line with this aim, Spada et al. [456] loaded BcBmp3-dsRNA
on non-toxic, degradable, layered double hydroxide clay nanosheets (LDH) for a sustained
release on leaf surface under in vivo conditions. Lettuce plants were sprayed with water,
LDH, or BcBmp3-dsRNA /LDH complex on day 0. B. cinerea was inoculated using a conidial
suspension 7 days after spray treatment. A significant reduction in gray mold severity was
observed as assessed by a rating scale and by calculating the McKinney index.

Therefore, all BcBmpl-dsRNA, BcBmp3-dsRNA, and BcPls1-dsRNA showed high
efficacy in RNAI against the corresponding genes by exogenous application of in vitro-
produced dsRNA molecules [36,63]. These dsRNAs are highly specific for B. cinerea and
are related to functions involved in the pathogenicity /virulence of the fungus, showing the
potential for being used in SIGS experiments on whole lettuce plants.
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Figure 8. Necrotic areas (mm?) at 5 dpi caused by B. cinerea B05.10 were measured using the Image]J
software (version 1.53a). Leaves were treated with water + TE (CTRL, blue), GFP-dsRNA (green),
or (A) BcBmp1-dsRNA (orange), (B) BcBmp3-dsRNA (fuchsia), and (C) BcPIs1-dsRNA (purple) and
were then artificially inoculated with a conidial suspension (5 x 102 spores) of the pathogen. The
graph shows the mean (+SE) values of two independent experiments. Relative transcript values of
(D) BcBmp1-dsRNA (orange), (E) BcBmp3-dsRNA (fuchsia), and (F) BcPIs1-dsRNA (purple) were
calculated at 5 dpi by qRT-PCR using GFP-dsRNA (green) and CTRL (blue) as reference samples and
normalized to the GAPDH gene of Lactuca sativa (LsGAPDHR1). The graph shows the mean (£SE)
values. The same letters above the bars indicate no significant differences from each other (ANOVA)
according to Tukey’s HSD test (p < 0.05). Modified by Spada et al. [36,63].

7. Perspectives on Spray-Induced Gene Silencing (SIGS) as a New Strategy for Plant
Disease Control

In recent years, the use of topical application of dsSRNA has been investigated for its
applications in plant protection. In particular, the dsRNA spraying technique has proven
to be a valid delivery method as demonstrated in many studies concerning RNAi-based
crop protection strategies [6,9,12,440,450,463-470].

However, this biotechnological approach needs to overcome some aspects before being
transformed into practical applications. Indeed, dsRNA molecules are susceptible to degra-
dation when exposed to the environment by applying them on the surface of plants or fruits.
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One of the studied approaches to increase the stability and longevity of naked dsRNAs for
topical applications is to complex them with biocompatible nanoparticles [471,472].

SIGS-based disease management strategies require systems that can rapidly produce
large quantities of dsRNA molecules and are cost-effective. Classic strategies for dSSRNA
production based on chemical synthesis or in vitro transcription are not feasible on large-
scale applications due to high costs and low yields.

Furthermore, products resulting from this technology are currently undergoing risk
assessment studies to verify their safety for the environment and the consumer [458].

7.1. dsRNA Production

The production of dsRNAs can be performed in vitro or in vivo [12,440,449,473,474].

In vitro production can be carried out by enzymatic transcription or chemical synthesis.
Enzymatic transcription allows the synthesis of pure dsRNA and is based on the annealing
of sense and antisense single-stranded RNAs. Enzymatic transcription is the principle
on which commercially available kits are based and involves the use of DNA templates
and PCR-generated ones, for the production of dsRNA [8]. This method has been widely
used to target several B. cinerea genes through topical applications (Table 2). However,
when a huge amount of dsRNA is needed for a large-scale application, these kits are too
expensive [440,475].

Chemical synthesis can allow the production of a large amount of dsRNA, but it is
much more expensive and also considerably longer as the length of the dsSRNA produced
increases [476]. However, chemical synthesis of siRNA allows not only to control the quan-
tity and purity but also improves the stability of sSRNAs through chemical modifications or
labeling of sSRNAs for localization by fluorescence microscopy [477].

The most suitable alternative is the production of dsRNAs using bacteria and yeasts
as biofactories. In recent years, this option has lowered production costs, making the RNAi
technique competitive on the market.

The in vivo production of dsRNA involves the use of yeast such as Yarrowia lipolytica
or bacteria such as Pseudomonas syringae or Escherichia coli [478,479]. These methods allow
for the synthesis of larger quantities of dsRNA at lower costs when a large amount is
needed for field or greenhouse experiments [449,480,481].

RNase IlI-deficient E. coli strain HT115 (DE3) has been widely used in exogenous
dsRNA application studies (Table 2). This strain contains the pro-phage ADE3, which
encodes for the isopropyl 3-D-1-thiogalactopyranoside (IPTG) inducible T7 polymerase
gene required for dsRNA transcription [449,474]. Bacteria-expressed dsRNAs have been
successfully used in fungi [11], viruses [482], worms [483], and insects [484].

In B. cinerea, dsSRNA production mediated by E. coli HT115 (DE3) was used to target
the BcSas1 gene involved in secretory pathways and virulence of B. cinerea, resulting in
a remarkable reduction in the size of lesions caused by the pathogen [449]. Similarly,
E. coli strain HT115 (DE3) has been used to successfully produce dsRNA against B. cinerea
in different delivery methods such as petiole adsorption, high-pressure spraying, and
post-harvest spraying [11].

However, the use of E. coli lysate containing the dsRNA still poses controversy as
it may contain bacterial residues with possible damage to the environment or human
health [485,486]. Alternatively, new protocols for the isolation and purification of bacterially
expressed dsRNA are needed to overcome health or pollution concerns. In fact, the
dsRNA produced using bacteria as a biofactory cannot be secreted directly outside the
cell. Therefore, many lysis, extraction, and purification steps are required to obtain dsRNA.
Anyway, these processes are quite cumbersome and need to be further optimized [487]. In
this regard, platforms have recently been developed to produce high quantities of purified
dsRNA at low costs for use in gene silencing experiments [488,489].

The bacterium P. syringae, which contains the bacteriophage phi6 RNA-dependent
RNA polymerase complex, seems a profitable organism to use in dsRNA production for
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large-scale application targeting different fungal and viral pathogens, as well as insect
pests [490-492].

The yeast Y. lipolytica is gaining interest for its use in the production of dsRNA in vivo
since it does not produce toxins and poses no risks to either health or the environment [478].

7.2. dsSRNA Formulation

Another important aspect to take into consideration, along with the amount of dsRNA
produced, is the stability of RNA molecules in environmental conditions, especially from
the perspective of greenhouse and/or field trial applications. To prolong dsRNA stability,
it can be incorporated into nanoparticles designed for its delivery to target organisms.

Chitosan, for instance, has been exploited to generate nanoparticles for dsRNA and
siRNA delivery [493], and formulations including chitosan showed enhanced stability of
sRNAs in diverse insects [494] and fungi such as B. cinerea [495] (Table 2) and Rhizoctonia
solani [496].

Another tool has been proposed, which consists of using layered double hydroxide
(LDH) clay nanosheets. These nanoparticles, being positively charged, can electrostatically
bind oppositely charged dsRNA and protect it from nucleases and environmental condi-
tions [497]. It has been shown that it is possible to load dsRNAs into LDH clay nanosheets
to form a complex called BioClay™, and when this is applied to the plant surface, there is
a controlled release of the dsRNA sustained for up to 20 days. In the study, the efficacy of a
topical spray of BioClay™ was compared with that of naked dsRNA in providing plant
protection against viruses [497].

The potential of this strategy was also evaluated in B. cinerea (Table 2). In particular,
the dsRNA-LDH complex has been used to control postharvest decay caused by B. cinerea.
First, it was shown that when fruits were treated with LDH alone, there was reduced
decay development, which may have been due to the physical barrier produced by LDH
itself [451]. Furthermore, LDH clay nanosheets prolonged the efficiency of dsRNA in the
dsRNA-LDH complex for six weeks on fruits [451] and up to 3—4 weeks on tomato leaves
and chickpea plants [498]. Conversely, naked dsRNA showed a marked weakening during
fruit storage along with a reduced ability to control gray mold development [451,498].
In any case, when B. cinerea infection was achieved one week after treatment, the naked
dsRNA showed better results compared to the LDH-dsRNA complex. This suggests that
the ready availability of free dsRNA early in infection enhances protection against the
pathogen compared to non-readily available dsRNA in the LDH-dsRNA complex [451,497].

In a recent study, lipid-based nanovesicles can be synthesized and used to deliver
dsRNA against B. cinerea [499] (Table 2), as their use for drug delivery in human fungal
pathogens has been previously demonstrated. These lipid-based nanovesicles increase the
durability of dsRNA protection against B. cinerea in different plant products [500,501].

The great potential of SIGS in providing protection to plants against pathogens re-
quires, as its counterpart, the fine-tuning of many aspects. First, a crucial prerequisite is
the susceptibility of the target organism to environmental RNAi and therefore its uptake
efficiency, since not all organisms behave in the same way [502]. Thus, in the setup of a large-
scale application, the availability of a wide amount of interfering RNA is required [449,480]
along with a formulation capable of ensuring a longer shelf life of the produced RNAi
molecules [497,499]. Finally, the delivery method used is another important aspect, and
different means of application have been adopted, such as trunk injection, high-pressure
spraying, petiole absorption, soil application, root soaking, postharvest spraying, etc., and
they may differ depending on the system studied [8]. To develop dsRNA-based products,
all these factors must be taken into consideration, and in the near future, it is expected
that the use of topical applications of dsRNA complexed with nanoparticles will be widely
used in crop protection, as demonstrated by the growing interest both in academia and in
the commercial sector [480]. In parallel, the risk assessment of this technology needs to be
undertaken along with the implementation of existing legislation to favor the approval of
these new dsRNA-based plant protection products [503].



Int. J. Mol. Sci. 2024, 25, 6798

37 of 61

Table 2. Silencing of Botrytis cinerea genes using dsRNA for plant disease control.

Target Gene(s) Gene Function(s) Host(s) Production of dsRNA Application of dsRNA Delivery of dsRNA Silencing Results References
. . . Tomato, Strawberry, Dropped onto the surface
ggﬁ;g%% Endoif:ﬁﬁkias I‘L(r;:;lsved mn Grape berries, Lettuce, In vitro 2 of detached plant/fruit Naked Reduction in lesion size [12,450]
p Onion, Rose samples
BC1G_04955, 04775, o a Dropped onto the surface of L L
01592, 07805, 10306 Canola In vitro detached leaves Naked Reduction in lesion size [10]
Sprayed onto the surface Inhibition of spore
B2-tubulin Fungal growth Cucumber In vitro @ of micro-wounded Naked germination and [504]
plant leaves mycelial growth
In transeenic plants Transgenic leaves or
TOR Ser/Thr protein kinase Potato, tomato & p fruits expressing Reduction in lesion size [505]
(HIGS)
dsRNA
Lanosterol 14a demethylase, Hllagl?tﬁ);:ffsezraer‘?c}l) ?e}jtlar;%l:crll Reduction of disease
CYP51+chs1+EF2 chitin synthase, elongation Grape In vivo® P Naked [11]
factor 2 berry bunches, symptoms
Leaf petioles adsorption
Chs3a, Chs3b, DCL1, Chitin synthase, In Escherichia coli Sprayed onto the surface Encapsulated in
DCL2, Chs3a+Chs3b, endoribonuclease is involved Strawberry minicells (ME-dsRNA) of fruits in greenhouse nﬁni olls Reduction in lesion size [7]
DCL1+DCL2 in the RNAi process conditions ¢
. .1 Dropped onto the surface
VPS51+DCTN1+SAC1 Ves1c.le trafﬁckmg pa thway, Grape berries, Tomato, o a of detached plant/fruit L L
DCL1+DCL? Endoribonuclease is involved Lettuce. Rose. Tomato In vitro samples Naked Reduction in lesion size [502]
in the RNAi process ! ’ L
Sprayed on of intact plants
. . Naked
sas1 Ral; e/ Ccr;eTtg?se 1;\}/\3\1};&81 mn Nicotiana benthamiana In vivo P Drop pggt;)crﬁs ;};eeasvtzrsface of (living or lysed Reduction in lesion size [452]
yp ¥y bacterial cells)
Sprayed or dropped onto . S
ergl1+ergl+ergl3 Ergosterol biosynthesis I\/Ilsaerlj lze%prir’ ecgsgiye,s In vitro ® the surface of wounded, Naked Reduztrllcc)ln Au{lﬁ:e);lgn stze [450]
80 p detached fruits
BcBmp1, BcBmp3, BePls1 MAP Kinases, Tetraspanin Lettuce In vitro @ Dropped onto the surface of Naked Reduction in lesion size [36,63]
detached leaves
BcBmp3 MAP Kinase Lettuce In vitro 2 Sprayed on intact plants MgAl L].DH Reduction O.f disease [456]
nanoparticles severity
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Target Gene(s) Gene Function(s) Host(s) Production of dsRNA Application of dsRNA Delivery of dsRNA Silencing Results References
. . . . Sprayed onto the surface of MgAl LDH Reduction of decay
a
ergll+ergl+ergl3 Ergosterol biosynthesis Cherry, Grape berries In vitro wounded, detached fruits nanoparticles severity [451]
Sprayed on intact plants,
Endoribonucleasinvolved in Chickpea plants, Genolution (Korea) Sprayed on intact plantsand =~ MgAl and MgFe LDH Reduction of disease
DCL1+DCL2, h X ] icul hed 1 . 1 i) . I
VPS51+DCTNI+SACT the RNAIi process, Tomato plants, Agriculture Grade 2 detached leaves inoculated, nanoparticles severity, Reduction in [498]
Vesicle trafficking pathway Tomato fruits service Dropped onto the surface of (BioClay™) lesion size
detached fruits
Lettuce, Rose, Tomato, Dropped onto the surface of
. 1 Grape berries, o a detached plant/fruit Artificial nanovesicles Lo S )
VPS51/DCTN1/SAC1 Vesicle trafficking pathway Arabidopsis thaliana, In vitro samplesSprayed onto the (AVs) Reduction in lesion size [499]
Grape surface of detached leaves

2 MEGA script®RNAi Kit, ® HT115 (DE3) E. coli cells.
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7.3. Potential Risks of Treatments with dsRNA-Based Products

The risks associated with the application of dsRNA for crop protection are essentially
of two types: impacts on human health and on the environment.

As regards human health, it includes both the end consumers of the treated products
and the operators who distribute dsRNA topically. Exposure can occur primarily through
ingestion and, to a lesser extent, through dermal exposure and inhalation. Humans have
always consumed significant amounts of dsRNA virus-infected plant material without any
indication of detectable effects. This is probably due to the rapid degradation of nucleic
acids by many human biological barriers [506,507]. Accidental exposure through the skin
or by inhalation can be minimized by using personal protective equipment [507].

Furthermore, the applied dsRNA sequence or siRNAs derived from it must have suffi-
cient homology with endogenous transcripts to induce their degradation. The hybridization-
dependent off-target gene suppression seems to be several orders of magnitude lower than
the on-target gene suppression. Changes in transcriptional profiles have not been shown to
impact in vivo safety in preclinical studies [508].

Regarding the environment in its broadest sense, the situation seems to be more
complex and less studied, probably because scientific acquisitions in this area of research
are very recent. In this case, the choice of the target sequence for silencing is a crucial
issue. RNAi-based technologies require the fine-tuning of many factors to achieve effective
pathogen control. In the design phase, a crucial step is the choice of the target gene to
be silenced, to specifically target the pathogen of interest while avoiding the problems of
non-target organisms. If the dsRNA sequence of a key gene is sufficiently homologous to
non-target organisms, they could suffer the effects of silencing. As target sequences become
less conserved, the likelihood of inducing deleterious off-target effects is reduced, owing to
an inability to produce sufficient off-target homologous siRNAs [458].

dsRNA-based products are not considered GMOs unless they contain genetically
modified organisms (e.g., bacteria transformed for the in vivo production of dsRNA). There
is not yet a specific regulatory category for dsRNA-based products. However, it is interest-
ing to point out that in the EU, dsRNAs are considered chemical pesticides; in the USA,
they are biochemical pesticides; and in Australia, they are considered agricultural chem-
icals. Recently, the Organization for Economic Co-operation and Development (OECD)
has produced guidance documents on the risk assessment of dsRNA products related
to the environment and human health [485,509]. Well-defined, perhaps tailor-made, risk
assessment protocols may be needed to comprehensively evaluate several factors (e.g.,
formulations, epigenetic modifications, fate of dsRNA in soil, surface water and sediment,
leaf tissues, trophic chain exposure, off-target and non-target organisms) involved in the
use of dsRNA-based products [509].

8. Conclusions

In this review, we have examined different aspects of Botrytis cinerea, which poses a
serious threat to plants. The great capacity of the pathogen to cause serious product losses in
countless crop species stimulates progress in the study of the interaction between B. cinerea
and its hosts at the level of morphological, physiological, biochemical, and molecular
analyses. The resulting picture is complex, and we emphasize that the availability of
mutants for both the pathogen and the host could be the key to arriving at clearer results.
For example, mutant characterization can facilitate clarification on the specific role of a
virulence gene on the one hand or, conversely, on the role of a particular susceptibility gene
on the other.

In line with this, very important hormonal aspects inherent to plant immunity have
often been deciphered/validated using mutants for biosynthesis or susceptibility. Un-
doubtedly, today modern genome editing tools can facilitate the obtaining of ad hoc
mutants [510,511].

As recently highlighted by Singh et al. [512], it is important to note that there is still a
lot of work to be done if it is true that the function of 95% of B. cinerea genes is unknown.
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Furthermore, the polygenic nature of virulence and host specificity represent a further
complication, and we must consider other important aspects: this necrotroph has a wide
genetic diversity [512], and the levels and mechanisms of virulence may be influenced by
the specific isolate analyzed.

As regards the applicative aspects, it is interesting that the study of the host-pathogen
interaction has contributed to delineating a series of defence strategies against B. cinerea,
which must necessarily be as least dependent as possible on the more traditional synthetic
chemical products. The more we know the pathogenesis mechanisms implemented by
B. cinerea, the more we understand that the attack occurs through sophisticated and diverse
mechanisms [25].

Fundamental data have been collected over the last 10 years from the work of Weiberg
and colleagues [378]. They found that sSRNAs (RNA effectors) derived from B. cinerea are
transmitted to host plants during infection to disrupt host immunity. Soon after, it became
clear that RNA exchange was bidirectional because the host could also send molecules to
the pathogen to interfere against virulence genes [513]. Therefore, trans-kingdom RNA
silencing in plant-fungal pathogen interactions has provided the general framework within
which to develop a new category of RNA-based fungicides [376]. This perspective, in
fact, has aroused great interest from scholars, as demonstrated by the numerous reviews
published on this topic in recent years [364,433,467,468,470,514-518].

In this context, our contribution aimed to limit the specific interest in gene silencing
strategies to counteract the aggression of B. cinerea on plants. B. cinerea is a pathogen that is
among the species that can be affected by exogenous dsRNA, precisely because this fungus
is particularly efficient at absorbing exogenous dsRNA [502]. From the results summarized
in Table 2, it is clear that dsSRNAs (mostly delivered as naked molecules) were designed
for B. cinerea genes involved in different metabolic pathways. Only in a few cases have
disease control experiments been carried out using dsRNA treatments on whole plants or,
better yet on plants directly in the field. Furthermore, the dsSRNA production system almost
exclusively involves in vitro synthesis using molecular biology kits, and to date, this aspect
represents a limitation because their cost is not sustainable for in vivo applications on
plants. At present, no specific studies have been conducted to evaluate whether the level of
crop protection obtainable with the use of dsSRNA is comparable/better than that obtainable
with modern synthetic fungicides, and, in this regard, the preliminary results obtained by
Duanis-Assaf et al. [450] are valuable. In any case, the numerous proof-of-concept studies
are demonstrating the great potential of RNAi-based plant protection against B. cinerea,
especially GMO-free RNA sprays. These results indicate that the way is open to acquiring
new knowledge that can advance research with field applications and the formulation of
dsRNA-based products.

9. Perspectives

In light of the above considerations, the development of RNAi-based fungicides will
require further studies to achieve broad applicability, and in the meantime, it is desirable
to progress on the validation of other unconventional strategies such as autophagy [519],
defence priming [520], nanomaterials [521], hormonal treatments [522], amino acids [523],
and antimicrobial peptides [524].

In a recent review of the mechanisms underlying plant defence responses to B. cinerea,
Li and Cheng [525], identified transcriptional regulation and hormone transduction path-
ways as key aspects of plant immunity to counteract the pathogen. The authors identified
specific proteins, hoping for advances in selection for resistance in the host as well as the
use of elicitors and microorganisms. The effectiveness of these options will need to be
verified soon.

Furthermore, unexpected molecules for the control of B. cinerea could become an addi-
tional weapon in the near future, as recent findings regarding carotenoids suggest [194,526].
Likewise, the spectrum of beneficial microorganisms against B. cinerea will also need to be
investigated more thoroughly [527].
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Among the most important challenges for the future, it is of fundamental interest to
maintain the silencing effect on the target gene over time for as long as possible. Probably,
to achieve the goal, the identification and characterization of the best possible material for
complex dsRNAs could represent a very interesting area of research, and interdisciplinary
collaboration among different scientists could be useful [472,528].

Moreover, it is very intriguing to point out that an innovative strategy for dsRNA
delivery could be the use of mycorrhizae, especially in a forest environment (reviewed
in [470]). Obviously, if these scenarios of unconventional solutions for dsRNA delivery are
developed in the coming years, more and more attention will have to be paid to testing for
unwanted silencing effects.

On the other hand, although techniques such as RNAIi tend to be more politically
acceptable than the direct use of GMOs, the ecological and health aspects of dsRNAs
released into the environment require further study [529].

Technical advances in the production and formulation of dsRNAs to improve their
efficacy, stability, and persistence could allow us to really consider their use as “RNAi-based
biofungicides” of high commercial interest [6,8,479,480]. In the near future, RNAi can be
considered a promising strategy due to its potential for environmentally friendly control of
B. cinerea as well as other economically important plant pathogenic fungi and pests.

Finally, regarding RNAi strategies, a question that would be interesting to answer is
whether these solutions can be implemented in the integrated management of the disease
by evaluating any advantages or disadvantages of this approach.
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