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ABSTRACT
RNA interference (RNAi)‐based control tech-
nologies are gaining popularity as potential alter-
natives to synthetic fungicides in the ongoing ef-
fort to manage plant pathogenic fungi. Among
these methods, spray‐induced gene silencing
(SIGS) emerges as particularly promising due to its
convenience and feasibility for development. This
approach is a new technology for plant disease
management, in which double‐stranded RNAs
(dsRNAs) targeting essential or virulence genes
are applied to plants or plant products and sub-
sequently absorbed by plant pathogens, trig-
gering a gene silencing effect and the inhibition of

the infection process. Spray‐induced gene
silencing has demonstrated efficacy in laboratory
settings against various fungal pathogens. How-
ever, as research progressed from the laboratory
to the greenhouse and field environments, novel
challenges arose, such as ensuring the stability of
dsRNAs and their effective delivery to fungal tar-
gets. Here, we provide a practical guide to SIGS
for the control of plant pathogenic fungi. This
guide outlines the essential steps and consid-
erations needed for designing and assessing
dsRNA molecules. It also addresses key chal-
lenges inherent to SIGS, including delivery and
stability of dsRNA molecules, and how nano-
encapsulation of dsRNAs can aid in overcoming
these obstacles. Additionally, the guide under-
scores existing knowledge gaps that warrant fur-
ther research and aims to provide assistance to
researchers, especially those new to the field,
encouraging the advancement of SIGS for the
control of a broad range of fungal pathogens.
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INTRODUCTION

Plant pathogenic fungi impact agricultural and forest
ecosystems, causing significant crop and economic

losses (Fisher et al., 2020). Nearly 3.5 thousand tons of
fungicides per year are applied globally to mitigate these
losses (Sharma et al., 2019). The extensive use of fungi-
cides represents environmental and health hazards as

fungicides contaminate soil and water, and residues on
crops can enter the food chain (Gikas et al., 2022; Pathak
et al., 2022). In addition, this can lead to protection failure
due to resistance development in some fungal pathogen
populations (Zubrod et al., 2019).

Control alternatives based on the highly conserved gene
silencing regulatory mechanism RNA interference (RNAi)
could help to reduce the negative impacts of fungicides while
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maintaining crop yields (Niu et al., 2021). Spray‐induced gene
silencing (SIGS) can effectively control fungal proliferation
and reduce diseases for several plant pathogenic fungi
(Song et al., 2018). It is considered a safe, eco‐friendly al-
ternative to fungicides due to the specificity of its control and
the short persistence of double‐stranded RNAs (dsRNAs) in
the environment (Bachman et al., 2020; Qiao et al., 2021;
Bocos‐Asenjo et al., 2022; Niño‐Sánchez et al., 2022; Spada
et al., 2023). In addition, it is more convenient, faster,
cheaper, and easier to develop than host‐induced gene si-
lencing (HIGS), as it does not require the transformation of
the plant host and is thus not subjected to extensive GMO
regulations (Herman et al., 2021; Rank and Koch, 2021).

The origin of SIGS dates back over two decades ago
when it was observed that soaking the nematode Caeno-
rhabditis elegans in a dsRNA solution or by feeding them with
bacteria expressing dsRNAs was sufficient to induce si-
lencing (Timmons and Fire, 1998; Timmons et al., 2001), a
phenomenon later named “environmental RNAi” (Whangbo
and Hunter, 2008). However, it was not until 2016 that it was
demonstrated that the spray application of dsRNAs to plants
conferred protection against the fungal pathogens Botrytis
cinerea (Wang et al., 2016) and Fusarium graminearum (Koch
et al., 2016), giving rise to the term SIGS. Since then, the
number of SIGS‐related studies targeting fungi and other
plant pathogens has grown exponentially (Figure 1).

Spray‐induced gene silencing consists of applying exoge-
nous dsRNAs targeting disease‐associated genes to crops

(Koch et al., 2016; Wang et al., 2016). Once dsRNAs are taken
up by fungal or plant cells they are cleaved into small inter-
fering RNAs (siRNAs) by Dicer‐like (DCL) proteins. siRNAs
processed in plant cells are transferred to fungal cells. Then,
siRNAs bind with Argonaute (AGO) proteins in the fungal cy-
toplasm and form the RNA‐induced silencing complex (RISC).
Last, RISC binds to and degrades the complementary mRNA
target, thereby reducing disease progression. Interestingly, in
some organisms such as Mucor circinelloides (Calo et al.
2012), RNA‐dependent RNA polymerases (RDRPs) amplify the
silencing signal using siRNAs to generate secondary siRNAs
(Chang et al., 2012; Wilson and Doudna, 2013). However, this
phenomenon is not compulsory for successful SIGS and in
other fungi, such as F. asiaticum, amplification is absent (Song
et al., 2018). In an attempt to encourage the development of
SIGS against pathogenic fungi, this work aims to provide a
practical guide for researchers who are new to the field of
RNAi, especially those new to SIGS (Figure 2). It discusses the
steps and considerations for designing and assessing dsRNA
molecules and provides a handy list of resources and bio-
informatics tools. It also describes challenges to consider
when developing a SIGS strategy for the control of plant
pathogenic fungi, including dsRNA delivery and stability,
dsRNA nanoencapsulation, and the risk of an off‐target effect
(OTE). Finally, it highlights knowledge gaps and pitfalls that
researchers might encounter.

ASSESSING THE PRESENCE OF
FUNCTIONAL RNAi MACHINERY IN
THE PATHOGENIC FUNGI

The first step for developing a SIGS strategy to control plant
pathogenic fungi is to check if the pathogen has functional
RNAi machinery. Indeed, some fungi, such as the plant
pathogen Ustilago maydis (Laurie et al., 2008), the human
pathogen Cryptococcus deuterogattii (Feretzaki et al., 2016),
and the yeast Saccharomyces cerevisiae (Drinnenberg et al.,
2009), have lost some of their core components and, with
them, their susceptibility to gene silencing. Therefore, initially
checking if the targeted fungal pathogen possesses (i) DCL
proteins, (ii) AGO proteins, and (iii) RDRPs is crucial.

The core components of the RNAi pathway and their
functionality have been described for several plant patho-
genic fungi, including Neurospora crassa, Cryphonectria
parasitica (Chang et al., 2012), Fusarium graminearum
(Chen et al., 2015), Zymoseptoria tritici (Kettles et al.,
2019), B. cinerea (Weiberg et al., 2013), Alternaria brassi-
cicola (Kwasiborski et al., 2022), Magnaporthe oryzae
(Kadotani et al., 2003), Colletotrichum higgisianum (Campo
et al., 2016), Verticillium nonalfalfae (Jeseničnik et al.,
2019), and Sclerotinia sclerotiorum (Neupane et al., 2019).
If the targeted fungus RNAi machinery is unknown, in silico
analysis can be performed to identify protein homologs
based on the information available for well characterized

Figure 1. The number of spray‐induced gene silencing (SIGS)‐
related studies targeting fungi (blue striped bars) and other
organisms (purple solid bars) across the years according to the
NCBI PubMed database
The red solid line represents the smoothed expected trend of general
publications per year. Searching keywords (restricted to Title and Abstract)
were: “spray‐induced gene silencing,” “RNAi external application,”
“dsRNA external application,” “RNAi spray,” “dsRNA spray,” “exogenous
dsRNA,” “RNAi pest control,” “dsRNA pest control,” “RNAi crop pro-
tection,” “dsRNA crop protection,” “RNAi plant protection,” “dsRNA plant
protection,” “RNAi‐based plant protection,” “dsRNA‐based pesticides,”
“dsRNA‐based fungicide,” “dsRNA formulation.” Results derived from
every keyword were combined per year. Duplicated entries were removed.
Fetched publications were further filtered out with the following fungi‐
related keywords: “fungicide,” “fungi,” “disease control,” “fungal,” and
“phytopathogens.” All analyses were performed on R v4.2.1 (R Core Team,
2021) using the package rentrez (Winter, 2017).
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fungi, preferably closely related (Jeseničnik et al., 2019;
Kwasiborski et al., 2022). Interestingly, some fungi, such as
Schizosaccharomyces pombe, have a single copy of DCL,
AGO, and RDRP (Sigova et al., 2004), whereas many others
have several copies (Wang et al., 2016; Qiao et al., 2021; Zm
et al., 2021), which might be redundant, not functional, or not
necessary for RNAi (see “Single‐gene‐target or multiple‐gene‐
target dsRNAs?”).

Yet, the presence of the core RNAi components might not
entail susceptibility to silencing because some components
might not be operative during infection (Kettles et al., 2019;
Ma et al., 2020), or because the fungus might poorly take up
dsRNAs (see “Fungal dsRNA uptake”). The in silico analysis
of the fungal RNAi machinery must therefore be validated
with experimental work (Chen et al., 2015; Kettles et al.,
2019). This can be done in vitro by evaluating phenotypic
changes or measuring differences in gene expression in the
fungus after dsRNA exposure.

Nevertheless, the lack of phenotypic and/or gene ex-
pression might reflect the inefficacy of the dsRNA(s) used for
the tests rather than the lack of sensitivity of the pathogen to
RNAi. We recommend carefully considering the parameters
described in the coming sections before discarding the use
of SIGS to control a plant pathogen.

SELECTING THE TARGET(S) FOR
RNAi SILENCING

Once the core components of the RNAi pathway have been
identified and the susceptibility to silencing evaluated, the fol-
lowing step is to decide what gene(s) to target: (i) essential or
pathogenicity ones; (ii) rare or highly abundant mRNA targets;
and (iii) single‐gene‐target or multiple‐gene‐target dsRNAs, while
taking into account the off‐target gene silencing possibilities.

Essential or pathogenicity genes?
Targeting genes relevant to fungal development (hereafter
essential genes) can reduce fungal proliferation through the
entire disease cycle, from the arrival of the fungi to its host
until late in the disease. Examples of such genes (Table 1)
include the Cytochrome P450 sterol 14α‐demethylases
(CYP51) genes, which are the targets of many fungicides,
and DCL genes (Wang et al., 2016; Zhang et al., 2019).
Silencing CYP51 in F. graminearum (Wang et al., 2016)
and DCL1 in B. cinerea (Koch et al., 2016) reduced fungal
proliferation in the host, leading to a delay in symptom
development. Similarly, silencing genes in the vesicle traf-
ficking pathway such as the protein sorting 51 (VPS51),
dynactin (DCTN1), and suppressor of actin (SAC1) genes

Figure 2. Practical guidelines indicating the relevant steps and considerations for developing a spray‐induced gene silencing (SIGS)
strategy for the control of plant pathogenic fungi
Developing a SIGS strategy begins by confirming the presence of RNAi machinery in the target fungal pathogen. Researchers must then select target genes
based on factors such as function (essential and/or pathogenicity related), mRNA accessibility, and transcript abundance, while minimizing off‐target
effects in non‐target organisms. These genes serve as the basis for designing active dsRNA molecules. Key considerations for dsRNA design include
molecule length, the generation of putative siRNAs, and the guide strand preference by Argonaute proteins. Stabilization methods, such as nano-
encapsulation, are critical to ensure effective application and should not be overlooked. The dsRNA formulation must then be tested for uptake and
biological activity in the fungal pathogen, both in vitro and within the host plant, to identify the optimal RNA‐based formulation for field testing.
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Table 1. Essential and pathogenicity genes that have been used as targets during SIGS to control plant pathogenic
fungi

Target gene(s) Pathogen Function References

Essential genes

CYP51 genes Fusarium graminearum, Fusarium
culmorum, Erysiphe quercicola,
Golovinomyces orontii, Erysiphe
necator

Sterol 14α‐demethylase genes Koch et al. (2018, 2019);
Höfle et al., 2020;
McRae et al., 2023; Cao
et al., 2024)

AGO and DCL
genes

Botrytis cinerea, Plasmopara
viticola, Fusarium graminearum,
Fusarium culmorum,
Colletotrichum gloeosporioides,
Verticillium dahliae, and
Sclerotinia sclerotiorum

RNAi pathway (Wang et al., 2016; Werner
et al., 2020; Qiao et al.,
2021; Zm et al., 2021;
Mukherjee et al., 2024)

VPS51, DCTN1,
and SAC1

Botrytis cinerea, Sclerotinia
sclerotiorum, Aspergillus niger,
Colletotrichum gloeosporioides,
V. dahliae, and Rhizoctonia solani

Vesicle trafficking genes (Qiao et al., 2021)

βTUB Fusarium asiaticum, Magnaporthe
oryzae, Botrytis cinerea,
Colletotrichum truncatum,
Austropuccinia psidii, Chlamydia
plumeriae and Erysiphe
quercicola

Cytoskeleton major component (Gu et al., 2019; Degnan
et al., 2023; Cao
et al., 2024)

ERG genes Botrytis cinerea Ergosterol biosynthesis
pathway

(Duanis‐Assaf et al., 2022)

MAPK Botrytis cinerea, Aspergillus psidii,
and Colletotrichum plumeriae

Mitogen‐activated protein
kinases

(Degnan et al., 2023;
Spada et al., 2023)

CHS genes Phakosporta pachyrizi, V. dahliae
and Erysiphe quercicola

Chitin synthase (Xu et al., 2016; Saito et al.,
2022; Cao et al., 2024)

ATC Plasmopar pachyriz Acetyl‐CoA acyltransferase (Hu et al., 2020)

GCS_H Plasmopar pachyriz Glycine cleavage system H
protein

(Hu et al., 2020)

RP_S16 Plasmopar pachyriz 40S ribosomal protein S16 (Hu et al., 2020)

28S rRNA Aspergillus psidii and
Colletotrichum plumeriae

28S ribosomal RNA gene (Degnan et al., 2023)

EF1‐α Aspergillus psidii and
Colletotrichum plumeriae

Translation elongation factor 1ɑ (Degnan et al., 2023)

LIP1, LIPA
and ACX

Golovinomyces orontii, and
Erysiphe necator (LIP1,
LIPA only)

Lipid catabolism (McRae et al., 2023)

Pathogenicity genes

SAS1 Botrytis cinerea Virulence factor (Niño‐Sánchez et al., 2021)

PLS1 Botrytis cinerea Tetraspanin involve in
appressoria‐mediated
penetration of the host tissue

(Spada et al., 2023)

TRI5 Fusarium culmorum Virulence factor (Tretiakova et al., 2022)

DES1 Magnaporthe oryzae Virulence factor (Sarkar and Roy‐
Barman, 2021)

PG Rhizoctonia solani Polygalacturonase (PG) (Qiao et al., 2021)

PGXB Aspergillus niger Exo‐polygalacturonase b (Qiao et al., 2021)

NCED, ABA2,
and ABAr

Golovinomyces orontii, Erysiphe
necator (NCED only)

Manipulation of plant host ABA
metabolism

(McRae et al., 2023)

EC2 Golovinomyces orontii, Erysiphe
necator

Effector protein (McRae et al., 2023)

CIN1, CE5,
VICE12, and
VICE16

Venturia inaequalis Pathogenicity genes (Bhagta et al., 2023)
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delayed fungal and symptoms development B. cinerea,
S. sclerotiorum, A. niger, R. solani, and V. dahliae in their
respective hosts (Qiao et al., 2021) and F. circinatum in pines
(Bocos‐Asenjo et al., 2024). A drawback of targeting essential
genes is that it might increase off‐target risks (discussed in
“Off‐target gene silencing”) as they are widely conserved
across the fungal kingdom as they participate in common
and conserved metabolic pathways.

Alternatively, pathogenicity genes specific to the pathos-
ystems of interest can be targeted (Table 1). For example, the
F. culmorum TRI5 gene is involved in trichothecene metabo-
lism, a mycotoxin relevant to the virulence in Fusarium‐plant
pathogens (Maier et al., 2006). Double‐stranded RNAs tar-
geting this gene reduced trichothecene production and, in
consequence, limited symptom development and fungal pro-
liferation in wheat leaves inoculated with the pathogen (Tre-
tiakova et al., 2022). Another example of pathogenicity genes
constituting potential targets for SIGS are genes encoding
fungal effectors. Fungal effectors are secreted proteins sup-
pressing immune responses or manipulating cellular physi-
ology in the plant host, thereby facilitating disease establish-
ment (Lo Presti et al., 2015). Various fungal effectors have
been described. For instance, in V. dahliae, the accumulation
of miRNA relevant to the host RNAi‐dependent immunity re-
sponse is suppressed by SSR1, a secretory protein that
translocates into the host cell and into the nucleus where it
interacts with proteins in the RNAi pathway (Zhu et al., 2022).
The PSR1 effector of oomycetes of the Phytophthora genus
interacts with the plant pre‐mRNA splicing factor PINP1 and
affects the normal splicing of mRNA of genes in the pathogen‐
related immune response pathway (Gui et al., 2022).

Targeting such genes can increase the silencing specificity
during SIGS. However, the genes responsible for pathoge-
nicity are not necessarily known. Important plant pathogens
still have incomplete and inconsistent gene sets. The absence
of comprehensive gene annotation represents a significant
challenge in the identification of suitable target genes for SIGS
technology and increases the risk of OTEs. Therefore, an ac-
curate and complete annotation of plant pathogens’ genomes
would facilitate advances in plant disease management.

Plants can deliver dsRNA to pathogenic fungi to reduce
their virulence (Cai et al., 2018; Ma et al., 2020). Although the
mechanisms of RNA‐mediated communication between
plants and fungi are not yet fully understood (Šečić and Kogel,
2021; Cai et al., 2023), several naturally occurring plant
dsRNAs and their fungal mRNA targets have been described.
For example, Zhang et al. (2016) identified two cotton dsRNAs
(miR166 and miRN159) in V. dahliae cells upon infection that
reduced the expression of two virulence genes (calpain clp‐1
and C‐15 hydroxylase genes). Similarly, upon infection,
dsRNAs predicted to target vesicle trafficking pathways genes
are transferred from Arabidopsis exosomes into B. cinerea
cells (Cai et al., 2018). Identifying genes targeted by the host's
defense mechanism can effectively find targets for SIGS.
Therefore, researchers could use high‐throughput sequencing
to identify plant siRNAs overly expressed during infection and

sequence alignment to find possible targets in the pathogen
transcriptome. Likewise, mycoparasitic fungi might use RNAi
interferences to disrupt the metabolism of their hosts (Piombo
et al., 2022). Suitable target genes for SIGS can thus be
identified by predicting potential targets of sRNAs and
microRNAs‐like delivered by parasitic fungi into their plant
pathogenic hosts (Piombo et al., 2022).

Rare or highly abundant mRNA targets?
Some gene intrinsic features might impact the gene suitability
as a target for SIGS (Riolo et al., 2020). For example, in
mammalian cells, the abundance and turnover ratio of the
targeted gene affect the silencing, with short‐ and medium‐
half‐life mRNAs being less susceptible to gene silencing than
long‐lived transcripts (Larsson et al., 2010). Moreover, in
mammalian cells and insects, gene expression level and si-
lencing are strongly associated (Hong et al., 2014; Chen et al.,
2021a). This suggests that abundant and highly transcribed
genes with stable mRNAs make good targets, but whether this
is also valid for fungi is yet to be confirmed. Nevertheless, it
could explain the success of targeting abundant and highly
expressed genes for controlling fungal pathogens, such as
EF2 (Nerva et al., 2020), β‐TUB (Gu et al., 2019; Degnan et al.,
2023; Cao et al., 2024), EF1‐α, 28S ribosomal RNA (Degnan
et al., 2023), or EC2 (McRae et al., 2023).

An important consideration related to this is that gene
expression levels can change throughout fungi devel-
opmental stages or even vary across tissues. For instance,
the EC2 effector gene of G. orontii is highly abundant only
during early or late infection (McRae et al., 2023), and
F. graminearum FgAGO2 and FgDICER1 are highly abundant
in conidia but not in mycelia (Chen et al., 2015). Therefore,
one should check that the considered target genes are highly
transcribed at a time relevant to disease control.

Single‐gene‐target or multiple‐gene‐target dsRNAs?
In therapeutic applications, dsRNAs usually target a single gene
(Aigner, 2007; Davidson and McCray, 2011). Double‐stranded
RNAs targeting only one gene have been used successfully in
various SIGS studies targeting fungi. For instance, Spada et al.
(2021) used a dsRNA targeting the Slt2‐type MAP kinase Bmp3
gene in B. cinerea and observed delayed symptom develop-
ment in lettuce leaves. Similarly, dsRNAs targeting single pol-
ygalacturonase genes were effective against A. niger and
R. solani (Qiao et al., 2021). Targeting a single gene presents the
advantages of simplifying the dsRNA design, potentially facili-
tating uptake due to the smaller molecule size, and lowering the
risk of OTEs (see “Off‐target gene silencing”).

However, it is also possible to target multiple genes, either
using dsRNA chimeras with segments targeting different
genes (Koch et al., 2019; Qiao et al., 2021; Zm et al., 2021) or
by mixing dsRNAs each targeting a specific gene (Yang et al.,
2022). In nature, such multiple gene targeting is a widespread
phenomenon and plants commonly target multiple genes in
their pathogen, as illustrated by Arabidopsis delivery of
dsRNAs targeting various genes into B. cinerea upon
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infection (Cai et al., 2018). We believe there are cases when
simultaneously silencing more than one gene might be also
advantageous for SIGS.

First, if the target gene has a paralog (or more), this latter
might compensate for the silencing, as observed with
F. graminearum CYP51 genes (Koch et al., 2019). Another
classic example of a potential target with paralogs is the DCL
genes, and thus studies assessing control based on this
target often aim at silencing all DCL genes present (Wang
et al., 2016; Qiao et al., 2021; Zm et al., 2021).

Second, the expression of genes in complex pathways
might be highly regulated by feedback and feedforward loops
that have evolved to help the cells maintain homeostasis
(Tang et al., 2010; Tsang et al., 2007). Consequently, when
the aim is to disrupt such finely tuned pathways, targeting
more than one gene, preferably in different steps of the
pathway, could help surpass the effects of this tight regu-
lation, thus increasing the chances of strong silencing.

Third, targeting multiple, non‐redundant, genes might re-
duce the risk of resistance arising, especially when targeting
genes with a history of resistance development to other an-
tifungals due to target site modifications or genes whose high
mutation rates can lead to low‐cost resistance mutations.
Indeed, even in cases of mutation in one of the target genes,
the control exerted by SIGS will still be ensured through si-
lencing of the others.

To date, surprisingly few studies have compared the ef-
fect of multiple‐gene‐target dsRNAs with that of their corre-
sponding single‐gene‐target dsRNAs in pathogenic fungi.
Regarding paralog genes, in F. graminearum, targeting all
three CYP51 genes was more effective in reducing the fungal
proliferation and symptom development in barley than
dsRNAs targeting these genes individually or pairwise (Koch
et al., 2019), highlighting the importance of silencing all pa-
ralogs to avoid compensation. Conversely, Werner et al.
(2020) did not observe a higher reduction in infection when
targeting both DCL genes of F. graminearum compared with
targeting various pairs consisting of one AGO and one
DCL gene.

A dsRNA targeting multiple genes in distinct pathways of
the plant pathogenic oomycete Phytophthora infestans
yielded a greater reduction in lesion area and sporulation
than dsRNAs targeting any of the genes alone (Siddappa
et al., 2022). Pant and Kaur (2024) used dsRNAs targeting
pairs of genes in S. sclerotiorum and reported a non‐
significant reduction of lesion area for all three dsRNAs
tested in comparison with dsRNAs targeting each single
gene. In contrast, dsRNAs targeting genes in different path-
ways were equally effective in mixtures and by themselves in
reducing symptom development in F. graminearum‐infected
wheat (Yang et al., 2021); however, in this study mixtures of
single gene targeting dsRNAs were used, rather than dsRNAs
targeting multiple genes.

Overall, it seems that using dsRNAs targeting multiple
genes could be beneficial for the control plant pathogenic
fungi via SIGS. Nevertheless, studies regarding this are still

lacking and it is therefore important to compare the effect of
multiple‐gene‐target dsRNAs with their corresponding single‐
gene‐target dsRNAs to ensure the best results.

Off‐target gene silencing
Although a commonly mentioned advantage of RNAi‐based
pest and disease control is its high specificity, OTEs have
been identified as a potential risk on which current knowl-
edge is very limited (Casacuberta et al., 2015; Christiaens
et al., 2018). Therefore, the risk and consequences of off‐
target silencing must be seriously evaluated while designing
a SIGS strategy to control fungal pathogens in the field.

To the best of our knowledge, gene silencing in non‐target
species caused by dsRNA targeting fungal genes has so far
only been reported between the two closely related fungi:
B. cinerea and S. sclerotiorum (Spada et al., 2021). However,
several such instances of OTE in closely related species, with
highly similar gene sequences, have been documented in
insects (Baum et al., 2007; Bachman et al., 2013). For ex-
ample, a dsRNA targeting a western corn rootworm gene
affected insects of the same subfamily but not insects from
either other orders or Coleoptera from other families
(Bachman et al., 2013). Adverse activity against closely re-
lated insects required a sequence homology over 90% and/
or a sequence with at ≥21 nt continuous matches to the
target gene sequence (even if just a few matches were
present over the length of the dsRNA), although it was un-
clear which of the two criteria was the determining factor
(Bachman et al., 2013).

A more recent study by Chen et al. (2021a, 2021b)
showed that, in insects, OTEs are possible even in non‐
closely related species and defined several thresholds for
triggering RNAi:

− a sequence identity above 80%,
− a sequence homology ≥53% and ≥16 bp fragments of a

perfectly matched sequence,
− a sequence homology ≥53% and >26 bp fragments of

almost perfectly matched sequence with single mis-
matches separated by ≥5 bp matching segments or mis-
matched couplets with ≥8 bp matching segments in be-
tween). Importantly, they considered such segments to
already represent a warning zone above 19 bp.

Wang et al. (2023a) demonstrated that careful selection of
the target region of a given gene based on these criteria can
minimize OTE. Indeed, they predicted the potential non‐
target effects against Propylea japonica of dsRNA fragments
targeting various regions of the actinin gene in pea aphids
and found that the dsRNA predicted to have a low off‐target
potential caused no adverse effect in P. japonica, whereas
the dsRNAs with intermediate and high risk were detrimental.

Various bioinformatics tools can be used to predict off‐
target risks (see “Bioinformatic tools for target selection and
dsRNA design”). During this step, it is very important to an-
alyze both strands of the dsRNAs as both can cause OTE. If
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the risk of off‐target is high, other dsRNAs should be de-
signed. Alternatively, it might be possible to chemically
modify dsRNAs to reduce their unintended toxicity (Bartos-
zewski and Sikorski, 2019). In HeLa cells that paired 2′‐O‐
methyl ribosyl substitution at position 2 in the guide strand,
which modulates the strength with which the seed region
binds to the target RNA, led to a lower number of unintended
transcripts being targeted, without affecting the silencing of
the intended target (Jackson et al., 2006) and it would be of
great interest to check whether this method is also effective
for reducing OTE in fungi.

Nevertheless, there are still major limitations in the pre-
diction of off‐target risk. First of all, predicted OTE might
actually not materialize biologically due to, for instance,
lack of uptake, no physiological effect of the silencing, in-
sufficiently efficient silencing, or other unknown reasons
(Fletcher et al., 2020; Svoboda, 2020). For instance, Taning
et al. (2021) identified a large number of hits when conducting
silico‐based predictions of potential off‐target genes in
the bumblebee of dsRNA targeting the pest pollen beetle.
However, when trying a few of these candidates in vivo,
they observed no negative effects on bumblebees. Over-
estimation of OTE might complicate the identification of
novel, efficient dsRNA, but pose little threat to the environ-
ment. In contrast, failure to correctly predict OTE might have
severe consequences. First, off‐target predictions are
sometimes based on BLAST searches (e.g., Ulrich et al.,
2015) and thus might only yield the most obvious off‐target
genes, omitting many potential candidates (Birmingham
et al., 2006). Second, studies on silencing in unintended
species are still scarce and little information is known with
certainty about how much sequence homology is required to
trigger RNAi. Last, and most importantly, despite tremendous
advances in sequencing technology, the genomes of many
species have not yet been sequenced and, even when the
genome is available, intraspecific genomic variations ren-
dering a population sensitive to the prospective dsRNA
cannot be excluded (Fletcher et al., 2020; Majumdar
et al., 2017).

To complicate matters, exogenous dsRNAs might have
silencing‐independent effects on both target and non‐target
organisms. Intriguingly, exogenous dsRNAs with no pre-
dicted targets in Magnaporthe oryzae were observed to in-
duce germ tube elongation in the fungus during in vitro as-
says (Ladera‐Carmona et al., 2024). Exogenous dsRNAs have
been associated with the natural phenomenon of root
extracellular traps (RET). In RET, plants release organic
molecules, including proteins, DNA, and RNA, forming a
protective matrix around roots (Meitha et al., 2021). The an-
timicrobial activity in these matrices has been primarily at-
tributed to extracellular self‐DNAs (Mazzoleni et al.,
2015a, 2015b; Tran et al., 2016). However, dsRNA partic-
ipation in this activity has not been ruled out. Furthermore,
when applied above a certain concentration, such dsRNAs
reduced necrotic lesions on leaves, albeit much less than
dsRNAs targeting a MAP kinase, and induced the high‐

osmolarity glycerol stress pathway and the production of
reactive oxygen species in germ tubes (Ladera‐Carmona
et al., 2024). If confirmed, these results would imply that non‐
pathogenic fungi might be at risk of sequence‐nonspecific
adverse effects, especially if high dsRNA concentrations are
used. Furthermore, dsRNAs can act as elicitors in plants, with
in vitro‐generated dsRNAs and viral dsRNAs inducing a
pattern‐triggered immunity response in Arabidopsis thaliana
(Niehl et al., 2016). While this might reinforce the protection
conferred by SIGS, the possibility of undesirable plant re-
sponses, such as stress responses, cannot be excluded.

In conclusion, OTE could be a serious concern for field
applications of RNAi‐based plant disease management.
There is an evident lack of research on OTE on fungal spe-
cies, a major concern as beneficial fungi are an integral part
of many ecosystems. To date, studies aiming at determining
minimum sequence homology requirements have been
aimed at either mammalian cells or insects (Jackson et al.,
2006; Bachman et al., 2013; Chen et al., 2021b). Fur-
thermore, studies on plant pathogen control rarely describe
attempts to minimize the risks posed to other organisms.
Finally, sequence‐nonspecific effects of dsRNAs have re-
ceived little attention so far. Therefore, more research on the
potential ecotoxicology of RNAi‐based plant disease man-
agement is urgently needed.

Until more information is available on this topic, we rec-
ommend avoiding dsRNAs with high complementarity or long
continuous stretches with nearly matching sequences to
unintended targets and assessing the effects on the host
plant and other organisms at risk of exposure, using various
dsRNA concentrations, both in vitro and in greenhouse set-
tings.

Another argument used to warrant the safety of dsRNA is
its short persistence in the environment, which limits the
exposition of other organisms. However, this lack of stability
also represents a major setback for RNAi‐fungicide effi-
ciency; to circumvent this, efforts are made to develop for-
mulations increasing dsRNA lifetime (see “Nanoparticle for-
mulations”). Such formulation might also improve dsRNA
uptake. Increased stability and easier uptake go hand in hand
with higher off‐target potential. We thus encourage re-
searchers to take not only the naked molecules into consid-
eration but also the encapsulated complexes when evalu-
ating the off‐target potential of dsRNAs.

Concluding remarks and other considerations for
target gene selection
There are multiple strategies for selecting target genes:
(i) choosing targets already validated for SIGS in other
pathogens, (ii) testing new target genes among genes known
to be essential for survival and growth, or affecting the fungus
pathogenicity, or (iii) actively seek target genes based on
observations of host–pathogen communication, with an
emphasis on host defense mechanisms in nature.

Factors that can help to increase the chances of SIGS
success are summarized in this review. Abundant genes with
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stable mRNAs make good targets (Larsson et al., 2010; Chen
et al., 2021b). Both essential or pathogenicity genes can be
targeted (McRae et al., 2023). Spray‐induced gene silencing
can target single or multiple genes (Koch et al., 2019), the
latter is possibly particularly beneficial when dealing with
paralog genes, genes in complex pathways under
expression‐regulatory mechanisms, or genes with a history of
resistance development or a high rate of mutation. In con-
trast, highly conserved genes with high homologies to or-
thologous genes in other organisms should be avoided to
reduce the risk of off‐targets (Bachman et al., 2013; Chen
et al., 2021a).

Information about the pathogen is crucial for appropriate
target selection. Indeed, an annotated genome and tran-
scriptome are required to identify the potential target gene
function, paralogous genes, transcript variants, and so forth.
Data on closely related organisms might be used, although
we do not recommend this practice if it can be avoided.
Furthermore, an expression profile of the prospect target(s)
during fungal development on the host is necessary, not only
to check whether they are really expressed (and thus sus-
ceptible to silencing), but also to determine when they are
most expressed (and thus must be targeted) (McRae et al.,
2023). This is especially relevant when targeting pathoge-
nicity genes as their expression is dependent on the disease
development stages.

As research gaps on RNAi are filled, procedures for target
selection will certainly become more straightforward, al-
lowing for more precise guidelines. Until then, we recom-
mend not giving up if a successful SIGS strategy against one
pathogen turns out ineffective against another. It is likely that
differences between pathosystems explain the failure and a
different SIGS approach might yield the desired results.

DESIGNING THE dsRNA

Defining the target region within the gene, the
accessibility to the target region
Choosing a suitable target gene, or suitable target genes, is
not enough, the target site selection within the gene is also
critical. dsRNAs and siRNAs targeting different regions within
the CYP51 gene of Golovinomyces orontii can yield different
results in terms of fungal development reductions in
SIGS experiments with A. thaliana plants, illustrating the
importance of the target region (McRae et al., 2023).

During silencing, RISC interacts with a region within the
targeted mRNA complementary to the siRNA guide strand
(Wilson and Doudna, 2013). This region must be accessible
to facilitate siRNA/RNA duplex formation (Bohula et al., 2003;
Vickers et al., 2003; Lu and Mathews, 2007; Westerhout and
Berkhout, 2007). Therefore, dsRNAs must be designed to
target accessible sites in the mRNA of the targeted gene(s).
Assessing the efficiency of RNAi against RNA hairpin mutants
with decreasing stability levels showed that the hairpins with
more accessible target sites were also more susceptible to

silencing (Westerhout and Berkhout, 2007). This might
indicate that thermodynamically unstable genes lacking
complex secondary structures make good targets (Vickers
et al., 2003; Westerhout and Berkhout, 2007).

Gene GC content influences their thermodynamic stability
and thus might influence silencing (Chan et al., 2009). How-
ever, while some authors have shown negative associations
between GC content and silencing (Pascut et al., 2015),
others have found that GC content is a poor silencing pre-
dictor (Tafer et al., 2008).

Importantly, the target region should be within exonic re-
gions of the gene as targeting siRNA to introns has led to no
silencing (Vickers et al., 2003; Westerhout and Berkhout, 2007).
Additionally, targeting should be located toward the 3′‐end of
the mRNA, that is the end most susceptible to RNAi and initially
recognized and bound by the RISC/siRNA complex (Haley and
Zamore, 2004; Westerhout and Berkhout, 2007).

The length of the dsRNA
The length of the dsRNA molecules is an important param-
eter as it might affect the fungus's ability to process them and
determine the number of siRNAs generated by DCL protein
cleavage. Yet, to date, very few studies have focused on
dsRNA length optimization for SIGS, and results obtained in
HIGS do not seem applicable (Höfle et al., 2020).

Intuitively, one might be tempted to think that longer
dsRNAs imply stronger silencing, because a wider variety of
siRNAs would be generated. Indeed, in silico analyses pre-
dict that substantially more efficient siRNAs are generated
from longer dsRNA constructs (Höfle et al., 2020; Werner
et al., 2020). However, this does not necessarily translate into
stronger disease control. When applying dsRNAs on barley
leaves and measuring F. graminearum infection, one study
found that long (1,528–1,783 nt) and short (355–374 nt)
dsRNAs had comparable efficiencies (Werner et al., 2020)
while, in the other study, the efficiency of dsRNAs decreased
as the length was increased from 220 nt to 1,500 nt (Höfle
et al., 2020). Moreover, a 340 nt‐long dsRNA was more ef-
fective for silencing the Austropuccinia psidii 28S rRNA gene
than the 685 nt‐long dsRNA (Degnan et al., 2023).

It is possible that the efficacy of longer dsRNAs is
constrained by the uptake capacity of the pathogen. For in-
stance, F. graminearum seems unable to take up dsRNAs of
approximately 1,500 nt, as these molecules yield no silencing
when applied to liquid cultures (Höfle et al., 2020). Despite
this, spraying barley leaves with ≥1,500 nt dsRNAs still re-
duced F. graminearum infection (Höfle et al., 2020; Werner
et al., 2020), possibly because in vitro conditions differed
from those of SIGS (Höfle et al., 2020), or because the plant
pre‐processed the molecules into smaller dsRNAs or siRNAs.
Interestingly, the pathogenic oomycetes of the Phytophthora
genus appeared not to take up dsRNA from the environment,
independently of the length (151–766 nt) (Cheng et al., 2022;
Qiao et al., 2021; Wang et al., 2023b). Nevertheless, SIGS
against these pathogens is still feasible using short siRNAs
(Cheng et al., 2022). Therefore, potential limitations due to
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long dsRNA uptake might be circumvented with the use of
smaller molecules (dsRNAs or siRNAs). In addition, the op-
timal length might be dictated by DCL proteins substrate
preference as some DCLs cleave dsRNA more efficiently
within a given size range (Tabara et al., 2021), however next
to no information is available on this topic.

In summary, optimal dsRNA lengths appear pathogen
specific as they are dictated by both DCL protein properties
and pathogen uptake capacities. Furthermore, even for a
given pathogen the best length might be variable, as shown
by the fact that different relationships between dsRNA length
and F. graminearum development were observed when tar-
geting the CYP51 genes (Höfle et al., 2020) and when tar-
geting the AGO and DCL genes (Werner et al., 2020). In ad-
dition, if dsRNAs are taken up first by the host plant and then
transferred into their pathogen, then plant uptake and DCL
preferences might also affect the optimal length. Currently,
the lack of knowledge of these mechanisms prevents the
development of easy prediction methods. Therefore, we
recommend testing different dsRNA lengths when devel-
oping a new SIGS strategy. In the literature, dsRNA lengths
between 118 and 1,403 nt have been successfully tested for
SIGS (Wang et al., 2016; Koch et al., 2018; Sarkar and Roy‐
Barman, 2021; Zm et al., 2021; Bocos‐Asenjo et al., 2022;
Tretiakova et al., 2022; Degnan et al., 2023; McRae et al.,
2023; Cao et al., 2024; Mukherjee et al., 2024; Pant and Kaur,
2024), with dsRNA sizes within the ranges 150–550 nt being
the most prevalent. Therefore, the use of lengths between
this range (150–550 nt) constitutes a good starting point, but
longer dsRNAs are also worth investigating as they have
sometimes led to satisfactory silencing.

Understanding how DCL proteins affect siRNA
generation
As silencing depends on the siRNA sequence and as the
siRNAs depend on the cutting length and cutting mechanism
of DCL proteins, the design of dsRNA for a specific purpose
requires some knowledge about DCL cleavage functioning.

DCL proteins are enzymes with ribonuclease activity
highly conserved across eukaryotes (Paturi and Deshmukh,
2021). They have a basic domain architecture that includes
an RNase III cleavage domain, responsible for cleaving
dsRNAs into siRNAs, and an RNA‐binding domain that de-
termines the enzyme–substrate preference and siRNA‐
product length (Nykänen et al., 2001; Zhang et al., 2004;
MacRae et al., 2006; 2007; Takeshita et al., 2007). The mul-
tiple duplication events of DCL genes throughout evolution
have allowed their diversification (Raman et al., 2017;
Jeseničnik et al., 2019; Mann et al., 2023). In turn, this
diversification has led to proteins with varying substrate
lengths and feature preferences, as well as different product
lengths (Figure 3), although most DCLs have retained their
core function in the RNAi pathway (Mann et al., 2023).

The DCL proteins of the genetic plant model A. thaliana
are well characterized and provide a good example of DCL
specificities. AtDCL3 prefers short dsRNAs (~30 nt) with 1 nt

or 2 nt 3′ overhangs or 5′‐adenosine or uridine, while AtDCL4
prefers long dsRNAs (preferably over 50 nt) with blunt ends or
with a 1 nt or 2 nt 3′ overhang (Nagano et al., 2014). The
products of AtDCL1 and AtDCL4 are 21 nt miRNAs and
siRNAs, respectively, while AtDCL2 and AtDCL3 produce 22
and 24 nt siRNAs, respectively (Xie et al., 2004; Nagano et al.,
2014; Paturi and Deshmukh, 2021).

Many fungi also have several DCL genes although ex-
ceptions exist, such as S. pombe, which possesses a single
DCL copy (Sigova et al., 2004). Determining the role of each
DCL in RNAi is a first step toward understanding the fate
of dsRNAs following fungal uptake. Indeed, DCL copies
often have distinct functions, with only partial redundancy.
For example, in M. oryzae (Kadotani et al., 2003; Raman
et al., 2017), F. graminearum (Chen et al., 2015), N. crassa
(Catalanotto et al., 2004; Tabara et al., 2021), and the
entomopathogenic fungus Metarhizium robertsii (Meng et al.,
2017), DCL2 seems to be the major component of the RNAi
machinery.

However, understanding the exact role of DCL proteins is
not straightforward. For instance, N. crassa DCL1 and DCL2
are usually considered to be at least partially redundant, with
the deletion of both required to abolish silencing (Catalanotto
et al., 2004; ReFalo and Sachs, 2004; Chang et al., 2012); yet,
Tabara et al. (2021) observed no dsRNA‐cleaving activity in
the absence of DCL2. Discrepancies between studies might
be due to several factors. First, the length of the substrate
used can affect the results. For instance, N. crassa DCL2 is
able to efficiently cut 50 and 130 nt dsRNA but efficacy is
reduced for shorter molecules (30 and 37 nt); longer dsRNAs
were not tested (Tabara et al., 2021). Second, DCLs activity
might depend on the development stage of the fungus. In M.
robertsii, DCL1 was only expressed in spores, while DCL2
was expressed during all stages but the expression was
highest during late conidiogenesis (Meng et al., 2017). Third,
DCLs might be active in different tissues. In F. graminearum,
DCL1 gene expression was much higher in conidia than in
mycelia (Chen et al., 2015).

The next question of relevance for SIGS regards the
characteristics of the siRNAs generated. Even in a well
characterized fungus, such as the model fungus N. crassa,
knowledge on siRNAs generation is imprecise: siRNAs
lengths of 21–26 nt were reported by ReFalo and Sachs
(2004), while Tabara et al. (2021) found a wider siRNA range
of 18–28 nt. Both studies found that 23 nt was the predom-
inant length, whereas a length of approximately 25 nt was
reported elsewhere (Catalanotto et al., 2004). In M. oryzae
(Raman et al., 2017) and F. graminearum (Chen et al., 2015),
siRNA populations with lengths of 21–26 nt (peak at 21 nt)
and 17–32 nt (peak at 27 nt) were reported, respectively. The
size range of siRNAs is thus wider in fungi than in A. thaliana.
As the length of the siRNA can influence the efficacy of the
silencing (Kim et al., 2005; Chang et al., 2007), knowing
ahead the lengths of the siRNAs that are likely to be gen-
erated from the dsRNA molecule could help during dsRNAs
design.
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The abundance of ions in the environment also influences
the activity of DCL enzymes. Studies in genetic model or-
ganisms, such as Drosophila melanogaster, N. crassa, and A.
thaliana, have shown that some salts can enhance or inhibit
the activity of DCL proteins. Magnesium chloride promotes
the activity of DmDCL2, NcDCL2, AtDCL3, and AtDCL4
(Tabara et al., 2021). High concentrations of sodium chloride
promote the activity of AtDCL3 proteins but suppress the
activity of AtDCL2, AtDCL4, and NcDCL2 proteins (Nagano
et al., 2014; Tabara et al., 2021). Potassium chloride, some
phosphates, and some sulfates were also found to affect the
activity of other DCLs (Fukunaga et al., 2014; Nagano et al.,
2014; Seta et al., 2017). The link between salts and the ac-
tivity of DCL proteins is interesting as it suggests that we can
modulate the activity of these enzymes using salts. However,
salts appear to have different effects on distinct DCLs, en-
hancing or promoting their activity. Therefore, what salt
could be beneficial would need to be determined for each
pathosystem.

To summarize, DCL proteins have varying substrate
affinities in terms of dsRNA length and can produce siRNAs

of different lengths. Knowing how DCL proteins process
dsRNA substrates into siRNA products can help to design
dsRNA molecules that will be efficiently processed into
siRNA by DCL proteins of the fungal pathogen. For example,
the dsRNAs could be designed in such a manner that they
would be processed by a specific DCL protein to produce
siRNAs with lengths between 21 and 25 nt, which are the
common lengths reported for fungal siRNAs (Chang et al.,
2012; Chen et al., 2015). Furthermore, as some salts are
known to potentiate DCL activity, it is possible that adding
salts as components of dsRNA formulations could enhance
the silencing of the genes targeted in the fungal pathogen
during SIGS.

Understanding the guide strand selection to improve
SIGS efficacy
Following DCL cleavage, the resulting siRNAs are loaded
onto AGO proteins, forming the RISC complex. Here, one of
the two siRNA strands, referred to as passenger strands,
dissociates from the AGO protein, while the other, the guide
strand, remains bound to the RISC and guides it to the

Figure 3. Considerations for designing the double‐stranded RNAs (dsRNA)
Double‐stranded RNA features influence silencing as they determine siRNAs resulting from DCL proteins cut and which strand is retained by RISC as the
guide strand. The guide strand must be complementary to the target mRNA for successful silencing (A), otherwise, it can result in the degradation of off‐
target mRNA degradation (B).

A guide to control pathogenic fungi by SIGS Journal of Integrative Plant Biology

810 March 2025 | Volume 67 | Issue 3 | 801–825 www.jipb.net

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



complementary mRNA. Then, the dissociated strand is de-
graded (Nykänen et al., 2001; Wilson and Doudna, 2013)
(Figure 3). dsRNA features influence silencing as they de-
termine siRNAs resulting from DCL proteins cut and which
strand is retained by RISC as the guide strand. The guide
strand must be complementary to the target mRNA for suc-
cessful silencing.

As only one strand will be complementary to the mRNA
target, but any of the two siRNA strands can be degraded or
serve as a guide strand (Schwarz et al., 2003), it is crucial that
the RISC favors the load of the strand that will result in silencing
of the desired gene (Figure 3A). Loading of the other strand as a
guide strand could cause degradation of unintended mRNA
molecules, potentially triggering OTEs (Figure 3B).

To date, the mechanism behind the guide strand
selections is not fully known (Liu et al., 2022). In animal
systems, it is governed by a sequence asymmetry‐sensing
mechanism based on the thermodynamic stability along the
siRNA duplex (Hutvagner, 2005). The RISC favors the strand
with the 5′‐end less tightly paired to its complement: strands
having U or nucleotides resulting in a mismatch at the 5′‐end
will be more likely to be selected as guide strands than those
with nucleotides leading to a stronger base pairing (G:C)
(Khvorova et al., 2003; Schwarz et al., 2003).

siRNA and miRNA duplexes with 5′‐U ends have also
been reported in several fungi, including N. crassa (Lee et al.,
2010), M. circinelloides (Nicolas et al., 2010), M. oryzae
(Raman et al., 2017), and some yeasts (Bühler et al., 2008). In
these organisms the guide strand selection might thus follow
a mechanism similar to the asymmetry‐sensing mechanism
observed in animal systems (Hutvagner, 2005). Interestingly,
in A. thaliana, while AGO1 is also associated with the siRNA
and miRNA duplex with 5′‐U ends, AGO2 and AGO5 proteins
seem to favor siRNAs with a 5′ terminal A and C, respectively,
suggesting that the guide strand selection is more complex
than previously thought and can depend on the AGO protein
(Takeda et al., 2008). Improved knowledge of the guide
strand selection mechanisms in fungi would be greatly ben-
eficial for the development of SIGS as it would enable the
design of dsRNAs in a way that ensures the selection of the
strand complementary to the target gene as the guide strand.

Bioinformatic tools for target selection and dsRNA
design
Many factors must be considered when selecting a target
gene and designing the dsRNA molecule. Fortunately, var-
ious bioinformatics tools can be of assistance (Riolo et al.,
2020). Table 2 provides a list of tools that are helpful for
dsRNA design, the prediction of off‐targets, and gene‐target
selection. Many of these tools are relatively simple and are
specific for designing siRNA candidates for a target gene. For
instance, the web servers Oligowalk (Lu and Mathews, 2008)
and RNAxs (Tafer et al., 2008) provide a list of candidate
siRNAs for a mRNA‐target sequence given by the user.

Other tools are more complex and can provide additional
information. For example, the psRNATarget web server can

be used to look for target genes in a given transcriptome
once the dsRNA is provided. Also, it can be used to look for
candidate miRNAs for a given mRNA in miRNA databases. In
this case, the user provides the miRNA or mRNA sequences
and selects the transcriptome or miRNA database from drop‐
down menus (Dai et al., 2018). Furthermore, the psRNA-
Target can help to select between siRNAs and can be par-
ticularly helpful in assessing the off‐target risk of a dsRNA
against a wide range of plant and fungal transcriptomes.
Another useful tool for predicting the off‐target risk is the
publicly available software si‐Fi, which enables checking
the potential OTEs of a long dsRNA sequence within a local
sequence database by computing all the possible siRNA
sequences of a selectable length that can be derived from the
dsRNA and checking for matches in the database (Lück et al.,
2019). For instance, Spada et al. (2021, 2023) used si‐Fi to
check the potential OTEs of B. cinerea‐specific dsRNA in
closely related fungi and in lettuce, the host plant.

There are no bioinformatic tools specific for gene‐target
selection. However, some tools, such as the sfold web
server, intended to find secondary structures in mRNAs, can
help to determine whether the target gene has accessible
sites (Shao et al., 2007). Most of these tools are freely
available as web services or desktop software with a user‐
friendly interface, making them easy to use. It is worth noting
that, being based on a restricted number of dsRNA and
target features, most tools are not faultless. Therefore,
results must be experimentally validated (Riolo et al., 2020;
Ghanbarian et al., 2022).

Unfortunately, most of these tools are limited to siRNAs or
miRNAs. Nevertheless, they can still be useful in identifying
open regions in the mRNA targets or checking for off‐targets
by manually assessing all the siRNAs possibly derived from
the dsRNA molecule. To the best of our knowledge, si‐Fi is
the only software considering dsRNAs (Lück et al., 2019).
This software can not only help the design of longer dsRNAs
but is also particularly useful when checking the off‐target
risk as it checks all possible siRNA sequences that can be
derived from long dsRNAs for potential OTEs.

Concluding remarks and other considerations
for designing the dsRNA
In conclusion, the design of new dsRNA molecules is a
complex process. Our main recommendations, based on
current knowledge, are summarized below.

As a general rule, dsRNAs must be designed to target
sites in the mRNA of the targeted gene that are accessible
and lack of complex secondary structures (Vickers et al.,
2003; Westerhout and Berkhout, 2007), which can be iden-
tified using some of the bioinformatics tools listed in Table 2.
As optimal dsRNA length cannot yet be predicted, we rec-
ommend testing various sizes, preferably within the
150–550 nt range, as such lengths have resulted in sat-
isfactory silencing in a variety of pathogens. Larger mole-
cules, despite being more likely to be cut by the DCL protein
into a wide variety of effective siRNA, might compromise the
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fungal uptake or affinity with DCL proteins, all key factors for
SIGS success.

Unfortunately, important knowledge gaps regarding
mechanisms behind RNAi silencing in fungi still prevent the
establishment of a more precise protocol for the design
of dsRNA molecules. To hasten the development of SIGS,
further research should focus on: (i) fungal DCL proteins
substrate affinities, cutting mechanisms, and siRNA‐product
characteristics, (ii) fungal AGO proteins guide strand se-
lection, and (iii) the steps downstream of these processes
that lead to silencing, with a view to enhancing the dsRNA
design.

MAKING ENGINEERED dsRNA
MOLECULES EFFECTIVE

Once the dsRNA molecules have been designed, it is nec-
essary to verify that they silence the targeted gene(s) in the

fungal pathogen and reduce symptom development in the
plant. This can be done by challenging the fungus with the
molecule under in vitro conditions and assessing changes
in fungal development, phenotype, or expression of the
targeted gene (Yang et al., 2021; Bhagta et al., 2023).

The efficacy of the dsRNA can then be tested in planta. A
critical determinant of SIGS success is the number of RNAi‐
inducing molecules reaching the RNAi machinery (Nami et al.,
2017; Schwartz et al., 2020; Qiao et al., 2021). However, once
dsRNAs are applied onto the plant surface, they might face
stability issues or not be taken properly by fungal cells.

Double‐stranded RNA stability
Spray‐induced gene silencing success depends on retaining an
effective dsRNA concentration before and after application to
the plant (Nami et al., 2017; Bachman et al., 2020). To date, little
information is known about dsRNA shelf life, although they
seem to be relatively stable when stored as buffer suspensions
at 4°C, −20°C, and −80°C (Bai et al., 2023).

Table 2. Useful bioinformatic tools for the development of SIGS strategies to control plant pathogenic fungi

Bioinformatic tools Input Output References

dsRNA design

Oligowalk rna.urmc.rochester.edu/servers/
oligowalk

Target sequence List of siRNA (Lu and
Mathews, 2008)

RNAxs http://rna.tbi.univie.ac.at/cgi‐bin/
RNAxs/RNAxs.cgi

Target sequence List of siRNA (Tafer et al., 2008)

siDirect 2.0 http://siDirect2.RNAi.jp/ Target sequence List of siRNA (Naito et al., 2009)

BLOCK‐iT™ RNAi Designer https://
rnaidesigner.thermofisher.com/rnaiexpress/
setOption.do?designOption=stealth&pid=‐
7982084108525566116

Target sequence List of siRNA Thermo Fisher

Off‐target prediction
psRNATarget https://www.zhaolab.org/

psRNATarget/home
Target or dsRNA sequence,

transcriptome or miRNA database
(available as drop‐down menu); a
custom transcriptome or
databases can be provided

List of miRNA or genes (Dai et al., 2018)

si‐Fi https://labtools.ipk‐gatersleben.de/ Target sequence; custom
transcriptome

Accessible regions in the
target mRNA for dsRNA,
list of possible off‐targets
in the provided database

(Lück et al., 2019)

dsCheck http://dscheck.rnai.jp/ dsRNA sequence and transcriptome
of interest (restricted to limited
previously uploaded
transcriptome options)

List of mRNA with
sequence similarity

(Naito et al., 2009)

online NCBI nblast https://blast.ncbi.nlm.nih.
gov/Blast.cgi?PROGRAM=blastn&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome

dsRNA sequence and transcriptome
of interest

List of mRNA with
sequence similarity

(Sayers et al., 2022)

Gene‐target selection
RNAfold WebServer http://rna.tbi.univie.ac.at//

cgi‐bin/RNAWebSuite/RNAfold.cg
Target sequence Target secondary and

accessible regions
Institute for

Theoretical
Chemistry
(University of
Vienna)

sfold web server https://sfold.wadsworth.org/
cgi‐bin/index.pl

Target sequence Target secondary and
accessible regions

(Shao et al., 2007)
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However, on the plant surface, dsRNAs must endure
harsh environmental conditions compromising their stability
(Bachman et al., 2020; Qiao et al., 2021). Several SIGS
studies have found that the control provided by dsRNAs is
lost within 1 week following their application on detached
fruits or leaves (Islam et al., 2021; Niño‐Sánchez et al., 2022;
Qiao et al., 2023). This is probably due to a decline in dsRNA
concentration. Indeed, once applied, dsRNAs can be de-
graded by environmental nucleases and sunlight UV radiation
(San Miguel and Scott, 2016; Dhandapani et al., 2019;
Bennett et al., 2020) or washed out by rain and irrigation
(Mitter et al., 2017; Qiao et al., 2023). For instance, dsRNAs
applied to detached tobacco leaves become un-
detectable 20 d following application (Mitter et al., 2017).

In some cases, some measures must be taken to protect
the dsRNAs during storage and once in the plant to avoid this
decline in dsRNA concentration. Some of these measure-
ments include stabilizing dsRNAs with nanoformulations,
which will be discussed in a later section (see “Nanoparticle
formulations”) (Rank and Koch, 2021).

Fungal dsRNA uptake
Spray‐induced gene silencing success also depends on the
dsRNA molecules finding their way into the fungal cells
(Qiao et al., 2021). Two pathways for uptake are possible.
Fungi can take up dsRNAs either directly from the plant
surface (direct uptake) or after they have been taken up and
processed by the plant host (indirect uptake).

Direct uptake
In vitro experiments using fluorescently labeled dsRNAs have
shown that fungal cells can take up dsRNAs without plant
intervention. However, not all fungi are equally capable of
direct uptake. For instance, the fungal pathogens B. cinerea
(Wang et al., 2016), S. sclerotiorum, R. solani, A. niger, V.
dahliae (Qiao et al., 2021), and A. psidii (Degnan et al., 2023)
have a better uptake capacity than Zymoseptoria tritici
(Kettles et al., 2019), Trichoderma virens, and C. gloeospor-
ioides (Qiao et al., 2021), which show poor to no uptake. The
developmental stage of the fungus can also affect uptake.
For example, A. psidii germinating urediniospores can take
up dsRNAs but not its teliospores (Degnan et al., 2023).

Knowing whether the fungus is capable of dsRNA uptake is
recommended as it will increase the chances of silencing in the
field (Qiao et al., 2021). Therefore, we suggest evaluating the
fungal uptake in vitro before moving to in planta evaluations.
This can be done by exposing the fungus to fluorescently la-
beled dsRNAs in culture medium (Hamby et al., 2020).

Indirect uptake
Plants can take up dsRNAs, possibly process them into
siRNAs, and transfer them to fungal cells (Koch et al., 2016;
Wang et al., 2016; Cai et al., 2018). Interestingly, before being
transferred into fungal cells, dsRNAs, or the resulting siRNAs,
can travel systematically through the plant (Figure 4)
(Koch et al., 2016; Biedenkopf et al., 2020; Delgado‐Martín

et al., 2022). Therefore, even untreated plant tissues might be
protected by SIGS.

Even though the discovery of RNAi‐signaling molecule
movements between plants and fungi is relatively new, such
exchanges are actually widespread and are key mediators of
plant–pathogenic fungi interactions (Weiberg et al., 2013; Wang
et al., 2016, 2017). These molecules travel between plants and
fungi inside extracellular vesicles (Figure 4) (Cai et al., 2018).

Constraints for dsRNA uptake
Before entering plant or fungal cells, dsRNAs have to cross the
cell wall, cell membrane and, in the case of plant uptake, the
plant cuticle (Garcia‐Rubio et al., 2020; Qiao et al., 2021).
These biological barriers have specific permeability properties
and control the trafficking of nutrients and other molecules
inside the cell. Therefore, they might limit RNAi‐signaling
molecules moving inside fungal and plant cells (Bennett et al.,
2020; Šečić and Kogel, 2021).

Constraints in the direct uptake
The complex polysaccharide matrices of the fungal cell wall
and the lipid bilayers in the fungal cell membrane are the main
biological barriers to the direct uptake of dsRNA by fungi. Cell
walls are perhaps the least restrictive obstacle as they have a
porous nature (Lipke and Ovalle, 1998; Garcia‐Rubio et al.,
2020). They allow the movement of small molecules into the
cell, but can limit the movement of long dsRNAs (Casadevall
et al., 2009; Walker et al., 2018). However, fungal cell walls are
not rigid barriers but dynamic structures, with viscoelastic
properties fluctuating and interacting with molecules. There-
fore, the movement of molecules across cell walls does not
depend exclusively on the molecule's size. For instance,
Walker et al. (2018) showed that gold nanoparticles crossed
Candida albicans and Cryptococcus neoformans cell walls
only when encapsulated in liposomes containing amphotericin
B, despite encapsulation not affecting the particles’ size.

Fungal cell membranes, conversely, are less permeable.
While they allow the movement of small and relatively
hydrophobic molecules through passive diffusion, other
molecules require active mechanisms (Barata‐Antunes et al.,
2021). This is the case for dsRNAs as they have a cationic
and hydrophilic nature (Shin et al., 2018). In insects, dsRNAs
enter the cell using transmembrane channel proteins (Sys-
temic RNAi Defective (SID) Proteins and SID‐like proteins)
and endocytic pathways (Wytinck et al., 2020). SID‐like pro-
teins seem absent in fungi (Cai et al., 2019; Wytinck et al.,
2020). Therefore, it is believed that the movement of dsRNAs
across fungal cell membranes relies mostly on endocytosis.
Supporting this hypothesis, Wytinck et al. (2020) have shown
that the inhibition of the clathrin‐mediated endocytosis
disrupts dsRNA uptake in S. sclerotium.

Constraints in the indirect uptake
During indirect uptake, the cuticle, the plant cell wall and the
cell membrane represent additional biological barriers for
fungal uptake as dsRNAs must first make their way in and out
of the plant cell.
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Plant cell walls and cell membranes behave similarly to
fungal ones, the former permitting the passage of small
dsRNAs molecules (Li et al., 2019; Bennett et al., 2020), and
the latter being more restrictive to their crossing (Shin et al.,
2018; Bennett et al., 2020). Bennett et al. (2020) have shown
that dsRNAs of less than 50 bp easily cross tobacco cell
walls, but not longer dsRNAs. However, one study in plant
cells found that 70 kDa dextran molecules (~6 nm

hydrodynamic radius) can cross plant cell walls, but not the
smaller α‐amylase molecules (~4 nm hydrodynamic radius)
(Li et al., 2021). Therefore, as in fungi, molecule size is not the
only factor defining the movement of molecules across plant
cell walls.

Like fungi, plants do not have SID‐like proteins and seem
to rely on endocytosis for the dsRNA movement across cell
membranes. For instance, Bennett et al. (2020) have shown

Figure 4. Fungal uptake of double‐stranded RNAs (dsRNAs)
Double‐stranded RNAs are applied to the plant as naked molecules or within nanoformulations to protect the molecules from the environment. Fungi can
take up the dsRNAs from the environment or the host plant (red arrows). The plant can take up dsRNAs from the environment (purple arrows), and these
molecules can be processed by DCL plant enzymes into siRNAs and both (dsRNAs and siRNAs) move from cell to cell through the plasmodesmata and
systemically through the vascular system (black arrows) and, between plant and fungi, inside extracellular vesicles.

A guide to control pathogenic fungi by SIGS Journal of Integrative Plant Biology

814 March 2025 | Volume 67 | Issue 3 | 801–825 www.jipb.net

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



that flg22 (a 22‐amino acid flagellin fragment), which is known
to induce ligand‐induced endocytosis in plants, enhances the
uptake of small dsDNA molecules in tobacco plant cells.

The plant cuticle is relatively impermeable to nucleic
acids, including dsRNAs. At laboratory scale, pressure,
abrasion, and biolistic transfection can be used to transfect
plant cells with nucleic acids and dsRNAs (Bennett et al.,
2020). However, these methods are not feasible at field scale.
Alternatively, dsRNAs can be applied in formulations with
surfactants. Indeed, dsRNA formulations with organosilicon
surfactants (i.e., Silwet L‐77 and Pulse) facilitate the delivery
of dsRNAs through the plant stomata (Bennett et al., 2020;
Degnan et al., 2023).

In addition to surfactants, nanocarrier formulations have
shown some promising results for the delivery of dsRNAs into
plant and fungal cells and for SIGS. In the following section,
some nanocarriers are discussed, with an emphasis on those
tested for SIGS applications.

Nanoparticle formulations
Nanocarriers can be divided into three broad categories: or-
ganic, inorganic, and carbon‐based nanocarriers, depending
on their chemistries (Jat et al., 2020) (Figure 5). They have
been used intensively in the medical field for RNA‐based
therapeutics (Blanco et al., 2015; Shin et al., 2018). In vitro
and in greenhouse studies with plant pathogenic fungi have
yielded promising results, showing that nanocarriers improve
dsRNA stability and cellular uptake (Qiao et al., 2023)
and promote dsRNA systemic movement inside the plant
(Chen et al., 2022; Molesini et al., 2022), leading to more

sustained protection of the plant host (Mosa and Youssef,
2021; Niño‐Sánchez et al., 2022). Some nanocarriers can
even double the protection time of the dsRNA. For example,
Niño‐Sánchez et al. (2022) have shown that the protection of
tomato fruits and detached leaves against B. cinerea was
increased from 1 week to up to 2 weeks when using a for-
mulation with layered double hydroxide (LDH) nanoparticles
compared with naked dsRNAs. Similar results have been
reported for other nanoparticles and pathosystems, including
LDH nanoparticles with F. oxysporum in tomato plants (Mosa
and Youssef, 2021), lipid vesicles with B. cinerea in tomato
fruits, grape berries, and Vitis vinifera leaves (Qiao et al.,
2023), and chitosan/star polymer (SPc) nanoparticles com-
plex with R. solani in detached‐rice leaves (Wang et al., 2022).
The number of studies regarding the use of dsRNAs
nanoformulations for protecting plants against plant patho-
genic fungi is still low, but it will certainly increase considering
the positive results already obtained.

Organic nanocarriers
Various organic nanocarriers, namely lipid vesicles, and protein‐
based or organic polymer‐based nanocarriers, have been tested
for delivering dsRNAs to plant pathogenic fungi (Figure 5).

Lipid‐based nanocarriers
Lipid vesicles are non‐toxic self‐contained structures en-
closed by a lipid bi‐layer composed mainly of phospholipids
and sterols that can encapsulate different cargoes, including
dsRNAs (Podesta and Kostarelos, 2009; Qiao et al., 2023).
Lipid vesicles, in particular liposomes, have been used

Figure 5. Summary of the relevant features of the main nanocarriers used for spray‐induced gene silencing (SIGS)
The figure shows the performance of nanocarriers across categories, with green, orange, and red symbols representing good, average, and poor
performance, respectively. A black question mark indicates missing information.
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extensively for delivering dsRNAs and other cargoes in the
medical field (Shim et al., 2011; Shin et al., 2018; Giordani
et al., 2023), and their success has motivated their use in
other fields, including plant protection (Sanitt et al., 2016;
Tayler et al., 2019; Qiao et al., 2023). Only one study has
tested liposomes for SIGS against fungal pathogens (Qiao
et al., 2023). This study, as well as other SIGS studies for pest
control, have shown that liposomes can protect dsRNAs from
the environment, and enhance cellular uptake, silencing, and
plant protection (Zhang et al., 2018; Tayler et al., 2019; Qiao
et al., 2023). Liposomes also provide a regulated release of
the dsRNAs and aid their attachment to the plant surface,
preventing rain wash (Qiao et al., 2023; Su et al., 2023).

A downside of liposomes is that they can have a short
shelf life. Depending on the lipidic composition and storage
conditions, liposomes fuse during long‐term storage, leading
to enlarged particle sizes and unwanted cargo release
(Lehman et al., 2023; Budavári et al., 2024). They also have
relatively low loading capacities and are hard to mass pro-
duce as they require laborious and low‐efficient isolations
and cargo‐loading methodologies, most of which have low
efficiencies and are limited to the laboratory scale (Shin et al.,
2018; Schlemmer et al., 2021; Giordani et al., 2023). The cost
derived from the liposome complex production process and
raw materials might be a limitation for some applications.
Therefore, developing simple and easy‐to‐scale production
processes using less expensive lipid constituents is
necessary before using liposomes for SIGS in the field
(Qiao et al., 2023).

Lipid vesicles produced by living cells (i.e., extracellular
vesicles and minicells) can be an interesting alternative to
liposomes (Shin et al., 2018; Islam et al., 2021). To our
knowledge, only one study has tested such vesicles for
SIGS, showing that E. coli minicells can be used to deliver
dsRNAs targeting the CHS3b2, DCL1, and DCL2 genes of
B. fuckeliana, reducing fungal growth and symptom devel-
opment in strawberries (Islam et al., 2021). Furthermore,
living bacteria or the cell‐free lysate of an E. coli strain
producing dsRNAs targeting the virulence SAS1 gene of
B. cinerea reduced fungal proliferation, symptom develop-
ment, and the expression of the targeted gene when applied
on N. benthamiana detached leaves (Niño‐Sánchez et al.,
2021). Whether the dsRNAs produced were subsequently
encapsulated in bacterial vesicles was not evaluated.
However, it is a possibility as it has been shown that bacteria
genetically modified to express different cargoes can
encapsulate these cargoes in extracellular vesicles (Wang
et al., 2018).

Protein‐based nanocarriers
Protein‐based nanoparticles are based on polypeptides with
various cationic domains that can interact with the negatively
charged dsRNAs through electrostatic interactions, forming
three‐dimensional structures that protect dsRNAs and facili-
tate their delivery into cells (Unnamalai et al., 2004; Elzoghby
et al., 2012; de Schutter et al., 2021). These nanoparticles

have also been used extensively in the medical field.
However, they are beginning to be replaced by liposomes,
following the approval of various lipid‐based therapeutic
products (Giordani et al., 2023).

Among protein‐based nanocarriers, polycationic and
amphipathic cell‐penetrating peptides (CPP)‐based and
lectin‐based nanocarriers have been the most explored for
delivering dsRNAs in agricultural applications, but mostly into
plant and insect cells (Fitches et al., 2002; Down et al., 2006;
Yang et al., 2017; Numata et al., 2014, 2018; Martinez et al.,
2021). To the best of our knowledge, the only protein‐based
nanocarrier tested for SIGS against a fungal pathogen was
protamine nanoparticles, which had lower loading, delivery,
nucleases‐protection, and disease‐protection capacities than
other nanoparticles (i.e., chitosan, polyethyleneimine, carbon
quantum dots, polyamidoamine, and chitosan/star polymer
(SPc) complex) (Wang et al., 2023c). The main disadvantage
of protein‐based nanocarriers is their complex production
processes (Yang et al., 2017), which can translate into high
production costs and market prices. In addition, some
protein‐based nanocarriers have shown low dsRNA‐releasing
capabilities due to strong polypeptide–dsRNA interactions,
which can interfere with the delivery (Yang et al., 2017).

Organic polymer‐based nanocarriers
Among organic polymer‐based nanocarriers are poly-
ethyleneimine, polyamidoamine (PAMAM), polylactic‐co‐glycolic
acid, and chitosan, which are commonly used as nanocarriers
because their amine/imine groups confer to them a high loading
capacity by binding dsRNAs through electrostatic interaction
(Quilez‐Molina et al., 2024). Also, they can be functionalized with
additional amine groups increasing their loading capacities (Shin
et al., 2018; Wang et al., 2023c). Most of these polymers protect
the dsRNAs from the environment (Mudo et al., 2022) and
facilitate their delivery into fungal (De Angelis et al., 2022; Wang
et al., 2023c) and plant cells (Silva et al., 2010). However, they
can differ in these and other capacities and some of these
polymer nanocarriers can have high production costs (Saharan
et al., 2013; Sathiyabama and Parthasarathy, 2016). Therefore,
polymer selection requires careful consideration.

For example, a study in R. solani showed that chitosan,
polyethyleneimine, and chitosan/SPc complex nanoparticles
were better at delivering dsRNAs into fungal cells than
PAMAM, and that the chitosan/SPc complex was the best in
protecting the dsRNA from nuclease degradation and
reducing symptom development in rice (Wang et al., 2023c).
Polyethyleneimine nanoparticles can be used to deliver
dsRNAs into tobacco protoplast, but are less effective in
complete cells, suggesting that plant cell walls limit the
movement of these nanoparticles (Silva et al., 2010).
Chitosan nanoparticles can protect dsRNAs from degrada-
tion when subjected to 80°C and ultraviolet light (Mudo et al.,
2022; Scarpin et al., 2023). They also improved the control of
B. cinerea in N. benthamiana leaves with dsRNAs targeting
BcCYP51, Bcchs1, and BcEF2 genes (Scarpin et al., 2023).
Furthermore, chitosan nanoparticles have been extensively
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used to boost a defense response and promote plant growth
in several crops. Finally, another advantage of chitosan is
its low cost (Sathiyabama and Parthasarathy, 2016;
Kumaraswamy et al., 2018).

Inorganic nanocarriers
Inorganic nanocarriers, such as synthetic anionic clay, metal‐
based, and silica nanoparticles, have been commonly
used to deliver dsRNAs and other cargoes in agriculture
applications.

Layered double hydroxide
Layered double hydroxide nanoparticles are part of the syn-
thetic anionic clay nanoparticles and are probably the most
explored option for the delivery of dsRNAs into plant and
fungal cells (Mosa and Youssef, 2021; Chen et al., 2022;
Molesini et al., 2022; Niño‐Sánchez et al., 2022; Yong et al.,
2022; Mukherjee et al., 2024). Due to their anion exchange
capacity, they interact with dsRNA providing them protection
against nucleases (Mosa and Youssef, 2021), facilitating their
cellular uptake (Chen et al., 2022), promoting their systemic
move across the plant (Chen et al., 2022; Yong et al., 2022),
and improving their adhesion to the plant surface (Chen et al.,
2022). Layered double hydroxide nanoparticles release dsRNA
molecules in a controlled manner as the clay degrades (Jain
et al., 2022), which results in a prolonged control of the host
(Niño‐Sánchez et al., 2022). dsRNA–LDH nanoformulations
have proven effective to retard symptom development in
multiple pathosystems, including tomato–F. oxysporum (Mosa
and Youssef, 2021), chickpea–B. cinerea (Niño‐Sánchez et al.,
2022), and maize–R. solani (Chen et al., 2022).

Layered double hydroxide nanoparticles are low‐cost
nanocarriers. However, their low number of adsorption
active sites limits their loading capacity (Dou et al., 2020;
Li et al., 2021). The additional processes to functionalize their
surfaces and increase their loadings might increase their
costs (Tang et al., 2020). Furthermore, some plant tissues
can take up LDH more readily than others (Mosa and
Youssef, 2021; Chen et al., 2022). To our knowledge, no
studies have evaluated the differential uptake in fungal
structures. Also, it should be noted that this might not be
unique to LDH nanoparticles, as it has not been tested for
other nanocarriers. This differential uptake observed between
plant tissues must be considered, as it will determine how the
nanocarrier will be applied to the plant.

Silica‐based and metal‐based nanoparticles
Silica and metal nanoparticles have been used for intracellular
delivery of several cargoes, including dsRNAs, into mamma-
lian cells but not into fungal or plant cells (Giljohann et al.,
2009; Meng et al., 2010; Shin et al., 2018). A recent publication
by Xu et al. (2023) showed that spraying N. benthamiana with
amine‐functionalized silica nanoparticles carrying dsRNAs
targeting the Potato virus Y reduced, to a greater extent, virus
titers in infected plants when compared with the naked
molecules, especially during late infections. However, the

feasibility of using silica and metal nanoparticles as carriers for
delivering dsRNAs into the plant and fungal cells remains
mostly unexplored.

While both metal and silica nanoparticles protect dsRNAs
from nuclease degradation and facilitate cellular uptake in
animal cells (Paul et al., 2014; Shin et al., 2018), the former
underperforms the latter in some other aspects. Indeed,
metal nanoparticles have low loading capacities and thus
require surface functionalization or complexation with other
nanocarriers to increase their loading (Giljohann et al., 2009;
Meng et al., 2010; Shin et al., 2018), are expensive, and can
be toxic (Li et al., 2021). In contrast, silica nanoparticles are
innocuous, stable, and have simple and inexpensive pro-
duction processes. They have high loading capacities, due to
their porous structure and large surface area, but can also be
functionalized to improve their cargo loading or to target
specific sites in the targeted organism (Li et al., 2021). Thus,
silicate nanoparticles might be interesting to further assess
for SIGS purposes.

Carbon‐based nanocarriers
Carbon‐based nanocarriers include carbon dots (CD), nano-
tubes, nanohorns, fullerenes, nanoparticles, nanobeads,
nanofibers, and nanodiamonds (Verma et al., 2019), some of
which have already been evaluated for dsRNAs delivery into
plant cells (Verma et al., 2019; Demirer et al., 2020). Overall,
carbon‐based nanocarriers are characterized by their stable
molecular architecture, high chemical reactivity, and high
surface area (Verma et al., 2019; Demirer et al., 2020; Jat
et al., 2020). However, they have distinctive properties
depending on their agglomeration patterns, surface struc-
ture, and sizes (Verma et al., 2019). For example, the CD can
cross biological barriers, are water soluble, and exhibit
fluorescence, making them a convenient tool for tracking
nanoparticles inside plant tissues. However, they can be
toxic to plants at high concentrations (Shin et al., 2018;
Verma et al., 2019). Graphenes can also be toxic to plants at
high concentrations, but they are not toxic when functional-
ized with oxygen groups (Husen and Siddiqi, 2014).
Nanotubes have high cargo‐loading capacities due to their
large surface areas (Verma et al., 2019; Demirer et al., 2020;
Jat et al., 2020).

Carbon dots and carbon nanotubes have been evaluated
for SIGS or to deliver dsRNA with promising results (Kostov
et al., 2022; Su et al., 2023; Wang et al., 2023c). For instance,
these nanoparticles protect the dsRNAs from the environ-
ment and facilitate the delivery inside the cell (Demirer et al.,
2020; Schwartz et al., 2020). Furthermore, dsRNA–CD
nanoformulations targeting R. solani pathogenicity genes
reduced symptom development in rice‐detached leaves
(Wang et al., 2023c), and leaf applications of dsRNA–CD and
dsRNA–carbon nanotubes silence the targeted genes in
tobacco and tomato (Demirer et al., 2020; Kostov et al.,
2022). These results show that CD and carbon nanotubes
can be a good alternative for SIGS. However, due to the
toxicity demonstrated for other carbon‐based nanocarriers
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(Husen and Siddiqi, 2014; Verma et al., 2019), their toxicity
should not be overlooked. Therefore, SIGS evaluations using
CD and carbon nanotube nanoformulations should include
experiments assessing the phytotoxicity of these nano-
carriers at different concentrations.

Concluding remarks and other considerations for
dsRNA molecules effective
Despite SIGS’ multiple advantages (versatility and adapt-
ability, precise and sequence‐specific control, low environ-
mental impact, reduced risk for resistance development,
etc.), this technology is constrained by the instability and
easy degradation of the RNA molecule, rendering the pro-
tection of the plant transient. Also, there are concerns re-
garding the uptake of dsRNA molecules by plants and
pathogens, which may also affect the efficacy of the si-
lencing. Consequently, significant efforts are being devoted
to developing nanocarriers that can shield dsRNA from en-
vironmental conditions and, in turn, enhance its uptake.

So far, studies on nanocarriers for SIGS have mainly fo-
cused on LDH and chitosan, which appear to be good op-
tions as they perform well at a relatively low cost. However,
the lack of comparison with other nanocarriers for SIGS does
not allow us to assert whether they really are the best alter-
native and perhaps, there is not a single nanocarrier that can
guarantee protection for the several application methods
required depending on the infection mode of the fungal
pathogen (foliar, vascular, soil‐borne, post‐harvest). In addi-
tion, price‐wise comparisons of nanocarriers are limited as no
cost evaluation study has been performed to date.

PERSPECTIVE OF SIGS CONTROL
STRATEGY

It is well recognized that SIGS is a promising strategy for the
control and management of plant diseases. However, there
are some aspects of this technology that require more ex-
tensive research and open up possibilities for further inves-
tigation. Along this review, we have pointed out the knowl-
edge gaps that we found regarding the mechanisms behind
fungal RNAi silencing. Little information is known about
fungal DCL processing of dsRNAs, AGO guide strand se-
lection, and downstream processes leading to silencing.
Also, we have stressed the need for more robust studies
evaluating the potential OTE effect of dsRNAs on varying
organisms and the ecotoxicology of RNAi‐based plant dis-
ease management. In the last section of this review, we have
focused on the dsRNA instability and low pathogen uptake,
as we consider them to be the most limiting factors for SIGS
success in the field. We have discussed how they can reduce
SIGS efficacy and some efforts that are being taken to
overcome these limitations. The work on the encapsulation of
the dsRNAs using nanocarriers is relatively new, and has
shown promising results. However, most studies have been
focused on limited combinations of pathogens and

nanocarriers. It is necessary to expand these studies to other
pathogens and nanocarriers, comparing the efficacy of the
different nanocarriers.

To conclude, we would like to stress that other factors can
also influence the implementation of SIGS in the field. Thus,
despite being out of the scope of this review, they should not
be overlooked. One of them relates to the cost and pro-
duction of dsRNAs. Spray‐induced gene silencing technology
must be cost‐effective in order to be implemented on a large
scale. Since the advent of RNAi, the industry has addressed
these challenges due to growing interest in these tech-
nologies. The growing interest of companies in SIGS tech-
nology has led to remarkable advances in production and
encapsulation methods, resulting in significantly reduced
costs (Rank and Koch, 2021; Bocos‐Asenjo et al., 2022).
Another aspect that cannot be overlooked is the issues per-
taining to the development of new fungicide products, in-
cluding their biosafety and the legislative framework gov-
erning their use in the field (Rank and Koch, 2021). Currently,
these products are considered safe, given their minimal risk
to human and animal health. However, a robust regulatory
framework has yet to be established for these new bio-
pesticides (Rank and Koch, 2021). Last, a comprehensive
effort is necessary to establish crop application guidelines to
facilitate the implementation of SIGS by farmers. We need to
study optimal timing and dsRNA concentration for field ap-
plications, develop effective application methods, and assess
potential synergies with other control methods.

CONCLUSIONS

SIGS is a promising strategy for the control of plant patho-
genic fungi in agriculture. As an alternative to fungicides, it is
a cheaper, more convenient, and more versatile option than
other RNAi‐based technologies, such as HIGS. For the SIGS
technology to progress, more fundamental studies are
needed to fully elucidate the biological mechanisms behind it,
but even more applied studies. Therefore, a step‐by‐step
description of how to develop a SIGS strategy, highlighting
relevant considerations, can come in handy.

The first step in designing a SIGS strategy is to ensure
that the target fungus is susceptible to SIGS. Here, the re-
searcher can start by checking whether the fungus has the
well characterized RNAi machinery. Indeed, researchers can
use this information to look for homologies in the target
fungus. However, it is important to keep in mind that having
RNAi machinery is not a guarantee of SIGS susceptibility but
only a good starting point.

The second step is the selection of the gene(s) to target.
Targeted genes must play central roles in the fungal patho-
genicity, be it because they are essential genes participating
in fungal proliferation or because they are directly responsible
for virulence. Besides, the literature suggests that non‐
conserved, abundant, and highly transcribed genes with ac-
cessible regions make good targets.
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The third step is to design in silico dsRNA sequences
targeting those genes, which is facilitated by a variety of bi-
oinformatic tools. The dsRNA length must be carefully
chosen. In addition, it is important to remember that only one
of the dsRNA strands is complementary to the target mRNA
and thus can yield functional siRNA guide strands. Which
strand is turned into guide strands depends on the DCL and
AGO proteins cut and recognition affinity. Unfortunately,
knowledge directly applicable to dsRNA design is scarce as
the mechanisms behind these phenomena are still being re-
searched. To reduce the risk of adverse outcomes on bio-
diversity, the potential of the designed molecules to trigger
silencing in non‐target organisms should be assessed. At this
point, the efficacy of the dsRNAs can be checked through
preliminary in vitro and in planta experiments assessing the
dsRNAs uptake, gene silencing, and disease control to select
a couple of functional dsRNAs.

The final step is to address the major SIGS limitations,
dsRNA stability and cellular uptake. This can be done ef-
fectively by selecting a nanocarrier from a variety of
nanoparticles with different characteristics. Their capacity
of improving dsRNA uptake, gene silencing, and disease
control can be evaluated in preliminary evaluations as for
the naked dsRNA molecules. Once the best combinations
of dsRNAs and nanoparticles have been selected, re-
searchers can move to greenhouse and field evaluations to
test them for disease control. It is imperative to investigate
the optimal timing and frequency of RNAi application to
determine the most effective spraying intervals and timing
for achieving maximum efficacy and outcomes.

ACKNOWLEDGEMENTS

This research was funded by the Spanish Ministry of Science,
Innovation and Universities (Project No. PID2023‐148417OA‐
I00) and by the Spanish Ministry of Science and Innovation and
by the European Union through the Next Generation Funds
(Project No. PLEC2021‐008076). This study has also been
funded by the Junta de Castilla y León through the projects
“VAP208P20,” “VA178P23,” and the program “CLU‐2019‐01
and CL‐EI‐2021‐05 – iuFOR Unit of Excellence,” co‐funded by
the European Regional Development Fund. Jonatan Niño‐
Sánchez received support from the European Union's Horizon
Europe research and innovation programme under the MSCA
agreement No. 101068728. Irene Teresa Bocos‐Asenjo and
Huma Amin were recipients of PhD fellowships funded by Junta
de Castilla y León (Orden EDU/601/2020 and Orden EDU/1508/
2020). Sergio Diez‐Hermano received a Juan de la Cierva
postdoctoral fellowship funded by MCIU/AEI/10.13039/
501100011033 and “NextGenerationEU”/PRTR (Spain).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

S.M. and M.G. wrote most parts of the review. I.T.B.‐A. con-
tributed to writing and drawing the figures. H.A. assisted in
writing the bioinformatics‐related sections. S.D.‐H. contributed
to writing, drawing Figure 1, and organizing the material. J.J.D.
revised the manuscript. J.N.S. conceived the idea, structured
the review, contributed to writing, and revised the manuscript.
All authors read and approved its content.

Edited by: Hailing Jin, University of California, USA

Received Mar. 25, 2024; Accepted Dec. 31, 2024; Published Feb.
6, 2025

OO: OnlineOpen

REFERENCES

Aigner, A. (2007). Applications of RNA interference: Current state and
prospects for siRNA‐based strategies in vivo. Appl. Microbiol. Bio-
technol. 76: 9–21.

Bachman, P., Fischer, J., Song, Z., Urbanczyk‐Wochniak, E., and
Watson, G. (2020). Environmental fate and dissipation of applied
dsRNA in soil, aquatic systems, and plants. Front. Plant Sci. 11: 21.

Bachman, P.M., Bolognesi, R., Moar, W.J., Mueller, G.M., Paradise,
M.S., Ramaseshadri, P., Tan, J., Uffman, J.P., Warren, J., Wiggins,
B.E., et al. (2013). Characterization of the spectrum of insecticidal
activity of a double‐stranded RNA with targeted activity against
Western Corn Rootworm (Diabrotica virgifera virgifera LeConte).
Transgenic Res. 22: 1207–1222.

Bai, M., Liu, Z.L., Zhou, Y.Y., Xu, Q.X., Liu, T.X., and Tian, H.G. (2023).
Influence of diverse storage conditions of double‐stranded RNA in vitro
on the RNA interference efficiency in vivo insect Tribolium castaneum.
Pest. Manag. Sci. 79: 45–54.

Barata‐Antunes, C., Alves, R., Talaia, G., Casal, M., Gerós, H., Mans,
R., and Paiva, S. (2021). Endocytosis of nutrient transporters in fungi:
The ART of connecting signaling and trafficking. Comput. Struct. Bio-
technol. J. 19: 1713–1737.

Bartoszewski, R., and Sikorski, A.F. (2019). Editorial focus: Under-
standing off‐target effects as the key to successful RNAi therapy. Cell.
Mol. Biol. Lett. 24: 69.

Baum, J.A., Bogaert, T., Clinton, W., Heck, G.R., Feldmann, P., Ilagan,
O., Johnson, S., Plaetinck, G., Munyikwa, T., Pleau, M., et al. (2007).
Control of coleopteran insect pests through RNA interference. Nat.
Biotechnol. 25: 1322–1326.

Bennett, M., Deikman, J., Hendrix, B., and Landolino, A. (2020). Barriers
to efficient foliar uptake of dsRNA and molecular barriers to dsRNA
activity in plant cells. Front. Plant Sci. 11: 816.

Bhagta, S., Bhardwaj, V., and Kant, A. (2023). Exogenous dsRNA trigger
RNAi in Venturia inaequalis resulting in down regulation of target genes
and growth reduction. Mol. Biol. Rep. 50: 8421–8429.

Biedenkopf, D., Will, T., Knauer, T., Jelonek, L., Furch, A.C.U.,
Busche, T., and Koch, A. (2020). Systemic spreading of exoge-
nous applied RNA biopesticides in the crop plant Hordeum vulgare.
ExRNA 2: 12.

Birmingham, A., Anderson, E.M., Reynolds, A., Ilsley‐Tyree, D.,
Leake, D., Fedorov, Y., Baskerville, S., Maksimova, E., Rob-
inson, K., Karpilow, J., et al. (2006). 3′ UTR seed matches, but not
overall identity, are associated with RNAi off‐targets. Nat. Methods
3: 199–204.

A guide to control pathogenic fungi by SIGSJournal of Integrative Plant Biology

www.jipb.net March 2025 | Volume 67 | Issue 3 | 801–825 819

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Blanco, E., Shen, H., and Ferrari, M. (2015). Principles of nanoparticle
design for overcoming biological barriers to drug delivery. Nat. Bio-
technol. 33: 941–951.

Bocos‐Asenjo, I.T., Huma, A., Mosquera, S., Díez, S., Ginésy, M., Diez,
J.J., and Niño‐Sánchez, J. (2024). Spray‐induced gene silencing (SIGS)
as a tool for the management of pine pitch canker forest disease. Plant
Dis. 109: 49–62.

Bocos‐Asenjo, I.T., Niño‐Sánchez, J., Ginésy, M., and Diez, J.J. (2022).
New insights on the integrated management of plant diseases by RNA
strategies: Mycoviruses and RNA interference. Int. J. Mol. Sci.
23: 9236.

Bohula, E.A., Salisbury, A.J., Sohail, M., Playford, M.P., Riedemann, J.,
Southern, E.M., and Macaulay, V.M. (2003). The efficacy of small
interfering RNAs targeted to the type 1 insulin‐like Growth Factor Re-
ceptor (IGF1R) is influenced by secondary structure in the IGF1R
transcript. J. Biol. Chem. 278: 15991–15997.

Budavári, B., Karancsi, Á., Pinke, B.G., Pállinger, É., Juriga‐Tóth, K.,
Király, M., Szász, Z., Voszka, I., Molnár, K., Kőhidai, L., et al. (2024).
Long‐term shelf‐life liposomes for delivery of prednisolone and bude-
sonide. J. Mol. Liq. 394: 123756.

Bühler, M., Spies, N., Bartel, D.P., and Moazed, D. (2008). TRAMP‐
mediated RNA surveillance prevents spurious entry of RNAs into the
Schizosaccharomyces pombe siRNA pathway. Nat. Struct. Mol. Biol.
15: 1015–1023.

Cai, Q., Halilovic, L., Shi, T., Chen, A., He, B., Wu, H., and Jin, H. (2023).
Extracellular vesicles: Cross‐organismal RNA trafficking in plants, mi-
crobes, and mammalian cells. Extracell. Vesicles Circ. Nucl. Acids 4:
262–282.

Cai, Q., He, B., and Jin, H. (2019). A safe ride in extracellular vesicles—
Small RNA trafficking between plant hosts and pathogens. Curr. Opin.
Plant Biol. 52: 140–148.

Cai, Q., Qiao, L., Wang, M., He, B., Lin, F.M., Palmquist, J., Huang, S.D.,
and Jin, H. (2018). Plants send small RNAs in extracellular vesicles to
fungal pathogen to silence virulence genes. Science 360: 1126–1129.

Calo, S., Nicolás, F.E., Vila, A., Torres‐Martínez, S., and Ruiz‐Vázquez,
R.M. (2012). Two distinct RNA‐dependent RNA polymerases are re-
quired for initiation and amplification of RNA silencing in the basal
fungus mucor circinelloides. Mol. Microbiol. 83: 379–394.

Campo, S., Gilbert, K.B., and Carrington, J.C. (2016). Small RNA‐based
antiviral defense in the phytopathogenic fungus Colletotrichum hig-
ginsianum. PLoS Pathog. 12: e1005640.

Cao, X., Han, Q., and West, J.S. (2024). Spray‐induced gene silencing as
a potential tool to control rubber tree powdery mildew disease. Physiol.
Mol. Plant Pathol. 129: 102182.

Casacuberta, J.M., Devos, Y., du Jardin, P., Ramon, M., Vaucheret, H.,
and Nogué, F. (2015). Biotechnological uses of RNAi in plants: Risk
assessment considerations. Trends Biotechnol. 33: 145–147.

Casadevall, A., Nosanchuk, J.D., Williamson, P., and Rodrigues, M.L.
(2009). Vesicular transport across the fungal cell wall. Trends Microbiol.
17: 158–162.

Catalanotto, C., Pallotta, M., ReFalo, P., Sachs, M.S., Vayssie, L.,
Macino, G., and Cogoni, C. (2004). Redundancy of the two dicer
genes in transgene‐induced posttranscriptional gene silencing in
Neurospora crassa. Mol. Cell. Biol. 24: 2536–2545.

Chan, C.Y., Carmack, C.S., Long, D.D., Maliyekkel, A., Shao, Y., Ro-
ninson, I.B., and Ding, Y. (2009). A structural interpretation of the
effect of GC‐content on efficiency of RNA interference. BMC Bio-
informatics 10: S33.

Chang, C.I., Hong, S.W., Kim, S., and Lee, D. (2007). A structure–activity
relationship study of siRNAs with structural variations. Biochem. Bio-
phys. Res. Commun. 359: 997–1003.

Chang, S.S., Zhang, Z., and Liu, Y. (2012). RNA interference pathways in
fungi: Mechanisms and functions. Annu. Rev. Microbiol. 66: 305–323.

Chen, J., Peng, Y., Zhang, H., Wang, K., Tang, Y., Gao, J., Zhao, C.,
Zhu, G., Palli, S.R., and Han, Z. (2021a). Transcript level is a key factor
affecting RNAi efficiency. Pestic. Biochem. Physiol. 176: 104872.

Chen, J., Peng, Y., Zhang, H., Wang, K., Zhao, C., Zhu, G., Reddy Palli, S.,
and Han, Z. (2021b). Off‐target effects of RNAi correlate with the mismatch
rate between dsRNA and non‐target mRNA. RNA Biol. 18: 1747–1759.

Chen, X., Shi, T., Tang, T., Chen, C., Liang, Y., and Zuo, S. (2022).
Nanosheet‐facilitated spray delivery of dsRNAs represents a potential
tool to control Rhizoctonia solani infection. Int. J. Mol. Sci. 23: 12922.

Chen, Y., Gao, Q., Huang, M., Liu, Y., Liu, Z., Liu, X., and Ma, Z. (2015).
Characterization of RNA silencing components in the pathogenic
fungus Fusarium graminearum. Sci. Rep. 5: 12500.

Cheng, W., Lin, M., Chu, M., Xiang, G., Guo, J., Jiang, Y., Guan, D., and
He, S. (2022). RNAi‐based gene silencing of RXLR effectors protects
plants against the oomycete pathogen Phytophthora capsici. Mol.
Plant‐Microbe Interact. 35: 440–449.

Christiaens, O., Dzhambazova, T., Kostov, K., Arpaia, S., Joga, M.R.,
Urru, I., Sweet, J., and Smagghe, G. (2018). Literature review of
baseline information on RNAi to support the environmental risk as-
sessment of RNAi‐based GM plants. EFSA Support. Publ. 15:
EN‐1424.

Dai, X., Zhuang, Z., and Zhao, P.X. (2018). psRNATarget: A plant small RNA
target analysis server (2017 release). Nucleic Acids Res. 46: W49–W54.

Davidson, B.L., and McCray, P.B. (2011). Current prospects for RNA
interference‐based therapies. Nat. Rev. Genet. 12: 329–340.

De Angelis, G., Simonetti, G., Chronopoulou, L., Orekhova, A., Badiali,
C., Petruccelli, V., Portoghesi, F., D'Angeli, S., Brasili, E., Pasqua,
G., et al. (2022). A novel approach to control Botrytis cinerea fungal
infections: Uptake and biological activity of antifungals encapsulated in
nanoparticle based vectors. Sci. Rep. 12: 7989.

de Schutter, K., Christiaens, O., Taning, C.N.T., and Smagghe, G.
(2021). Boosting dsRNA delivery in plant and insect cells with
peptide‐ and polymer‐based carriers: Case‐based current status
and future perspectives. In RNAi Plant Improvement and Pro-
tection, B. Mezzetti, J. Sweet, L. Burgos, eds (Wallingford: CABI
Books), pp. 102–116.

Degnan, R.M., McTaggart, A.R., Shuey, L.S., Pame, L.J.S., Smith, G.R.,
Gardiner, D.M., Nock, V., Soffe, R., Sale, S., Garrill, A., et al. (2023).
Exogenous double‐stranded RNA inhibits the infection physiology of
rust fungi to reduce symptoms in planta. Mol. Plant Pathol. 24:
191–207.

Delgado‐Martín, J., Delgado‐Olidén, A., and Velasco, L. (2022). Carbon
dots boost dsRNA delivery in plants and increase local and systemic
siRNA production. Int. J. Mol. Sci. 23: 5338.

Demirer, G.S., Zhang, H., Goh, N.S., Pinals, R.L., Chang, R., and
Landry, M.P. (2020). Carbon nanocarriers deliver siRNA to intact plant
cells for efficient gene knockdown. Sci. Adv. 6: eaaz0495.

Dhandapani, R.K., Gurusamy, D., Howell, J.L., and Palli, S.R. (2019).
Development of CS‐TPP‐dsRNA nanoparticles to enhance RNAi effi-
ciency in the yellow fever mosquito, Aedes aegypti. Sci. Rep. 9: 8775.

Dou, J., Chen, J., Huang, Q., Huang, H., Mao, L., Deng, F., Wen, Y.,
Zhu, X., Zhang, X., and Wei, Y. (2020). Preparation of polymer func-
tionalized layered double hydroxide through mussel‐inspired chemistry
and Kabachnik–Fields reaction for highly efficient adsorption. J. En-
viron. Chem. Eng. 8: 103634.

Down, R.E., Fitches, E.C., Wiles, D.P., Corti, P., Bell, H.A., Gate-
house, J.A., and Edwards, J.P. (2006). Insecticidal spider venom
toxin fused to snowdrop lectin is toxic to the peach‐potato aphid,
Myzus persicae (Hemiptera: Aphididae) and the rice brown plan-
thopper, Nilaparvata lugens (Hemiptera: Delphacidae). Pest.
Manag. Sci. 62: 77–85.

Drinnenberg, I.A., Weinberg, D.E., Xie, K.T., Mower, J.P., Wolfe, K.H.,
Fink, G.R., and Bartel, D.P. (2009). RNAi in budding yeast. Science
326: 544–550

A guide to control pathogenic fungi by SIGS Journal of Integrative Plant Biology

820 March 2025 | Volume 67 | Issue 3 | 801–825 www.jipb.net

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Duanis‐Assaf, D., Galsurker, O., Davydov, O., Maurer, D., Feygenberg,
O., Sagi, M., Poverenov, E., Fluhr, R., and Alkan, N. (2022). Double‐
stranded RNA targeting fungal ergosterol biosynthesis pathway con-
trols Botrytis cinerea and postharvest grey mould. Plant Biotechnol. J.
20: 226–237.

Elzoghby, A.O., Samy, W.M., and Elgindy, N.A. (2012). Protein‐based
nanocarriers as promising drug and gene delivery systems. J. Con-
trolled Release 161: 38–49.

Feretzaki, M., Billmyre, R.B., Clancey, S.A., Wang, X., and Heitman, J.
(2016). Gene network polymorphism illuminates loss and retention of
novel RNAi silencing components in the Cryptococcus pathogenic
species complex. PLoS Genet. 12: e1005868.

Fisher, M.C., Gurr, S.J., Cuomo, C.A., Blehert, D.S., Jin, H., Stukenbrock,
E.H., Stajich, J.E., Kahmann, R., Boone, C., Denning, D.W., et al.
(2020). Threats posed by the fungal kingdom to humans, wildlife, and
agriculture. mBio 11: e00449‐20.

Fitches, E., Audsley, N., Gatehouse, J.A., and Edwards, J.P. (2002).
Fusion proteins containing neuropeptides as novel insect contol agents:
Snowdrop lectin delivers fused allatostatin to insect haemolymph fol-
lowing oral ingestion. Insect Biochem. Mol. Biol. 32: 1653–1661.

Fletcher, S.J., Philip, T.R., Bao, T. H., and Neena, M. (2020). A per-
spective on RNAi‐based biopesticides. Front. Plant Sci. 11: 51.

Fukunaga, R., Colpan, C., Han, B.W., and Zamore, P.D. (2014). In-
organic phosphate blocks binding of pre‐miRNA to Dicer‐2 via its PAZ
domain. EMBO J. 33: 371–384.

Garcia‐Rubio, R., de Oliveira, H.C., Rivera, J., and Trevijano‐Contador, N.
(2020). The fungal cell wall: Candida, Cryptococcus, and Aspergillus spe-
cies. Front. Microbiol. 10: 2993.

Ghanbarian, H., Yıldız, M.T., and Tutar, Y. (2022). MicroRNA Targeting.
In miRNomics: MicroRNA Biology and Computational Analysis,
Methods in Molecular Biology, J. Allmer, M. Yousef, eds (New York:
Springer), pp. 105–130.

Gikas, G.D., Parlakidis, P., Mavropoulos, T., and Vryzas, Z. (2022).
Particularities of fungicides and factors affecting their fate and removal
efficacy: A review. Sustainability 14: 4056.

Giljohann, D.A., Seferos, D.S., Prigodich, A.E., Patel, P.C., and Mirkin,
C.A. (2009). Gene regulation with polyvalent siRNA−nanoparticle
conjugates. J. Am. Chem. Soc. 131: 2072–2073.

Giordani, S., Marassi, V., Zattoni, A., Roda, B., and Reschiglian, P.
(2023). Liposomes characterization for market approval as pharma-
ceutical products: Analytical methods, guidelines and standardized
protocols. J. Pharm. Biomed. Anal. 236: 115751.

Gu, K.X., Song, X.S., Xiao, X.M., Duan, X.X., Wang, J.X., Duan, Y.B., Hou,
Y.P., and Zhou, M.G. (2019). A β2‐tubulin dsRNA derived from Fusarium
asiaticum confers plant resistance to multiple phytopathogens and re-
duces fungicide resistance. Pestic. Biochem. Physiol. 153: 36–46.

Gui, X., Zhang, P., Wang, D., Ding, Z., Wu, X., Shi, J., Shen, Q.‐H., Xu,
Y.‐Z., Ma, W., and Qiao, Y. (2022). Phytophthora effector PSR1 hijacks
the host pre‐mRNA splicing machinery to modulate small RNA
biogenesis and plant immunity. Plant Cell 34: 3443–3459.

Haley, B., and Zamore, P.D. (2004). Kinetic analysis of the RNAi enzyme
complex. Nat. Struct. Mol. Biol. 11: 599–606.

Hamby, R., Wang, M., Qiao, L., and Jin, H. (2020). Synthesizing fluo-
rescently labeled dsRNAs and sRNAs to visualize fungal RNA uptake.
Methods Mol. Biol. 2166: 215–225.

Herman, R.A., Storer, N.P., Anderson, J.A., Amijee, F., Cnudde, F., and
Raybould, A. (2021). Transparency in risk‐disproportionate regulation
of modern crop‐breeding techniques. GM Crops Food 12: 376–381.

Höfle, L., Biedenkopf, D., Werner, B.T., Shrestha, A., Jelonek, L., and
Koch, A. (2020). Study on the efficiency of dsRNAs with increasing
length in RNA‐based silencing of the Fusarium CYP51 genes. RNA Biol.
17: 463–473.

Hong, S.W., Jiang, Y., Kim, S., Li, C.J., and Lee, D. (2014). Target
gene abundance contributes to the efficiency of siRNA‐mediated gene
silencing. Nucleic Acid Ther. 24: 192–198.

Hu, D., Chen, Z.‐Y., Zhang, C., and Ganiger, M. (2020). Reduction of
Phakopsora pachyrhizi infection on soybean through host‐ and spray‐
induced gene silencing. Mol. Plant Pathol. 21: 794–807.

Husen, A., and Siddiqi, K.S. (2014). Carbon and fullerene nanomaterials
in plant system. J. Nanobiotechnology 12: 16.

Hutvagner, G. (2005). Small RNA asymmetry in RNAi: Function in RISC
assembly and gene regulation. FEBS Lett. 579: 5850–5857.

Islam, M.T., Davis, Z., Chen, L., Englaender, J., Zomorodi, S., Frank, J.,
Bartlett, K., Somers, E., Carballo, S.M., Kester, M., et al. (2021).
Minicell‐based fungal RNAi delivery for sustainable crop protection.
Microb. Biotechnol. 14: 1847–1856.

Jackson, A.L., Burchard, J., Leake, D., Reynolds, A., Schelter, J., Guo,
J., Johnson, J.M., Lim, L., Karpilow, J., Nichols, K., et al. (2006).
Position‐specific chemical modification of siRNAs reduces “off‐target”
transcript silencing. RNA 12: 1197–1205.

Jain, R.G., Fletcher, S.J., Manzie, N., Robinson, K.E., Li, P., Lu, E.,
Brosnan, C.A., Xu, Z.P., and Mitter, N. (2022). Foliar application of
clay‐delivered RNA interference for whitefly control. Nat. Plants 8:
535–548.

Jat, S.K., Bhattacharya, J., and Sharma, M.K. (2020). Nanomaterial
based gene delivery: A promising method for plant genome en-
gineering. J. Mater. Chem. 8: 4165–4175.

Jeseničnik, T., Štajner, N., Radišek, S., and Jakše, J. (2019). RNA interfer-
ence core components identified and characterised in Verticillium non-
alfalfae, a vascular wilt pathogenic plant fungi of hops. Sci. Rep. 9: 8651.

Kadotani, N., Nakayashiki, H., Tosa, Y., and Mayama, S. (2003). RNA
Silencing in the Phytopathogenic Fungus Magnaporthe oryzae. Mol.
Plant‐Microbe Interact. 16: 769–776.

Kettles, G.J., Hofinger, B.J., Hu, P., Bayon, C., Rudd, J.J., Balmer, D.,
Courbot, M., Hammond‐Kosack, K.E., Scalliet, G., and Kanyuka, K.
(2019). sRNA profiling combined with gene function analysis reveals a
lack of evidence for cross‐kingdom RNAi in the wheat–Zymoseptoria
tritici pathosystem. Front. Plant Sci. 10: 892.

Khvorova, A., Reynolds, A., and Jayasena, S.D. (2003). Functional
siRNAs and miRNAs exhibit strand bias. Cell 117: 209–216.

Kim, D.‐H., Behlke, M.A., Rose, S.D., Chang, M.‐S., Choi, S., and Rossi,
J.J. (2005). Synthetic dsRNA Dicer substrates enhance RNAi potency
and efficacy. Nat. Biotechnol. 23: 222–226.

Koch, A., Biedenkopf, D., Furch, A., Weber, L., Rossbach, O., Abdellatef,
E., Linicus, L., Johannsmeier, J., Jelonek, L., Goesmann, A., et al.
(2016). An RNAi‐based control of Fusarium graminearum infections through
spraying of long dsRNAs involves a plant passage and is controlled by the
fungal silencing machinery. PLoS Pathog. 12: e1005901.

Koch, A., Höfle, L., Werner, B.T., Imani, J., Schmidt, A., Jelonek, L.,
and Kogel, K. (2019). SIGS vs HIGS: A study on the efficacy of two
dsRNA delivery strategies to silence Fusarium FgCYP51 genes in in-
fected host and non‐host plants. Mol. Plant Pathol. 20: 1636–1644.

Koch, A., Stein, E., and Kogel, K.H. (2018). RNA‐based disease control
as a complementary measure to fight Fusarium fungi through silencing
of the azole target cytochrome P450 lanosterol C‐14 α‐demethylase.
Eur. J. Plant Pathol. 152: 1003–1010.

Kostov, K., Andonova‐Lilova, B., and Smagghe, G. (2022). Inhibitory
activity of carbon quantum dots against Phytophthora infestans and
fungal plant pathogens and their effect on dsRNA‐induced gene si-
lencing. Biotechnol. Biotechnol. Equip. 36: 949–959.

Kumaraswamy, R.V., Kumari, S., Choudhary, R.C., Pal, A., Raliya, R.,
Biswas, P., and Saharan, V. (2018). Engineered chitosan based
nanomaterials: Bioactivities, mechanisms and perspectives in plant
protection and growth. Int. J. Biol. Macromol. 113: 494–506.

A guide to control pathogenic fungi by SIGSJournal of Integrative Plant Biology

www.jipb.net March 2025 | Volume 67 | Issue 3 | 801–825 821

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Kwasiborski, A., Bastide, F., Hamon, B., Poupard, P., Simoneau, P.,
and Guillemette, T. (2022). In silico analysis of RNA interference
components and miRNAs‐like RNAs in the seed‐borne necrotrophic
fungus Alternaria brassicicola. Fungal Biol. 126: 224–234.

Ladera‐Carmona, M., Zheng, Y., Moorlach, B., Jakobs‐Schönwandt,
D., Patel, A., Pastacaldi, C., Jacob, S., Sede, A., Heinlein, M., Por-
anen, M., et al. (2024). Exogenous dsRNA‐mediated control of rice
blast fungus involves sequence‐specific RNAi and sequence‐
unspecific fungal stress responses. Res. Square. https://doi.org/10.
21203/rs.3.rs‐4538504/v1

Larsson, E., Sander, C., and Marks, D. (2010). mRNA turnover rate limits
siRNA and microRNA efficacy. Mol. Syst. Biol. 6: 433.

Laurie, J.D., Linning, R., and Bakkeren, G. (2008). Hallmarks of RNA
silencing are found in the smut fungus Ustilago hordei but not in its
close relative Ustilago maydis. Curr. Genet. 53: 49–58.

Lee, H.‐C., Li, L., Gu, W., Xue, Z., Crosthwaite, S.K., Pertsemlidis, A.,
Lewis, Z.A., Freitag, M., Selker, E.U., Mello, C.C., et al. (2010). Di-
verse pathways generate microRNA‐like RNAs and Dicer‐independent
small interfering RNAs in fungi. Mol. Cell 38: 803–814.

Lehman, S.E., Benkstein, K.D., Cleveland, T.E.I., Anderson, K.W.,
Carrier, M.J., and Vreeland, W.N. (2023). Particle metrology approach
to understanding how storage conditions affect long‐term liposome
stability. Langmuir 39: 12313–12323.

Li, H., Gidley, M.J., and Dhital, S. (2019). Wall porosity in isolated cells
from food plants: Implications for nutritional functionality. Food Chem.
279: 416–425.

Li, P., Huang, Y., Fu, C., Jiang, S.X., Peng, W., Jia, Y., Peng, H., Zhang,
P., Manzie, N., Mitter, N., et al. (2021). Eco‐friendly biomolecule‐
nanomaterial hybrids as next‐generation agrochemicals for topical
delivery. EcoMat 3: e12132.

Lipke, P.N., and Ovalle, R. (1998). Cell wall architecture in yeast: New
structure and new challenges. J. Bacteriol. 180: 3735–3740.

Liu, W., Shoji, K., Naganuma, M., Tomari, Y., and Iwakawa, H.O. (2022).
The mechanisms of siRNA selection by plant argonaute proteins trig-
gering DNA methylation. Nucleic Acids Res. 50: 12997–1310.

Lo Presti, L., Lanver, D., Schweizer, G., Tanaka, S., Liang, L., Tollot,
M., Zuccaro, A., Reissmann, S., and Kahmann, R. (2015). Fungal
effectors and plant susceptibility. Annu. Rev. Plant Biol. 66: 513–545.

Lu, Z.J., and Mathews, D.H. (2007). Efficient siRNA selection using hy-
bridization thermodynamics. Nucleic Acids Res. 36: 640–647.

Lu, Z.J., and Mathews, D.H. (2008). OligoWalk: An online siRNA design
tool utilizing hybridization thermodynamics. Nucleic Acids Res. 36:
W104–W108.

Lück, S., Kreszies, T., Strickert, M., Schweizer, P., Kuhlmann, M., and
Douchkov, D. (2019). siRNA‐Finder (si‐Fi) software for RNAi‐target
design and off‐target prediction. Front. Plant Sci. 10: 1023.

Ma, X., Wiedmer, J., and Palma‐Guerrero, J. (2020). Small RNA bidirec-
tional crosstalk during the interaction between wheat and Zymoseptoria
tritici. Front. Plant Sci. 10: 1669.

MacRae, I.J., Zhou, K., and Doudna, J.A. (2007). Structural determinants of
RNA recognition and cleavage by Dicer. Nat. Struct. Mol. Biol. 14: 934–940.

Macrae, I.J., Zhou, K., Li, F., Repic, A., Brooks, A.N., Cande, W.Z.,
Adams, P.D., and Doudna, J.A. (2006). Structural basis for double‐
stranded RNA processing by Dicer. Science 311: 195–198.

Maier, F.J., Miedaner, T., Hadeler, B., Felk, A., Salomon, S., Lemmens,
M., Kassner, H., and Schäfer, W. (2006). Involvement of trichothe-
cenes in fusarioses of wheat, barley and maize evaluated by gene
disruption of the trichodiene synthase (Tri5) gene in three field isolates
of different chemotype and virulence. Mol. Plant Pathol. 7: 449–461.

Majumdar, R., Kanniah, R., and Jeffrey, W.C. (2017). RNA interfer-
ence (RNAi) as a potential tool for control of mycotoxin con-
tamination in crop plants: Concepts and considerations. Front.
Plant Sci. 8: 200.

Mann, C.W.G., Sawyer, A., Gardiner, D.M., Mitter, N., Carroll, B.J., and
Eamens, A.L. (2023). RNA‐based control of fungal pathogens in plants.
Int. J. Mol. Sci. 24: 12391.

Martinez, Z., De Schutter, K., Van Damme, E.J.M., Vogel, E., Wynant,
N., Vanden Broeck, J., Christiaens, O., and Smagghe, G. (2021).
Accelerated delivery of dsRNA in lepidopteran midgut cells by a Gal-
anthus nivalis lectin (GNA)‐dsRNA‐binding domain fusion protein.
Pestic. Biochem. Physiol. 175: 104853.

Mazzoleni, S., Bonanomi, G., Incerti, G., Chiusano, M.L., Termolino,
P.asquale, Mingo, A., Senatore, M., Giannino, F., Carteni, F., Riet-
kerk, M.M., et al. (2015a). Inhibitory and toxic effects of extracellular
self‐DNA in litter: A mechanism for negative plant–soil feedbacks? New
Phytol. 205: 1195–1210.

Mazzoleni, S., Cartenì, F., Bonanomi, G., Senatore, M., Termolino, P.,
Giannino, F., Incerti, G., Rietkerk, M., Lanzotti, V., and Chiusano,
M.L. (2015b). Inhibitory effects of extracellular self‐DNA: A general bi-
ological process? New Phytol. 206: 127–132.

McRae, A.G., Taneja, J., Yee, K., Shi, X., Haridas, S., LaButti, K.,
Singan, V., Grigoriev, I.V., and Wildermuth, M.C. (2023). Spray‐
induced gene silencing to identify powdery mildew gene targets and
processes for powdery mildew control. Mol. Plant Pathol. 24:
1168–1183.

Meitha, K., Esyanti, R.R., and Hanisia, R.H. (2021). Green pesticide:
Tapping to the promising roles of plant secreted small RNAs and re-
sponses towards extracellular DNA. Non‐Coding RNA Res. 6: 42–50.

Meng, H., Liong, M., Xia, T., Li, Z., Ji, Z., Zink, J.I., and Nel, A.E. (2010).
Engineered design of mesoporous silica nanoparticles to deliver dox-
orubicin and P‐glycoprotein siRNA to overcome drug resistance in a
cancer cell line. ACS Nano 4: 4539–4550.

Meng, H., Wang, Z., Wang, Y., Zhu, H., and Huang, B. (2017). Dicer and
argonaute genes involved in RNA interference in the en-
tomopathogenic fungusMetarhizium robertsii. Appl. Environ. Microbiol.
83: e03230–16.

Mitter, N., Worrall, E.A., Robinson, K.E., Li, P., Jain, R.G., Taochy, C.,
Fletcher, S.J., Carroll, B.J., Lu, G.Q.M., and Xu, Z.P. (2017). Clay
nanosheets for topical delivery of RNAi for sustained protection against
plant viruses. Nat. Plants 3: 16207.

Molesini, B., Pennisi, F., Cressoni, C., Vitulo, N., Dusi, V., Speghini, A.,
and Pandolfini, T. (2022). Nanovector‐mediated exogenous delivery of
dsRNA induces silencing of target genes in very young tomato flower
buds. Nanoscale Adv. 4: 4542–4553.

Mosa, M.A., and Youssef, K. (2021). Topical delivery of host induced
RNAi silencing by layered double hydroxide nanosheets: An efficient
tool to decipher pathogenicity gene function of Fusarium crown and
root rot in tomato. Physiol. Mol. Plant Pathol. 115: 101684.

Mudo, L.M.D., Queiroz, A.F.S., de Melo, N.F., Barbosa, M.A.G., de
Andrade, E.C., and de Britto, D. (2022). Stability evaluation of dsRNA
and DNA encapsulated in chitosan nanoparticles. Bionanoscience 12:
774–784.

Mukherjee, S., Beligala, G., Feng, C., and Marzano, S.Y.L. (2024).
Double‐stranded RNA targeting white mold Sclerotinia sclerotiorum
argonaute 2 for disease control via spray‐induced gene silencing.
Phytopathology 114: 1253–1262.

Nagano, H., Fukudome, A., Hiraguri, A., Moriyama, H., and Fukuhara,
T. (2014). Distinct substrate specificities of Arabidopsis DCL3 and
DCL4. Nucleic Acids Res. 42: 1845–1856.

Naito, Y., Yoshimura, J., Morishita, S., and Ui‐Tei, K. (2009). siDirect 2.0:
Updated software for designing functional siRNA with reduced seed‐
dependent off‐target effect. BMC Bioinformatics 10: 392.

Nami, S., Baradaran, B., Mansoori, B., Kordbacheh, P., Rezaie, S.,
Falahati, M., Mohamed Khosroshahi, L., Safara, M., and Zaini, F.
(2017). The utilization of RNA silencing technology to mitigate the
voriconazole resistance of Aspergillus flavus; lipofectamine‐based de-
livery. Adv. Pharm. Bull. 7: 53–59.

A guide to control pathogenic fungi by SIGS Journal of Integrative Plant Biology

822 March 2025 | Volume 67 | Issue 3 | 801–825 www.jipb.net

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.21203/rs.3.rs-4538504/v1
https://doi.org/10.21203/rs.3.rs-4538504/v1


Nerva, L., Sandrini, M., Gambino, G., and Chitarra, W. (2020). Double‐
stranded RNAs (dsRNAs) as a sustainable tool against gray mold
(Botrytis cinerea) in grapevine: Effectiveness of different application
methods in an open‐air environment. Biomolecules 10: 200.

Neupane, A., Feng, C., Mochama, P.K., Saleem, H., and Lee Marzano,
S.Y. (2019). Roles of argonautes and dicers on Sclerotinia sclerotiorum
antiviral RNA silencing. Front. Plant Sci. 10: 976.

Nicolas, F.E., Moxon, S., de Haro, J.P., Calo, S., Grigoriev, I.V., Torres‐
Martínez, S., Moulton, V., Ruiz‐Vázquez, R.M., and Dalmay, T.
(2010). Endogenous short RNAs generated by Dicer 2 and RNA‐
dependent RNA polymerase 1 regulate mRNAs in the basal fungus
Mucor circinelloides. Nucleic Acids Res. 38: 5535–5541.

Niehl, A., Wyrsch, I., Boller, T., and Heinlein, M. (2016). Double‐stranded
RNAs induce a pattern‐triggered immune signaling pathway in plants.
New Phytol. 211: 1008–1019.

Niño‐Sánchez, J., Chen, L.‐H., De Souza, J.T., Mosquera, S., and
Stergiopoulos, I. (2021). Targeted delivery of gene silencing in fungi
using genetically engineered bacteria. J. Fungi 7: 125.

Niño‐Sánchez, J., Prabhakaran, T.S., Anne, S., Rachael, H., Angela, C.,
Elizabeth, C., Peng, L., Narelle, M., Donald M., G., Rebecca, F.,
et al. (2022). BioClayTM prolongs RNA interference‐mediated crop
protection against Botrytis cinerea. J. Integr. Plant Biol. 64: 2187–2198.

Niu, D., Hamby, R., Sanchez, J.N., Cai, Q., Yan, Q., and Jin, H. (2021).
RNAs—A new frontier in crop protection. Curr. Opin. Biotechnol. 70:
204–212.

Numata, K., Horii, Y., Oikawa, K., Miyagi, Y., Demura, T., and Ohtani,
M. (2018). Library screening of cell‐penetrating peptide for BY‐2 cells,
leaves of Arabidopsis, tobacco, tomato, poplar, and rice callus. Sci.
Rep. 8: 10966.

Numata, K., Ohtani, M., Yoshizumi, T., Demura, T., and Kodama, Y.
(2014). Local gene silencing in plants via synthetic dsRNA and carrier
peptide. Plant Biotechnol. J. 12: 1027–1034.

Nykänen, A., Haley, B., and Zamore, P.D. (2001). ATP requirements and
small interfering RNA structure in the RNA interference pathway. Cell
107: 309–321.

Pant, P., and Kaur, J. (2024). Control of Sclerotinia sclerotiorum via an
RNA interference (RNAi)‐mediated targeting of SsPac1 and SsSmk1.
Planta 259: 153.

Pascut, D., Bedogni, G., and Tiribelli, C. (2015). Silencing efficacy pre-
diction: A retrospective study on target mRNA features. Biosci. Rep.
35: e00185.

Pathak, V.M., Verma, V.K., Rawat, B.S., Kaur, B., Babu, N., Sharma, A.,
Dewali, S., Yadav, M., Kumari, R., Singh, S., et al. (2022). Current
status of pesticide effects on environment, human health and it's eco‐
friendly management as bioremediation: A comprehensive review.
Front. Microbiol. 13: 962619.

Paturi, S., and Deshmukh, M.V. (2021). A glimpse of “Dicer Biology”
through the structural and functional perspective. Front. Mol. Biosci. 8:
643657.

Paul, A.M., Shi, Y., Acharya, D., Douglas, J.R., Cooley, A., Anderson,
J.F., Huang, F., and Bai, F. (2014). Delivery of antiviral small interfering
RNA with gold nanoparticles inhibits dengue virus infection in vitro. J.
Gen. Virol. 95: 1712–1722.

Piombo, E., Vetukuri, R.R., Sundararajan, P., Kushwaha, S., Funck
Jensen, D., Karlsson, M., and Dubey, M. (2022). Comparative small
RNA and degradome sequencing provides insights into antagonistic
interactions in the biocontrol fungus Clonostachys rosea. Appl. Environ.
Microbiol. 88: e00643–22.

Podesta, J.E., and Kostarelos, K. (2009). Chapter seventeen ‐ engineering
cationic liposome: siRNA complexes for in vitro and in vivo delivery. In
Methods in Enzymology, Liposomes, N. Düzgünes, ed. (Cambridge:
Academic Press), pp. 343–354.

Qiao, L., Lan, C., Capriotti, L., Ah‐Fong, A., Nino Sanchez, J., Hamby, R.,
Heller, J., Zhao, H., Glass, N.L., Judelson, H.S., et al. (2021). Spray‐
induced gene silencing for disease control is dependent on
the efficiency of pathogen RNA uptake. Plant Biotechnol. J. 19: 1756–1768.

Qiao, L., Niño‐Sánchez, J., Hamby, R., Capriotti, L., Chen, A., Mezzetti,
B., and Jin, H. (2023). Artificial nanovesicles for dsRNA delivery in
spray‐induced gene silencing for crop protection. Plant Biotechnol. J.
21: 854–865.

Quilez‐Molina, A.I., Niño‐Sanchez, J., and Merino, D. (2024). The role of
polymers in enabling RNAi‐based technology for sustainable pest
management. Nat. Commun. 15: 9158.

R Core Team. (2021). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Raman, V., Simon, S.A., Demirci, F., Nakano, M., Meyers, B.C., and
Donofrio, N.M. (2017). Small RNA functions are required for growth
and development of Magnaporthe oryzae. Mol. Plant Microbe Interact.
30: 517–530.

Rank, A.P., and Koch, A. (2021). Lab‐to‐field transition of RNA spray
applications—How far are we? Front. Plant Sci. 12: 755203.

ReFalo, P., and Sachs, M.S. (2004). A precise size‐estimate for the small
RNA products arising from Neurospora crassa Dicer activity. Fungal
Genet. Rep. 51: 21–22.

Riolo, G., Cantara, S., Marzocchi, C., and Ricci, C. (2020). miRNA tar-
gets: From prediction tools to experimental validation. Methods Protoc.
4: 1.

Saharan, V., Mehrotra, A., Khatik, R., Rawal, P., Sharma, S.S., and Pal,
A. (2013). Synthesis of chitosan based nanoparticles and their in vitro
evaluation against phytopathogenic fungi. Int. J. Biol. Macromol. 62:
677–683.

Saito, H., Sakata, N., Ishiga, T., and Ishiga, Y. (2022). Efficacy of RNA‐
spray‐induced silencing of Phakopsora pachyrhizi chitin synthase
genes to control soybean rust. J. Gen. Plant Pathol. 88: 203–206.

San Miguel, K., and Scott, J.G. (2016). The next generation of in-
secticides: dsRNA is stable as a foliar‐applied insecticide. Pest.
Manag. Sci. 72: 801–809.

Sanitt, P., Apiratikul, N., Niyomtham, N., Yingyongnarongkul, B., As-
savalapsakul, W., Panyim, S., and Udomkit, A. (2016). Cholesterol‐
based cationic liposome increases dsRNA protection of yellow head
virus infection in Penaeus vannamei. J. Biotechnol. 228: 95–102.

Sarkar, A., and Roy‐Barman, S. (2021). Spray‐induced silencing of
pathogenicity gene MoDES1 via exogenous double‐stranded RNA can
confer partial resistance against fungal blast in rice. Front. Plant Sci.
12: 733129.

Sathiyabama, M., and Parthasarathy, R. (2016). Biological preparation of
chitosan nanoparticles and its in vitro antifungal efficacy against some
phytopathogenic fungi. Carbohydr. Polym. 151: 321–325.

Sayers, E.W., Bolton, E.E., Brister, J.R., Canese, K., Chan, J., Comeau,
D.C., Connor, R., Funk, K., Kelly, C., Kim, S., et al. (2022). Database
resources of the national center for biotechnology information. Nucleic
Acids Res. 50: D20–D26.

Scarpin, D., Nerva, L., Chitarra, W., Moffa, L., D'Este, F., Vuerich, M.,
Filippi, A., Braidot, E., and Petrussa, E. (2023). Characterisation and
functionalisation of chitosan nanoparticles as carriers for double‐
stranded RNA (dsRNA) molecules towards sustainable crop protection.
Biosci. Rep. 43: BSR20230817.

Schlemmer, T., Barth, P., Weipert, L., Preußer, C., Hardt, M., Möbus,
A., Busche, T., and Koch, A. (2021). Isolation and characterization of
barley (Hordeum vulgare) extracellular vesicles to assess their role in
RNA spray‐based crop protection. Int. J. Mol. Sci. 22: 7212.

Schwartz, S.H., Hendrix, B., Hoffer, P., Sanders, R.A., and Zheng, W.
(2020). Carbon dots for efficient small interfering RNA delivery and
gene silencing in plants. Plant Physiol. 184: 647–657.

A guide to control pathogenic fungi by SIGSJournal of Integrative Plant Biology

www.jipb.net March 2025 | Volume 67 | Issue 3 | 801–825 823

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Schwarz, D.S., Hutvágner, G., Du, T., Xu, Z., Aronin, N., and Zamore,
P.D. (2003). Asymmetry in the assembly of the RNAi enzyme complex.
Cell 115: 199–208.

Šečić, E., and Kogel, K.‐H. (2021). Requirements for fungal uptake of
dsRNA and gene silencing in RNAi‐based crop protection strategies.
Curr. Opin. Biotechnol. 70: 136–142.

Seta, A., Tabara, M., Nishibori, Y., Hiraguri, A., Ohkama‐Ohtsu, N.,
Yokoyama, T., Hara, S., Yoshida, K., Hisabori, T., Fukudome, A.,
et al. (2017). Post‐translational regulation of the dicing activities of
Arabidopsis DICER‐LIKE 3 and 4 by inorganic phosphate and the redox
state. Plant Cell Physiol. 58: 485–495.

Shao, Y., Chan, C.Y., Maliyekkel, A., Lawrence, C.E., Roninson, I.B.,
and Ding, Y. (2007). Effect of target secondary structure on RNAi ef-
ficiency. RNA 13: 1631–1640.

Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G.P.S., Handa, N.,
Kohli, S.K., Yadav, P., Bali, A.S., Parihar, R.D., et al. (2019). Worldwide
pesticide usage and its impacts on ecosystem. SN Appl. Sci. 1: 1446.

Shim, G., Han, S.E., Yu, Y.H., Lee, S., Lee, H.Y., Kim, K., Kwon, I.C.,
Park, T.G., Kim, Y.B., Choi, Y.S., et al. (2011). Trilysinoyl oleylamide‐
based cationic liposomes for systemic co‐delivery of siRNA and an
anticancer drug. J. Control. Release 155: 60–66.

Shin, H., Park, S.J., Yim, Y., Kim, J., Choi, C., Won, C., and Min, D.H.
(2018). Recent advances in RNA therapeutics and RNA delivery sys-
tems based on nanoparticles. Adv. Ther. 1: 1800065.

Siddappa, S., Sharma, S., Bairwa, A., Tomar, M., Kumar, R., Bhardwaj, V.,
Jeevalatha, A., Bakade, R., Salaria, N., Thakur, K., et al. (2022). Spraying
of dsRNA molecules derived from Phytophthora infestans, along with
nanoclay carriers as a proof of concept for developing novel protection
strategy for potato late blight. Pest. Manag. Sci. 78: 3183–3192.

Sigova, A., Rhind, N., and Zamore, P.D. (2004). A single Argonaute
protein mediates both transcriptional and posttranscriptional silencing
in Schizosaccharomyces pombe. Genes Dev. 18: 2359–2367.

Silva, A.T., Nguyen, A., Ye, C., Verchot, J., and Moon, J.H. (2010).
Conjugated polymer nanoparticles for effective siRNA delivery to to-
bacco BY‐2 protoplasts. BMC Plant Biol. 10: 291.

Song, X.S., Gu, K.X., Duan, X.X., Xiao, X.M., Hou, Y.P., Duan, Y.B.,
Wang, J.X., Yu, N., and Zhou, M.G. (2018). Secondary amplification of
siRNA machinery limits the application of spray‐induced gene si-
lencing. Mol. Plant Pathol. 19: 2543–2560.

Spada, M., Pugliesi, C., Fambrini, M., Palpacelli, D., and Pecchia, S. (2023).
Knockdown of Bmp1 and Pls1 virulence genes by exogenous application
of RNAi‐inducing dsRNA in Botrytis cinerea. Int. J. Mol. Sci. 24: 4869.

Spada, M., Pugliesi, C., Fambrini, M., and Pecchia, S. (2021). Silencing
of the Slt2‐Type MAP kinase Bmp3 in Botrytis cinerea by application of
exogenous dsRNA affects fungal growth and virulence on Lactuca
sativa. Int. J. Mol. Sci. 22: 5362.

Su, C., Liu, S., Sun, M., Yu, Q., Li, C., Graham, R.I., Wang, X.iufang,
Wang, X.inwei, Xu, P., and Ren, G. (2023). Delivery of methoprene‐
tolerant dsRNA to improve RNAi efficiency by modified liposomes for
pest control. ACS Appl. Mater. Interfaces 15: 13576–13588.

Svoboda, P. (2020). Key Mechanistic principles and considerations con-
cerning RNA interference. Front. Plant Sci. 11: 1237.

Tabara, M., Koiwa, H., Suzuki, N., and Fukuhara, T. (2021). Biochemical
characterization of the dicing activity of Dicer‐like 2 in the model fila-
mentous fungus Neurospora crassa. Fungal Genet. Biol. 146: 103488.

Tafer, H., Ameres, S.L., Obernosterer, G., Gebeshuber, C.A.,
Schroeder, R., Martinez, J., and Hofacker, I.L. (2008). The impact of
target site accessibility on the design of effective siRNAs. Nat. Bio-
technol. 26: 578–583.

Takeda, A., Iwasaki, S., Watanabe, T., Utsumi, M., and Watanabe, Y.
(2008). The mechanism selecting the guide strand from small RNA
duplexes is different among argonaute proteins. Plant Cell Physiol.
49: 493–500.

Takeshita, D., Zenno, S., Lee, W.C., Nagata, K., Saigo, K., and Tano-
kura, M. (2007). Homodimeric structure and double‐stranded RNA
cleavage activity of the C‐terminal RNase III domain of human dicer. J.
Mol. Biol. 374: 106–120.

Tang, T., Supriya, K., Yang, S., Jian, L., Mao‐Lien, W., Suhua, S., Wen‐
Hsiung, L., and Chung‐I, W. (2010). Adverse interactions between
micro‐RNAs and target genes from different species. Proc. Natl. Acad.
Sci. 107: 12935–12940. https://doi.org/10.1073/pnas.1007591107

Tang, Z., Qiu, Z., Lu, S., and Shi, X. (2020). Functionalized layered double
hydroxide applied to heavy metal ions absorption: A review. Nano-
technol. Rev 9: 800–819.

Taning, N.T.C., Gui, S., De Schutter, K., Jahani, M., Lara Castellanos,
N., Christiaens, O., and Smagghe, G. (2021). A sequence
complementarity‐based approach for evaluating off‐target transcript
knockdown in Bombus terrestris, following ingestion of pest‐specific
dsRNA. J. Pest Sci. 94: 487–503.

Tayler, A., Heschuk, D., Giesbrecht, D., Park, J.Y., and Whyard, S.
(2019). Efficiency of RNA interference is improved by knockdown of
dsRNA nucleases in tephritid fruit flies. Open Biol. 9: 190198.

Timmons, L., Court, D.L., and Fire, A. (2001). Ingestion of bacterially
expressed dsRNAs can produce specific and potent genetic interfer-
ence in Caenorhabditis elegans. Gene 263: 103–112.

Timmons, L., and Fire, A. (1998). Specific interference by ingested
dsRNA. Nature 395: 854.

Tretiakova, P., Voegele, R.T., Soloviev, A., and Link, T.I. (2022). Suc-
cessful silencing of the mycotoxin synthesis gene TRI5 in Fusarium
culmorum and observation of reduced virulence in VIGS and SIGS
experiments. Genes 13: 395.

Tran, T.M., MacIntyre, A., Hawes, M., and Allen, C. (2016). Escaping
underground nets: Extracellular DNases degrade plant extracellular
traps and contribute to virulence of the pathogenic bacterium Ralstonia
solanacearum. PLoS Pathog. 12: e1005686.

Tsang, A.K.L., Hwei, H.L., Siu‐Ming, Y., Susanna, K.P.L., and Patrick,
C.Y.W. (2017) Failure of phylogeny inferred from multilocus se-
quencetyping to represent bacterial phylogeny. Sci Rep. 7: 4536.

Ulrich, J., Dao, V.A., Majumdar, U., Schmitt‐Engel, C., Schwirz, J.,
Schultheis, D., Ströhlein, N., Troelenberg, N., Grossmann, D.,
Richter, T., et al. (2015). Large scale RNAi screen in Tribolium reveals
novel target genes for pest control and the proteasome as prime target.
BMC Genomics 16: 674.

Unnamalai, N., Kang, B.G., and Lee, W.S. (2004). Cationic oligopeptide‐
mediated delivery of dsRNA for post‐transcriptional gene silencing in
plant cells. FEBS Lett. 566: 307–310.

Verma, S.K., Das, A.K., Gantait, S., Kumar, V., and Gurel, E. (2019).
Applications of carbon nanomaterials in the plant system: A per-
spective view on the pros and cons. Sci. Total Environ. 667: 485–499.

Vickers, T.A., Koo, S., Bennett, C.F., Crooke, S.T., Dean, N.M., and
Baker, B.F. (2003). Efficient reduction of target RNAs by small inter-
fering RNA and RNase H‐dependent antisense agents: A comparative
analysis. J. Biol. Chem. 278: 7108–7118.

Walker, L., Sood, P., Lenardon, M.D., Milne, G., Olson, J., Jensen, G.,
Wolf, J., Casadevall, A., Adler‐Moore, J., and Grow, N.A.R. (2018).
The viscoelastic properties of the fungal cell wall allow traffic of am-
bisome as intact liposome vesicles. mBio 9: e02383–17.

Wang, L., Ge, S., Liang, W., Liao, W., Li, W., Jiao, G., Wei, X., Shao, G.,
Xie, L., Sheng, Z., et al. (2022). Genome‐wide characterization reveals
variation potentially involved in pathogenicity and mycotoxins biosyn-
thesis of Fusarium proliferatum causing spikelet rot disease in rice.
Toxins 14: 568.

Wang, M., Weiberg, A., Dellota, E., Yamane, D., and Jin, H. (2017).
Botrytis small RNA Bc‐siR37 suppresses plant defense genes by cross‐
kingdom RNAi. RNA Biol. 14: 421–428.

Wang, M., Weiberg, A., Lin, F.‐M., Thomma, B.P.H.J., Huang, H.‐D.,
and Jin, H. (2016). Bidirectional cross‐kingdom RNAi and fungal up-
take of external RNAs confer plant protection. Nat. Plants 2: 16151.

A guide to control pathogenic fungi by SIGS Journal of Integrative Plant Biology

824 March 2025 | Volume 67 | Issue 3 | 801–825 www.jipb.net

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1073/pnas.1007591107


Wang, X., Thompson, C.D., Weidenmaier, C., and Lee, J.C. (2018).
Release of Staphylococcus aureus extracellular vesicles and their ap-
plication as a vaccine platform. Nat. Commun. 9: 1379.

Wang, Y., Yan, Q., Lan, C., Tang, T., Wang, K., Shen, J., and Niu, D.
(2023a). Nanoparticle carriers enhance RNA stability and uptake effi-
ciency and prolong the protection against Rhizoctonia solani. Phyto-
pathol. Res 5: 2.

Wang, Z., Li, Y., Zhang, B., Gao, X., Shi, M., Zhang, S., Zhong, S.,
Zheng, Y., and Liu, X. (2023b). Functionalized carbon dot‐delivered
RNA nano fungicides as superior tools to control phytophthora
pathogens through plant RdRP1 mediated spray‐induced gene si-
lencing. Adv. Funct. Mater. 33: 2213143.

Wang, Z.G., Chen, R.Y., Jiang, Y.K., Wang, Z.W., Wang, J.J., and Niu, J.
(2023c). Investigation of potential non‐target effects to a ladybeetle
Propylea japonica in the scenario of RNAi‐based pea aphid control.
Entomol. Gen. 43: 79–88.

Weiberg, A., Wang, M., Lin, F.M., Zhao, H., Zhang, Z., Kaloshian, I., Huang,
H.D., and Jin, H. (2013). Fungal small RNAs suppress plant immunity by
hijacking host RNA interference pathways. Science 342: 118–123.

Werner, B.T., Fatima, Y.G., Johannes, S., Dagmar, B., and Aline, M.K.
(2020). RNA‐Spray‐mediated silencing of Fusarium graminearum AGO
and DCL genes improve barley disease resistance. Front. Plant Sci.
11: 476.

Westerhout, E.M., and Berkhout, B. (2007). A systematic analysis of the
effect of target RNA structure on RNA interference. Nucleic Acids Res.
35: 4322–4330.

Whangbo, J.S., and Hunter, C.P. (2008). Environmental RNA interfer-
ence. Trends Genet. 24: 297–305.

Wilson, R.C., and Doudna, J.A. (2013). Molecular mechanisms of RNA
interference. Annu. Rev. Biophys. 42: 217–239.

Winter, D.J. (2017). Rentrez: An R package for the NCBI eUtils API. R J. 9:
520–526.

Wytinck, N., Sullivan, D.S., Biggar, K.T., Crisostomo, L., Pelka, P., Bel-
monte, M.F., and Whyard, S. (2020). Clathrin mediated endocytosis is
involved in the uptake of exogenous double‐stranded RNA in the white
mold phytopathogen Sclerotinia sclerotiorum. Sci. Rep. 10: 12773.

Xie, Z., Johansen, L.K., Gustafson, A.M., Kasschau, K.D., Lellis, A.D.,
Zilberman, D., Jacobsen, S.E., and Carrington, J.C. (2004). Genetic
and functional diversification of small RNA pathways in plants. PLoS
Biol. 2: e104.

Xu, J., Xu, X., Tian, L., Wang, G., Zhang, X., Wang, X., and Guo, W. (2016).
Discovery and identification of candidate genes from the chitinase gene
family for Verticillium dahliae resistance in cotton. Sci. Rep. 6: 29022.

Xu, X., Yu, T., Zhang, D., Song, H., Huang, K., Wang, Y., Shen, L., Li, Y.,
Wang, F., Zhang, S., et al. (2023). Evaluation of the anti‐viral efficacy
of three different dsRNA nanoparticles against potato virus Y using
various delivery methods. Ecotoxicol. Environ. Saf. 255: 114775.

Yang, N.J., Kauke, M.J., Sun, F., Yang, L.F., Maass, K.F., Traxlmayr,
M.W., Yu, Y., Xu, Y., Langer, R.S., Anderson, D.G., et al. (2017).
Cytosolic delivery of siRNA by ultra‐high affinity dsRNA binding pro-
teins. Nucleic Acids Res. 45: 7602–7614.

Yang, P., Yi, S.Y., Nian, J.N., Yuan, Q.S., He, W.J., Zhang, J.B., and
Liao, Y.C. (2021). Application of double‐strand rnas targeting chitin
synthase, glucan synthase, and protein kinase reduces Fusarium gra-
minearum spreading in wheat. Front. Microbiol. 12: 660976.

Yang, W., Wang, B., Lei, G., Chen, G., and Liu, D. (2022). Advances in
nanocarriers to improve the stability of dsRNA in the environment.
Front. Bioeng. Biotechnol. 10: 974646.

Yong, J., Wu, M., Zhang, R., Bi, S., Mann, C.W.G., Mitter, N., Carroll,
B.J., and Xu, Z.P. (2022). Clay nanoparticles efficiently deliver small
interfering RNA to intact plant leaf cells. Plant Physiol. 190: 2187–2202.

Zhang, H., Kolb, F.A., Jaskiewicz, L., Westhof, E., and Filipowicz, W.
(2004). Single processing center models for human Dicer and bacterial
RNase III. Cell 118: 57–68.

Zhang, J., Li, L., Lv, Q., Yan, L., Wang, Y., and Jiang, Y. (2019). The
Fungal CYP51s: Their functions, structures, related drug resistance,
and inhibitors. Front. Microbiol. 10: 691.

Zhang, T., Zhao, Y.L., Zhao, J.H., Wang, S., Jin, Y., Chen, Z.Q., Fang,
Y.Y., Hua, C.L., Ding, S.W., and Guo, H.S. (2016). Cotton plants ex-
port microRNAs to inhibit virulence gene expression in a fungal
pathogen. Nat. Plants 2: 1–6.

Zhang, Y., Cui, J., Zhou, Y., Cao, J., Gong, H., Zhang, H., and Zhou, J.
(2018). Liposome mediated double‐stranded RNA delivery to silence
ribosomal protein P0 in the tick Rhipicephalus haemaphysaloides.
Ticks Tick‐Borne Dis. 9: 638–644.

Zhu, C., Liu, J.‐H., Zhao, J.‐H., Liu, T., Chen, Y.‐Y., Wang, C.‐H., Zhang,
Z.‐H., Guo, H.‐S., and Duan, C.‐G. (2022). A fungal effector sup-
presses the nuclear export of AGO1–miRNA complex to promote in-
fection in plants. Proc. Natl. Acad. Sci. U.S.A. 119: e2114583119.

Zm, H., De, G.L.C.B., Molesini, F.N.M., C.S.S.B., and Mezzetti, E.B. (2021).
Double‐stranded RNA targeting dicer‐like genes compromises the patho-
genicity of Plasmopara viticola on grapevine. Front. Plant Sci. 12: 667539.

Zubrod, J.P., Bundschuh, M., Arts, G., Brühl, C.A., Imfeld, G., Knäbel,
A., Payraudeau, S., Rasmussen, J.J., Rohr, J., Scharmüller, A.,
et al. (2019). Fungicides: An overlooked pesticide class? Environ. Sci.
Technol. 53: 3347–3365.

A guide to control pathogenic fungi by SIGSJournal of Integrative Plant Biology

www.jipb.net March 2025 | Volume 67 | Issue 3 | 801–825 825

 17447909, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13848 by U

niversidad D
e V

alladolid, W
iley O

nline L
ibrary on [01/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Spray-induced gene silencing to control plant pathogenic fungi: A step-by-step guide
	INTRODUCTION
	ASSESSING THE PRESENCE OF FUNCTIONAL RNAi MACHINERY IN THE PATHOGENIC FUNGI
	SELECTING THE TARGET(S) FOR RNAi SILENCING
	Essential or pathogenicity genes?
	Rare or highly abundant mRNA targets?
	Single-gene-target or multiple-gene-target dsRNAs?
	Off-target gene silencing
	Concluding remarks and other considerations for target gene selection

	DESIGNING THE dsRNA
	Defining the target region within the gene, the accessibility to the target region
	The length of the dsRNA
	Understanding how DCL proteins affect siRNA generation
	Understanding the guide strand selection to improve SIGS efficacy
	Bioinformatic tools for target selection and dsRNA design
	Concluding remarks and other considerations for designing the dsRNA

	MAKING ENGINEERED dsRNA MOLECULES EFFECTIVE
	Double-stranded RNA stability
	Fungal dsRNA uptake
	Direct uptake
	Indirect uptake
	Constraints for dsRNA uptake
	Constraints in the direct uptake
	Constraints in the indirect uptake


	Nanoparticle formulations
	Organic nanocarriers
	Lipid-based nanocarriers
	Protein-based nanocarriers
	Organic polymer-based nanocarriers

	Inorganic nanocarriers
	Layered double hydroxide

	Silica-based and metal-based nanoparticles
	Carbon-based nanocarriers

	Concluding remarks and other considerations for dsRNA molecules effective

	PERSPECTIVE OF SIGS CONTROL STRATEGY
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICTS OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES




