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Editorial on the Research Topic
Advances and Challenges of RNAi Based Technologies for Plants—Volume 2

The greatest challenge for farmers is to ensure sufficient and safe food in an economically, socially,
and environmentally sustainable way. Plant pests and diseases are among the main problems
affecting crop species, which are mainly controlled by the application of chemical pesticides
(Schumann and D’Arcy, 2010). There is strong social and political pressure in Europe to decrease
the use of agrochemicals, as also highlighted in the recently published European Green Deal,
where a 50% decrease in the use of chemical pesticides is expected before 2030. However, recent
estimations outline that the implementation of the EU policy can lead to a significant decline in
EU agricultural production, together with a non-negligible increase in prices of agrifood products
(Barreiro-Hurle et al., 2021): innovation is crucial to combine farm productivity with the goal of
agrochemical reduction. One possible strategy is the employment of crop varieties resistant and/or
tolerant to diseases through classical breeding techniques, but, besides the limited durability of this
type of resistance, this solution is not always feasible due to the lack of resistance genes (McDonald,
2014; Willocquet et al., 2017).

The implementation of specific genetic improvement programs, including the application of
new breeding techniques (NBTs), represents a faster and more precise strategy than conventional
breeding for ensuring durable crop protection and yield improvement (Podevin et al.,, 2013;
Limera et al., 2017; Sabbadini et al., 2021). As an additional tool, RNA interference (RNAI),
an evolutionarily conserved regulatory process used by eukaryotes to regulate the expression of
endogenous genes and also functioning in plants as a defense mechanism against pathogens, has
been successfully exploited to confer disease protection and improve traits of agronomic interest
(Limera etal., 2017; Rosa et al., 2022). Short-range movement of RNAi-mediating small non-coding
regulatory RNAs (sRNAs) between cells occurs through plasmodesmata, whereas the long-distance
movement occurs via the vascular systems (Tang et al., 2022). SRNAs can move between cells as
naked molecules, bound to RNA binding proteins or enclosed in extracellular vesicles (EVs) (Tang
et al., 2022).

The expression in plants of double
permits the silencing of genes of

strand RNA (dsRNA)-generating constructs
invading pests and pathogens (host-induced
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gene silencing, HIGS) (Nowara et al., 2010). Two papers in this
Research Topic are dealing with HIGS. Huang et al. (2022) used
omics techniques to compare RNAi-based genetically modified
maize lines resistant to a hemipteran insect with the parental
line and found no specific unintended effects. The long-term
efficacy and the stability of small RNA (sRNA) profiles of the
RNAi-mediated virus resistant “Honeysweet” plum, as well as
the absence of adverse health effects, is reported by Singh et al.
(2021).

Most papers in this Research Topic are on exogenous
application, usually by spraying, of sSRNAs or dsRNAs on plant
surfaces (spray-induced gene silencing, SIGS). The review Lab-
to-Field Transition of RNA Spray Applications — How far are we?
by Rank and Koch (2021) gives an overview on recent advances
of exogenous RNA applications for the control of viruses, fungi
and insects and for silencing of plant genes, and also points to
challenges for agricultural uses of this approach.

A communication mechanism based on sRNA trafficking
via EVs exchange between some fungal pathogens and their
respective host plants, called bi-directional cross-kingdom RNAi
which seems to modulate host immunity and pathogen virulence
during infection processes, has recently been demonstrated
(Wang et al., 2016; He et al., 2021). This discovery also enabled
further developments of strategies for crop disease management
based on SIGS.

Fungal/oomycete-associated diseases, including “gray mold”
and “downy mildew” (caused by B. cinerea and P. viticola,
respectively) are the most serious grapevine diseases worldwide,
causing severe losses in crop yields and grape quality (Pearson
and Goheen, 1988; Pons et al, 2018). They are generally
controlled with a high use of pesticides, that in Europe is
reaching the amount of 68,000 tons/year of fungicides to control
grape diseases, equaling 65% of all fungicides used in agriculture
(Eurostat Report, 2007).

Grape breeding programs aiming at the introgression of
resistance traits from wild species to cultivated varieties have the
limit to lose trait specificity of clones identified in important
vine cultivars. Target sequences coding for Dicer and Dicer-
like (DCL) proteins have been identified as crucial genes for
the pathogenicity of B. cinerea and P. viticola and used in
SIGS approaches to control these two severe pathogens (Wang
et al., 2016; Capriotti et al, 2020; Haile et al., 2021). A
SIGS approach against the oomycete P. viticola was shown to
work effectively both as preventive and therapeutic treatment
(Haile et al., 2021). A different approach for downy mildew
control is presented by Marciano et al. (2021) who silenced a
grapevine susceptibility gene by exogenous dsRNA application,
resulting in reduced disease severity after artificial P. viticola
inoculation. In this study, control of downy mildew was
achieved through the exogenously induced silencing of a
plant-host gene, the WiLBDIf/ gene encoding the putative
ortholog of a transcription factor (TF) belonging to the LOB
(lateral organ boundaries) family of TF acting as repressor
of jasmonate-mediated defense responses and known to be
involved in plant organ development and stress response in
many plant species. This evidence represents an alternative
SIGS application, implying a deep knowledge of the genetic

mechanism underneath the plant susceptibility and the need of
new investigations to clarify any possible undesirable drawback
on plant development and productivity. On the other hand,
since susceptibility genes can be highly conserved among plant
species and can work in response to different pathogens, once
developed in a particular plant species, this approach can inspire
alternative control strategies in various crop systems to provide
broad protection.

Regarding the application of RNAI to control important pest
insects, Willow and Veromann (2021) reviewed dietary RNAi
studies in coleopterans. They discuss the impediments to our
current understanding of RNAi sensitivity in this important
insect order, and identify critical future directions for research
in this area, with an emphasis on using plant biotechnology
approaches. Joga et al. (2021) report that RNAi is an emerging
approach that can be used for forest protection. Forests are of
immense importance due to their socio-economic and ecosystem
services, and Coleopteran Forest pests such as Emerald ash
borer (Agrilus planipennis), Asian longhorn beetles (Anoplophora
glabripennis) and bark beetles have taken advantage of ongoing
climate change, causing severe damage to the forests worldwide.
Current management strategies have been unable to keep pace
with these forest insect population infestations. Joga et al. (2021)
focus in their review on recent innovations in RNAi delivery
that can be deployed against forest pests, for instance cationic
liposome-assisted (lipids), nanoparticle-enabled (polymers or
peptides), symbiont-mediated (fungi, bacteria, and viruses), and
plant-mediated deliveries (trunk injection, root absorption).
They consider barriers to further developing RNAI for forest pest
management and suggest future directions of research in order to
develop the use of RNAI against wood-boring coleopterans.

One of the most alluring aspects of RNAi technology is its
predicted minimal impact on the environment, due to high target
selectivity and the short persistence of the active molecules in
the environment. However, in order to exclude possible off-
target effects and effects on non-target organisms and due to the
limited knowledge of most eukaryotic genomes, the combination
of bioinformatics and ecologically sound bioassays using selected
focal species are deemed necessary to support biosafety claims
of RNAI applications (Christiaens et al., 2022). In addition, it
should be noted here that the exploitation of RNAi to improve
crop health is a fast-growing market and while GM RNAI plants
are being assessed using the existing regulatory framework,
appropriate safety evaluations, and authorization procedures for
SIGS-based products are less clear so far (De Schutter et al., 2022).
Externally applied RNA products must be regulated according to
pesticide regulations. Regulatory frameworks for plant protection
products and considerations for the authorization of dsRNA-
based pesticides for plant protection in the United States and
in the European Union are outlined by Dietz-Pfeilstetter et al.
(2021).
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Downy mildew caused by Plasmopara viticola is one of the most devastating diseases
of grapevine, attacking all green parts of the plant. The damage is severe when the
infection at flowering stage is left uncontrolled. P viticola management consumes
a significant amount of classical pesticides applied in vineyards, requiring efficient
and environmentally safe disease management options. Spray-induced gene silencing
(SIGS), through the application of exogenous double-stranded RNA (dsRNA), has
shown promising results for the management of diseases in crops. Here, we developed
and tested the potential of dsRNA targeting P, viticola Dicer-like (DCL) genes for SIGS-
based crop protection strategy. The exogenous application of PvDCL1/2 dsRNA, a
chimera of PvDCL1 and PvDCL2, highly affected the virulence of P viticola. The
reduced expression level of PvDCL 1 and PvDCL2 transcripts in infected leaves, treated
with PvDCL1/2 dsRNA, was an indication of an active RNA interference mechanism
inside the pathogen to compromise its virulence. Besides the protective property, the
PvDCL 1/2 dsRNA also exhibited a curative role by reducing the disease progress rate of
already established infection. Our data provide a promising future for PvDCL 1/2 dsRNA
as a new generation of RNA-based resistant plants or RNA-based agrochemical for the
management of downy mildew disease in grapevine.

Keywords: Dicer-like genes, double-stranded RNA (dsRNA), Plasmopara viticola, spray-induced gene silencing,
Vitis vinifera

INTRODUCTION

Grapevine (Vitis vinifera L.) is an important fruit crop cultivated worldwide for fresh and dry
fruit consumption and for wine production. Wine production trend is increasing yearly with
the world wine trade worth getting about US $40 billion in the year 2018; Italy, France, and
Spain being the largest wine-producing countries, contributing half of the world production.’
Grapevine production is affected by several pre- and post-harvest pathogens that affect quality
during production and processing. Some of the economically important diseases of the crop are
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gray mold, powdery mildew, and downy mildew caused by
Botrytis cinerea, Erysiphe necator, and Plasmopara viticola,
respectively. The obligate biotrophic oomycete P. viticola attacks
all green parts of grapevine, and the damage is severe if
the infection occurring during flowering is not managed.
Surprisingly, all cultivated European V. vinifera cultivars are
susceptible to the pathogen (Armijo et al., 2016), which makes
the management of downy mildews in vineyard and other crops
rely on synthetic fungicides. As a result, its management, together
with powdery mildew, consumes about two-thirds of all synthetic
fungicides sprayed for disease management of crops in the
European Union (Eurostat., 2007). With such heavy reliance
on agrochemicals to control P. viticola, not only pathogen
strains have developed resistance to several fungicides (Gisi
and Sierotzki, 2008), but there also exist social concerns about
environment and human health, which makes it urgent to find
alternative control strategies.

The findings that exogenous small RNAs (sSRNA) and double-
stranded RNA (dsRNA) trigger posttranscriptional gene silencing
(Fire et al., 1998; Hamilton and Baulcombe, 1999) have opened
new avenues to exploit the gene silencing mechanism as
a new class of regulatory molecules during plant-pathogen
interaction. The gene silencing occurs via RNA interference
(RNAi) machinery, a natural biological process conserved in
most eukaryotes where sSRNA molecules regulate gene expression
by targeting specific endogenous messenger RNA molecules
in a sequence-specific manner (Vaucheret and Fagard, 2001;
Castel and Martienssen, 2013). The silencing signals of sRNA
are bidirectional cross-kingdom, moving from the host to its
interacting organism, and vice versa (Tomilov et al, 2008;
Weiberg et al., 2015; Wang et al., 2016; Cai et al., 2018).

The involvement of sRNAs in the crosstalk between plant
hosts and their fungal and oomycete pathogens has also
been suggested (Weiberg et al, 2013; Brilli et al, 2018),
implying that exploiting the RNAi mechanisms of both the
hosts and the pathogens can represent a new strategy in
fungal and oomycete disease management. Transgene-derived
artificial sRNAs inducing gene silencing, called host-induced
gene silencing (HIGS), have been observed providing resistance
to plants against fungi (Nowara et al., 2010; Koch et al., 2013;
Zhu et al,, 2017) and oomycetes (Vega-Arreguin et al.,, 2014;
Jahan et al.,, 2015). Interestingly, recent findings revealed that
the external application of dsRNA also conferred host plant
resistance to fungal pathogens by silencing targeted genes (Koch
et al., 2016; Wang et al,, 2016; McLoughlin et al., 2018; Nerva
et al,, 2020), an approach referred to as spray-induced gene
silencing (SIGS).

The exogenous application of dsRNAs targeting Dicer-
like (DCL), lanosterol 14a-demethylase, chitin synthase, and
elongation factor genes of B. cinerea negatively affected its
pathogenicity in multiple hosts (Wang et al., 2016; Nerva et al.,
2020). Similarly, spraying of dsRNA targeting three cytochrome
P450 genes of Fusarium graminearum inhibited fungal growth
at sprayed and distal parts of detached barley leaves (Koch
et al, 2016). While these research findings provided proof
that SIGS-based plant protection is effective against targeted
pathogens, there is also indication that the effects of dsRNA

can be reproduced on closely related pathogens based on
sequence homology (McLoughlin et al, 2018). According to
McLoughlin et al. (2018), dsRNA targeting SSIG_05899 and
SS1G_02495 genes of Scelerotinia sclerotiorum, both involved
in redox reaction, restricted the progress of the pathogen on a
susceptible Brassica napus cultivar. Remarkably, the cultivar was
also resistant to B. cinerea when treated with dsRNA targeting
BC1G_01592 and BCIG_04955, the B. cinerea homologs to
SS1G_05899 and SS1G_02495, respectively. Such results provide
compelling evidence about the adaptability and flexibility of
SIGS technology in crop disease management. In this study,
we investigate the potential of dsRNA targeting P. viticola DCL
genes for SIGS-based crop protection strategy. We show that the
application of dsRNA targeting PvDCL1/2 extremely reduces the
pathogenicity of P. viticola and the expression level of the targeted
genes, indicating that RNAi-based control strategy can indeed
represent a promising alternative to hazardous agrochemical
application to manage downy mildew disease of grapevine.

MATERIALS AND METHODS

Design and Production of dsRNA and
Rate of Application

Plasmopara viticola genes encoding two Dicer-like proteins,
as defined by the presence of a Dicer dimerization domain,
corresponding to PVITvl_T038441 and PVITvi_T003331,
hereafter referred to as PvDCLI and PvDCL2, respectively
(Brilli et al., 2018), were selected. For RNAi, 258- and 257-bp
fragments of PvDCLI and PvDCL2 sequences, respectively
(Supplementary Table 1), were chosen as target, and the
corresponding chimeric dsRNA molecule (PvDCL1/2, 515 bp)
was chemically synthesized by AgroRNA (Genolution Inc.,
Seoul, Republic of Korea; Supplementary Figure 1). DsRNA
targeting B. cinerea DCL 1 and 2 genes, BcDCL1/2 (490 bp; Wang
et al,, 2016), produced in the same way, was used as the negative
control. After assaying different dsSRNA concentrations, 75, 100,
or 125 ng ul™! concentrations of dsRNA were used for spot
inoculation in a total volume of 50 1.

Plant Material and Plasmopara viticola

Inoculation

Seedlings of V. vinifera cv. Trebbiano were raised in growth
chamber at 22°C £ 1°C and 12/12 h light cycle. P. viticola
(strain 465, belonging to University of Bologna collection) was
maintained on grapevine leaves at 22°C £ 1°C and 12/12 h
of photoperiod. Sporangia were harvested in distilled water
and filtered through cheesecloth. Sporangia concentration was
determined using hemocytometer.

Fully expanded third and fourth leaves from 6-8-week-old
grapevine seedlings were detached and immediately placed on
wet absorbing paper in a plastic box. Detached leaves were
surface sterilized for 1 min with 70% ethanol and then rinsed
three times with sterile water. For assaying dsRNA as preventive
treatment, the abaxial side of each leaf was treated with three
droplets of 50 pl of either dsRNA or water. After 2 h, 7.5 pl
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of a 1 x 10° ml™! sporangia solution was placed on top of
the droplets. Disease progress was evaluated until 14 days post
inoculation (dpi) in five biological replicates. A single leaf was
considered a biological replicate.

For assaying dsRNA as curative treatment, each leaf was first
challenged by the pathogen by applying four droplets of 7.5 pl
of a 1 x 10° ml~! sporangia solution, and after 7 dpi, when a
visible sign of P. viticola was observed, 50 pl of either dsRNA
or water was placed on top of each spot of the progressing
pathogen. Disease progress was evaluated until 14 dpi, ie,
7 days post treatment (dpt) of either dsRNA or water, in three
biological replicates.

To assess the progress of the pathogen, leaf area covered
by P. viticola (in square millimeters) was measured from the
digital images using the free software Image] program.” Leaf

Zhttp://imagej.nih.gov/ij/

area covered by the pathogen, area under disease progress curve
(AUDPC), and disease progress rate data were analyzed using
analysis of variance. Means were separated by Tukey’s honestly
significant difference test.

RNA Extraction and Quantitative PCR
Analysis

Leaves that were treated in the preventive assay were collected at
7 dpi, in three replicates, immediately frozen in liquid nitrogen,
and kept at —80°C until use. RNA was extracted using a rapid
cetyltrimethylammonium bromide (CTAB) method (Gambino
et al., 2008). First-strand cDNA was synthesized from 1 pg of
total RNA, pretreated with TURBO DNA-free Kit™ (Invitrogen,
CA, United States), using ImProm-II Reverse Transcriptase
(Promega), following the manufacturer’s guide. Quantitative PCR
(qPCR) was performed in an MX3000 thermocycler (Stratagene,
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FIGURE 1 | Externally applied PvDCL 1/2 double-stranded RNA (dsRNA) on detached grapevine leaves and Plasmopara viticola infection. (A) Progress of P, viticola
on grapevine leaves at 7, 10, and 14 days post inoculation (dpi). Leaves were treated with 50 I of water (ctrl) or dsRNA [75, 100, or 125 ng ul"" of dsRNA of
BcDCL1/2 (BeDCL_75/100/125) and PvDCL 1/2 (PvDCL_75/100/125)] before being inoculated with 7.5 ul of a 1 x 10° mI"! sporangia. (B) Disease progression of
P, viticola expressed as leaf area covered and as area under the disease progress curve (AUDPC + SE, mm? x day) through 14 dpi. Error bars indicate standard
error. Means at each dpi and AUDPC followed by a common letter are significantly not different according to Tukey’s honestly significant difference test (P < 0.05).
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CA, United States) using 0.25 pl of ¢cDNA and 200 nM of
specific forward and reverse primers (Supplementary Table 2)
in a total volume of 12.5 pl using Maxima® SYBR Green/ROX
qPCR Master Mix (Fermentas). Each amplification reaction
was run in duplicate. The cycling parameters were as follows:
5 min at 95°C, 40 cycles of 15 s at 95°C, 25 s at 61°C, and
30 s at 72°C. A melting curve was established from 55°C
to 90°C by changing 0.5°C every 10 s. For normalization,
P. viticola elongation factor eIF1b was used. Each primer pair’s
amplification efficiency was calculated using LinReg (Ruijter
et al., 2009). The amplification efficiency value obtained was
used to calculate the relative quantity (RQ) and normalized RQ
(NRQ) according to Hellemans et al. (2007). Statistical analyses
of the qPCR results were made after log2(NRQ) transformation
(Rieu and Powers, 2009). Statistical significance was calculated by
Tukey’s honestly significant difference test.

RESULTS

Spray-Induced Gene Silencing of
Plasmopara viticola DCL Genes

Hampers Disease Development
Preliminary inoculation assay was conducted to determine a
baseline concentration of PvDCL1/2 dsRNA that could affect
P. viticola DCLI and DCL2 genes and consequently inhibit
its germination and/or colonization of grapevine leaves. After
the treatment with 10 and 50 ng ul~! PvDCL1/2 dsRNA and
water, as control, detached grapevine leaves were challenged
with P. viticola sporangia. Inoculated leaves were monitored for
2 weeks. Sign of P. viticola infection was conspicuous around the
inoculation spot starting from the fifth dpi, mostly on control and
on leaves treated with 10 ng pl~! PvDCL1/2 dsRNA, where white
fluffy growth of sporangiophores and sporangia appeared. At
14 dpi, the rate of disease progress was relatively slower in leaves
that received 50 ng ul~! of PvDCL1/2 dsRNA (Supplementary
Figure 2), indicating that pathogen control efficiency can increase
with higher concentrations.

Therefore, the ability of PvDCLI/2 dsRNA to control
P. viticola growth in preventive treatment was assessed using
higher concentrations (i.e., 75, 100, and 125 ng 11~ 1). Treatments
with BcDCLI1/2 targeting B. cinerea DCLI and DCL2 genes
and water were used as controls. As shown in Figure 1A,
the fluffy growth of sporangiophores was quite visible on
control leaves treated with either water or BcDCL1/2 dsRNA
at the three different concentrations. On the contrary, the
pathogen’s progress was substantially low or null on leaves that
received PvDCLI1/2 dsRNA. As a consequence, the area covered
by P. viticola and the AUDPC values at 7, 10, and 14 dpi
were significantly and consistently lower in leaves treated with
PyDCL1/2 dsRNA than in those treated with BcDCL1/2 dsRNA or
water (Figure 1B), confirming that PvDCL1/2 dsRNA hampered
P. viticola growth. To confirm that the inhibition of P. viticola
growth by PvDCLI/2 dsRNA was due to the downregulation
of PvDCLI and PvDCL2 genes, their expression, normalized to
P. viticola elongation factor eIF1b, was quantified at 7 dpi using

qPCR. We found that the relative expression of both PvDCLI and
PyDCL2 was reduced as compared to the controls (Figure 2).
Compared with water and BcDCLI1/2-treated leaves, the NRQs
of PvDCLI and PvDCL2 transcripts in leaves treated with 100
ng pl~! concentration of PvDCLI/2 dsRNA were reduced on
average by 48 and 44%, respectively, which is in line with the
concept of RNAi-based sequence-specific silencing via SIGS.

Spray-Induced Gene Silencing of
PvDCLs Shows a Curative Effect Against

Plasmopara viticola

The observed protective effect of PvDCL1/2 dsRNA prompted
us to check whether the dsRNA also has a curative effect
against P. viticola. Detached leaves were initially inoculated with
P. viticola sporangia, and then, once the infection has been
established (i.e., 7 dpi), dsSRNA was applied [i.e., the time of either
dsRNA or water application is marked as 0 day post treatment
(dpt)]. At each inoculation spot, 50 pl of dsRNA or water was
added on top of the growing mycelia. At 4 dpt, the progress of
the pathogen stagnated in most of the treatments, with more
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FIGURE 2 | Expression profiles of PvDCL 1 and PvDCL2 following Plasmopara
viticola inoculation on leaf samples treated with 50 pl of water (ctrl) or 100 ng
wl™" of double-stranded RNA (dsRNA) of either BcDCL1/2 (BcDCL-100) or
PvDCL1/2 (PvDCL-100). Gene expression level was determined by
quantitative PCR (gPCR). Bars represent fold change of dsRNA-treated
sample relative to ctrl sample at 7 days post inoculation. Normalization based
on the expression levels of elongation factor, PvelF1b, was carried out before
calculating fold changes. Error bar represents standard error of the mean of
three biological replicates. Expression values followed by a common letter are
significantly not different among samples, according to Tukey’s honestly
significant difference test (P < 0.05), using one-way ANOVA of log2
[normalized relative quantity (NRQ)].
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FIGURE 3 | Progress of Plasmopara viticola on grapevine leaves after being treated with PvDCL1/2 double-stranded RNA (dsRNA). (A) Progress of already
established P, viticola infection after receiving dsRNA treatments. Leaves were treated with 50 jul of water (ctrl) or dsRNA [75, 100, or 125 ng ul"! of dsRNA of
BcDCL1/2 (BcDCL_75/100/125) or PvDCL1/2 (PvDCL_75/100/125)] 7 days after being inoculated with 7.5 wl of a 1 x 10° mI"! sporangia [i.e., O days post
treatment (dpt) of dsRNA]. (B) Disease progress rate at 4 and 7 dpt, computed by taking leaf area covered by P, viticola at 7 dpi (O dpt) as a reference. Bars are 95%
confidence interval, and asterisks (*) indicate statistically significant differences according to Tukey’s honestly significant difference test (P < 0.05).

pronounced effect on leaves that received 100 and 125 ng pl~!  of pesticides within a growing season. In this study, we show
of PvDCLI1/2 dsRNA (Figure 3A). After 4 dpt, recovering of that external application of long non-coding dsRNA, 515 bp
pathogen growth was more apparent on all leaves. At 7 dpt, the long, targeting the two DCL genes of P. viticola reduced the
disease advanced more on leaves treated with BcDCLI/2 and  progress of the pathogen on grapevine leaves. Transcript level
water than on those treated with PvDCL1/2, especially at the reduction of the target genes, PvDCLI and PvDCL2, suggests
highest concentration (Figure 3A). Computing the rate of disease ~ specific RNA silencing effect triggered by PvDCL1/2 dsRNA. To
progress, taking diseased area at 7 dpi (0 dpt) as a reference, the —our knowledge, this is the first report showing the potential of
disease progress rate was relatively slower on leaves treated with ~ exogenously applied RNAi molecules as an effective strategy for
PvDCL1/2, with more pronounced effect at 7 dpt (Figure 3B). oomycete management in crops. The results presented further
The result shows that the PvDCL1/2 dsRNA can also hamper the ~ support the use of SIGS-based strategy for fungal pathogen

expansion of already established downy mildew disease. management (Koch et al., 2016; Wang et al., 2016; McLoughlin
Compared to the preventive application, where all the etal,2018; Nervaetal, 2020).
three concentrations of PvDCL1/2 inhibited the growth of the Non-coding sSRNA molecules derived from plant pathogens

pathogen significantly, when used as curative treatment, the rate ~ could play a role in suppressing host immunity (Weiberg et al.,
of the pathogen growth was reduced significantly only at the 2013; Brilli et al,, 2018) and hence could be regarded as additional
highest concentration of PvDCL1/2 dsRNA. These data show that ~ classes of effectors, besides protein coding effector genes studied
the exogenously applied dsRNA targeting PvDCL1/2 has both ~ so far. It has been demonstrated that B. cinerea sSRNAs (Bc-
promising protective and curative effects. sRNAs) triggered the silencing of Arabidopsis and tomato targets

involved in host immunity, such as mitogen-activated protein

kinase 1 (MPK1), MPK2, peroxiredoxin, and cell wall-associated
DISCUSSION kinase genes. Once they have entered the plant cell, Bc-sRNAs

hijack the hosts RNAi machinery, binding to Argonaute 1
In grapevine cultivation, downy mildew, caused by P. viticola, (AGOI) protein and directing the silencing of host immunity
is among the major diseases requiring repeated applications genes (Weiberg et al, 2013). Accordingly, the agol mutant
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Arabidopsis exhibited reduced susceptibility to B. cinerea, and the
expression of sSRNAs that target B. cinerea DCL1 and DCL2 in
Arabidopsis and tomato led to the silencing of the BcDCL genes
and affected the fungal pathogenicity and growth, also when
exogenously applied on different organs and tissues (Weiberg
et al., 2013; Wang et al., 2016). In addition, dcll dcl2 B. cinerea
double mutant, which is unable to produce sRNAs, displayed
a stunted pathogenicity on several hosts (Weiberg et al., 2013;
Wang et al, 2016). In a recent study, it was observed that
during V. vinifera-P. viticola interaction, the sRNA profile of
P. viticola showed enrichment in 21- and 25-nt sRNAs, which
were also abundantly expressed in sporangia (Brilli et al., 2018).
According to the study, the presence of DCLs, AGOs, and RNA-
dependent RNA polymerase confirms the existence of RNA
silencing machinery in P. viticola, which is active during its
interaction with grapevine (Brilli et al., 2018).

The fact that the external application of PvDCL1/2 dsRNA
extremely reduced the pathogenicity of P. viticola, coupled with
the observed reduction in PvDCLI and PvDCL2 transcript levels,
might suggest that the pathogen can take up external dsRNA
and that the RNAi machinery is active during the infection
process. Similarly, reduced disease symptoms and sequence-
specific silencing of target genes were also observed in B. cinerea,
F. graminearum, and S. sclerotiorum (Koch et al., 2016; Wang
et al., 2016; McLoughlin et al., 2018), following the external
application of dsRNA.

Reduced pathogenicity of plant pathogens due to sRNA
and dsRNA has put forward the considerations of RNAi-based
technology as a new plant protection method, at least for those
pathogens having bona fide RNA silencing machinery. In planta
gene silencing of pathogen target genes, a mechanism known
as HIGS, has also been reported (Nowara et al., 2010; Koch
et al, 2013; Vega-Arreguin et al, 2014; Jahan et al, 2015;
Zhu et al, 2017). Furthermore, for vegetatively propagated
crops like grapevine, HIGS can be exploited to obtain RNAi-
based rootstocks, which can produce sRNA able to move to
a grafted untransformed scion and protect it from pathogen
infection, as sRNAs have high mobility between shoot and
root (Gouil and Lewsey, 2021; Li et al, 2021). In addition,
in planta expressed RNAi sequences do not encode for protein
products and are designed against specific genes of target
pathogens or susceptibility factor without affecting other non-
target organisms. All these features together could reduce data
requirements for risk assessment of such RNAi-based plants
(Limera et al., 2017; Arpaia et al., 2020).

In addition to the HIGS potential application, the results
of this research confirm the potential of the gene silencing
technology also to develop new RNAi-based fungicides, known
as SIGS. To ensure sustainable food production, European
Union and global sustainability policies emphasize the need
to replace contentious pesticides with safe, efficient, and cost-
effective alternatives (Taning et al., 2020). The high selectivity
of RNAi-based products, due to sequence-specific modes of
action, compared with other conventional pesticides, makes
them a promising solution to substitute or reduce reliance
on contentious pesticides. Yet there are still relevant aspects

to be clarified, such as local and remote translocation and
environmental stability of applied sRNAs, before pushing
forward SIGS as an alternative solution to toxic pesticides.
Despite many solutions reported to stabilize the RNA molecules
and make their administration in the field easy and effective,
more effort should be taken on the risk assessment studies
in order to clarify the risks associated with the use of these
molecule for the farmers, consumers, and environment and
proceed with the necessary regulatory protocols in order for them
to reach the market.

In this study, we demonstrated that dsRNA specifically
designed to silence PvDCL1 and PvDCL2 genes efficiently
controls downy mildew disease caused by P. viticola on
grapevine, a disease that forces to consume significant amounts
of pesticides that are applied every year on vineyards. Although
the mechanism behind the uptake and transport of the externally
applied dsRNA needs further studies, the presented data give
important scientific information on such new-generation RNA-
based fungicides, which are environmentally safe and sustainable.
So far, externally applied RNAi-based disease suppression data
are limited on plant pathogens from Ascomycetes, but with our
findings, we extended the possibility of using externally applied
dsRNA for managing devastating plant pathogen oomycetes like
Phytophthora and Pythium species.
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Downy mildew, caused by the oomycete Plasmopara viticola, is one of the diseases
causing the most severe economic losses to grapevine (Vitis vinifera) production. To
date, the application of fungicides is the most efficient method to control the pathogen
and the implementation of novel and sustainable disease control methods is a major
challenge. RNA interference (RNAI) represents a novel biotechnological tool with a great
potential for controlling fungal pathogens. Recently, a candidate susceptibility gene
(WILBDIf7) to downy mildew has been identified in V. vinifera. In this work, the efficacy
of RNAI triggered by exogenous double-stranded BRNA (dsRNA) in controlling R viticola
infections has been assessed in a highly susceptible grapevine cultivar (Pinot noir) by
knocking down WiLBDIf7 gene. The effects of dsRNA treatment on this target gene
were assessed by evaluating gene expression, disease severity, and development of
vegetative and reproductive structures of P viticola in the leaf tissues. Furthermore,
the effects of dsRNA treatment on off-target (EF7a, GAPDH, PEPC, and PEPCK) and
jasmonic acid metabolism (COI7) genes have been evaluated. Exogenous application of
dsRNA led to significant reductions both in WILBDIf7 gene expression, 5 days after the
treatment, and in the disease severity when artificial inoculation was carried out 7 days
after dsRNA treatments. The pathogen showed clear alterations to both vegetative
(hyphae and haustoria) and reproductive structures (sporangiophores) that resulted in
stunted growth and reduced sporulation. Treatment with dsRNA showed signatures of
systemic activity and no deleterious off-target effects. These results demonstrated the
potential of RNAI for silencing susceptibility factors in grapevine as a sustainable strategy
for pathogen control, underlying the possibility to adopt this promising biotechnological
tool in disease management strategies.

Keywords: susceptibility gene, gene silencing, dsRNA, obligate parasite, disease resistance, Vitis vinifera

INTRODUCTION

Since the late 1800s, Vitis vinifera has suffered damage from downy mildew, a disease caused by
the oomycete Plasmopara viticola, originating from Northern America. This biotrophic, obligate
parasite can infect all the green parts of grapevine plants, causing quantitative and qualitative
damage and leading to extensive yield losses (Yu et al., 2012). Non-vinifera species, such as those
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with center of origin in North America and Asia, are resistant to
P. viticola due to coevolution with the pathogen. This resistance
is mediated by different mechanisms that at first detect the
pathogen and then initiate a proper defense response (Gessler
et al, 2011). The first level of defense is called Pathogen-
Associated Molecular Pattern (PAMP)-Triggered Immunity
(PTI), a plant basal immune response activated by the recognition
of conserved molecules of the pathogen (Newman et al., 2013).
A second, more selective, plant defense mechanism is called
Effector-Triggered Immunity (ETI). ETI relies on a class of
highly specific receptors, the resistance proteins (R-proteins), that
recognize pathogen effectors. Activation of ETT leads to disease
resistance and is often associated with localized apoptosis at the
infection site (hypersensitive response) (Jones and Dangl, 2006).

Since effectors and receptors are codified by non-essential
genes, resistance genes (R-genes) undergo rapid evolution,
due to the strong selective pressure on both pathogen and
plant (Buonassisi et al., 2017). This phenomenon implies a
short duration of the resistance triggered by R-genes. For a
durable resistance, targeting susceptibility genes (S-genes) can
be a winning strategy in breeding (Zaidi et al., 2018). S-genes
facilitate the compatibility between plant and pathogen and are
essential for their interaction, especially for biotrophic pathogens.
Therefore, mutation or loss of S-genes can limit pathogenicity
toward the plant (Van Schie and Takken, 2014). MLO (Mildew
Locus O) genes are a striking example of S-gene usefulness
in breeding programs: their knockdown confers resistance to
powdery mildew in grapevine, reducing the disease severity by up
to 77% (Pessina et al., 2016). MLO-based resistance to powdery
mildew is, indeed, widely employed in barley breeding since few
decades even if the function encoded protein is not yet completely
established (Kusch and Panstruga, 2017).

To date, downy mildew-resistant grapevine varieties are
obtained by crossing V. vinifera cultivars with non-vinifera
species or hybrids. Nevertheless, to reduce the background
of non-vinifera species, several cycles of backcrossing with
susceptible cultivars are needed, which makes the breeding
process very lengthy. The identification of grapevine S-genes
against P. viticola opens new possibilities to breed for downy
mildew resistance because usually S-gene-mediated resistance
is durable and broad spectrum. The research of S-genes in
grapevine is still pioneering. Pessina et al. (2016) identified two
MLO genes responsible for V. vinifera susceptibility to powdery
mildew and some others were proposed for downy mildew
(Toffolatti et al., 2020; Pirrello et al., 2021). Recently, resistance
to P. viticola has been identified in Mgaloblishvili (Toffolatti
et al., 2016), a V. vinifera cultivar from Georgia (Southern
Caucasus). Studying its unique resistance mechanism, different
R-genes and an interesting candidate S-gene have been identified
(Toffolatti et al., 2018, 2020). The S-gene VVLBDp1 [from here on
called VWiLBDIf7 based on Grimplet et al. (2017) nomenclature],
encoding for an LOB (LATERAL ORGAN BOUNDARIES)
domain-containing (LBD) protein, belongs to plant LOB family
of transcription factors. This family has been comprehensively
analyzed in many species, such as Arabidopsis thaliana (Liu
et al., 2005), Malus domestica (Wang et al., 2013), Glycine max
(Yang et al., 2017), Eucalyptus grandis (Lu et al., 2018), Brassica

rapa (Huang et al., 2018), Camellia sinensis (Teng et al., 2018),
Gossypium spp. (Yu et al., 2020), and Pyrus bretschneideri (Song
et al, 2020). LBD genes show a key role in the regulation
of plant organ development and in the response to abiotic
and biotic stresses (Xu et al., 2016). They are involved in the
establishment of organ boundaries (Rast and Simon, 2012), leaf
formation (Semiarti et al., 2001), pulvinus differentiation and
petiole development (Chen et al., 2012), regulation of lateral
root organogenesis (Okushima et al., 2007), root and stem
development (Yu et al., 2020), development of sepal and petal
primordia of flowers (Xu et al, 2008), pollen development
(Kim et al., 2015), regulation of light/dark-dependent hypocotyl
elongation (Mangeon et al., 2011), and secondary phloem growth
(Yordanov et al., 2010). Moreover, LOB genes are also involved
in pathogen and abiotic response (Thatcher et al., 2012; Grimplet
et al., 2017; Yu et al,, 2020), and they can act as repressor of
anthocyanin biosynthesis and affect nitrogen response (Rubin
et al., 2009). Biological processes where LBD genes are involved
have been extensively reviewed by Zhang et al. (2020).

A genome-wide characterization has been performed in
grapevine as well, and up to 50 LBD genes have been identified
(Grimplet et al,, 2017). Expression patterns across different
tissues, including both mature/woody and vegetative/green
tissues, indicate roles of LBD genes in organ differentiation,
in berry development and ripening (Fasoli et al., 2012), and
in response to abiotic (such as salt, cold and drought) and
biotic stresses (such as Botrytis cinerea attack and Bois noir
disease) (Albertazzi et al., 2009; Agudelo-Romero et al., 2015).
The S-gene WWILBDIf7 is the putative ortholog of an LBD
transcriptional factor acting as repressor of jasmonate-mediated
defense mechanisms during infection of A. thaliana roots with
Fusarium oxysporum. In this system, LBD disruption resulted in
an increased resistance to the pathogen (Thatcher et al., 2012).

Silencing plant S-genes represents a promising way to achieve
disease resistance as an alternative or in addition to breeding
for R-genes. However, gene silencing is usually obtained via
stable plant transformation, and the use of genetically modified
plants in Europe is strictly regulated, and in several countries,
they are not authorized for cultivation. A novel emerging
approach, which allows to overcome procedures for a stable
genome modification, is represented by RNA interference (RNA1)
triggered by the application of exogenous double-stranded
RNA (dsRNA) molecules (Dubrovina et al., 2019). The effect
of dsRNA treatment has been recently studied and proposed
as a new environmentally-friendly crop protection tool from
viruses, fungi, and insects (Konakalla et al., 2016; Luo et al,
2017; Wang et al,, 2017; Cagliari et al., 2019; Dubrovina and
Kiselev, 2019; Morozov et al., 2019; Vadlamudi et al., 2020).
RNAi has emerged as a technique with the ability to selectively
knock down target genes (Kerschen et al, 2004). RNAIi is a
natural mechanism used by various organisms, including plants,
to regulate specific gene activities or to defend their genome
from invasions of exogenous nucleic acids. In the first case,
the plant specifically produces molecules called microRNAs
(miRNAs) serving as guides to selectively degrade the mRNA of
target genes. In the second case, the plant recognizes dsRNAs
introduced into the cytoplasm and produces short interfering
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RNA (siRNA) molecules that defend the plant from exogenous
nucleic acids (Meister et al,, 2004). As a consequence, RNAi
mediated by post-transcriptional gene silencing can be stimulated
also by the addition of ad hoc designed dsRNA molecules. This
technique, although not yet regulated at European level, will
likely fall outside the strict GMO regulation, being transgene-
free. The exogenous application of polynucleotides that can affect
mRNA levels of important virulence-related plants genes without
modifying the host genome opens new opportunities for the
development of new scientific techniques and crop improvement
strategies (Dubrovina et al., 2019). This study evaluated the
efficacy of a dsRNA treatment in silencing, through RNAi],
WiLBDIf7, the candidate S-gene responsible for susceptibility
toward P. viticola in V. vinifera. For this purpose, Pinot noir
leaves were treated with synthetized dsRNA targeting VviLBDIf7
gene and then inoculated with the pathogen, to evaluate (i)
WiLBDIf7 gene expression in the plant tissues after dsRNA
treatment, (ii) disease severity and sporangia production on
dsRNA-treated leaves inoculated with P. viticola, and (iii) the
morphology of both vegetative and reproductive P. viticola
structures in the dsSRNA-treated leaf tissues. Finally, a preliminary
investigation of the systemic effect of dsRNA and the evaluation
of dsRNA treatment on off-target and jasmonic acid metabolism
genes have been performed.

MATERIALS AND METHODS

Basal Expression of WiLBDIf7

The basal expression level of WWiLBDIf7 (LOC100246173),
candidate S-gene, was evaluated on leaves collected from
three 6-year-old V. vinifera L. cv. Pinot noir plants, grown
in a greenhouse, as reported in Toffolatti et al. (2018), via
RT-qPCR. The first two well-developed leaves were collected
in June 2020 twice at 1-day intervals. Leaves were ground
with liquid nitrogen into a fine powder using mortar and
pestl. RNA was extracted using the Spectrum™ Plant
Total RNA Kit (Sigma-Aldrich, Germany) and then digested
with Amplification Grade DNase I (Sigma-Aldrich), according
to the manufacturer’s instructions. Quantity and quality of
RNA were checked by NanoDrop 1000 Spectrophotometer
(Thermo Scientific, United Kingdom) and 1% agarose gel
electrophoresis stained with Midori Green Advance® (Nippon
Genetics, Japan). WiLBDIf7 real-time PCR primers (VWLBD_F
and VWLBD_R; Table 1) were designed on the available sequence
[VIT_13s0019g03750 according to Canaguier et al. (2017)] using
the Primer3 Plus software (Untergasser et al., 2007) and NCBI
Primer-BLAST (Ye et al., 2012). To avoid amplification of
eventual genomic DNA carried over, one of the primers was
designed to span across the exon-exon junction of the gene.
Ubiquitin (Fujita et al., 2007) and actin (Reid et al., 2006)
genes were used as references for data normalization. Total
RNA (500 ng) was reverse transcribed with SuperScript®IV
Reverse Transcriptase (Invitrogen, United Kingdom), using a 1:1
mix of random primers and oligo(dT), following manufacturer’s
instructions. Real-time PCR reaction was carried out using
4 pl of cDNA diluted 1:10, 10 pl of PowerUpTM SYBR™

Green Master Mix (Applied Biosystems, United Kingdom),
500 nM of primer forward and reverse and water up
to 20 pl. Each reaction was performed in triplicate on
QuantStudio 3 Real-Time PCR Systems (Thermo Fisher,
United Kingdom) using the following cycling conditions: 50°C
for 2 min, 95°C for 10 min, 50 cycles at 95°C for 20 s,
60°C for 45 s, and 72°C for 30 s. Each thermal cycle
was followed by a melting curve stage, with temperatures
ranging from 60°C to 95°C. The VviLBDIf7 gene expression
at the two time points was calculated by comparing 244
(Ct = cycle threshold) values (Livak and Schmittgen, 2001).
Geometric average of ubiquitin and actin was used to
normalize the Ct values.

WiLBDIf7 dsRNA Design and Synthesis

In order to synthesize the dsRNA molecules, VviLBDIf7 was
partially amplified. To allow the synthesis of dsSRNA template
of proper dimension (400-500 bp) through PCR, new primers
of WiLBDIf7 (VWWLBD_RNAi_F and VVLBD_RNAi_R; Table 1)
were designed on the available sequence (LOC100246173) using
the Primer3 Plus software and NCBI Primer-BLAST. In order
to reduce the probability of off-target amplicons, the partial
WiLBDIf7 sequence was amplified starting from cDNA samples
obtained in the Basal expression of VviLBDIf7 subsection. PCR
reaction was carried out using 4 pl of cDNA diluted 1:10, 5 pl
of 5X Colorless GoTaq Reaction Buffer (Promega, Wisconsin,
United States), PCR Nucleotide Mix 0.2 mM each dNTP
(Promega), 0.6 WM of primer forward and reverse, 0.125 pl
of GoTaq G2 (5 U/ul) (Promega), and water up to 25 pl
To ensure the production of enough DNA template for the
next steps, the reaction was performed in five replicates using
the following thermal cycling conditions: 95°C for 2 min,
35 cycles at 95°C for 30 s, 60°C for 1 min, 72°C for
1 min, and a last step at 72°C for 5 min. PCR fragments
were visualized on 1% agarose gel electrophoresis stained with
Midori Green Advance. The amplification products were used
as a template in another PCR reaction using RNAi primers
5" attached with T7 RNA polymerase promoter sequences
(VWLBD_RNAIiT7_F and VVLBD_RNAiT7_R; Table 1), as
requested by MEGAscript RNAi Kit protocol (Thermo Fisher
Scientific, United Kingdom). PCR reaction was carried out
using 1 pl of amplification product, 5 pl of 5X Colorless
GoTaq Reaction Buffer, PCR Nucleotide Mix 0.2 mM each
dNTP, 0.6 uM of primer forward and reverse, 0.125 pl of
GoTaq G2 (5 U/pl), and water up to 25 pl. To guarantee
a sufficient amount of dsRNA DNA template, the reaction
was performed in 50 replicates using the following thermal
cycling conditions: 94°C for 5 min, 5 cycles at 94°C for
45 s, 62°C for 1 min, 72°C for 1 min, 30 cycles at 94°C
for 45 s, 65°C for 1 min, 72°C for 1 min, and a last
step at 72°C for 5 min. PCR products were solved on
1% agarose gel electrophoresis stained with Midori Green
Advance. Replicates of PCR product were pooled and purified
through Wizard SV Gel and PCR Clean-Up System (Promega).
Purified samples were quantified using Qubit™ 3.0 fluorometer
(Thermo Fisher Scientific), using the Qubit™ dsDNA HS
Assay Kit (Thermo Fisher Scientific), and Sanger sequenced
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TABLE 1 | List of primers used in this work to synthetize the dsRNA.

Name Sequence (5'-3') Tm (°C) GC % Primer position (bp)
WLBD_F GCCTGCAAAATCCTTCGTCG 60.18 55.0 196-215
WLBD_R GACTCGGGAAGTTCCTGCAA 59.97 55.0 322-341
VWLBD_RNAI_F TATGGTTGTGCTGGTGCAAT 60.00 45.0 406-425
WLBD_RNAI_R CACACGGCTCTCCTTTTTCT 59.50 50.0 798-817
VWLBD_RNAIT7_F TAATACGACTCACTATAGGGAG ATATGGTTGTGCTGGTGCAAT 71.30 41.9 406-425
WLBD_RNAIT7_R TAATACGACTCACTATAGGGAG ACACACGGCTCTCCTTTTTCT 72.30 442 798-817
WLBD_2_F CTTGCAGGAACTTCCCGAGTC 60.94 57.0 321-341
WLBD_2_R GCCAAGAAGGCTCCAAGACGG 63.56 62.0 566-586

WLBD_F and WLBD_R primers were used to detect the basal gene expression of \WWLBD in leaves of Pinot noir. VvLBD_RNAi_F and WLBD_RNAI_R primers were used
to amplify partially the target gene to synthetize the dsRNA. WLBD_RNAIT7_F and WLBD_RNAIT7_R were used to perform MEGAscript RNAI Kit protocol. WWLBD_2_F
and WLBD_2_R primers were used to evaluate the expression of VwLBD gene on dsRNA- and water-treated leaves. The primer position refers to the start of the sequence

(LOC100246173) annotated in NCBI (https://www.ncbi.nlm.nih.gov/).

by Macrogen Europe B.V. in two replicates, using RNAiT7
primers. Sequences were aligned to reference sequence using
ClustalW (Thompson et al., 1994). The obtained template was
used in the dsRNA synthesis reaction using MEGAscript RNAi
Kit, according to the manufacturers instructions. Synthetized
dsRNA was solved on 1% agarose gel electrophoresis stained
with Midori Green Advance and quantified by NanoDrop 1000
Spectrophotometer.

WilLBDIf7 dsRNA Treatment

Treatments with VviLBDIf7 dsRNA were carried out on 6-
year-old Pinot noir plants grafted onto SO4, maintained in a
glasshouse in 5-L pots filled with sand-peat mixture (7:3v/v),
regularly watered via a drip system and fertilized twice a year
with Osmocote Topdress fertilizer (ICL Specialty Fertilizers,
Italy), as reported in Toffolatti et al. (2018). The plants,
grown in a greenhouse, never came in contact with P. viticola
structures and were regularly inspected for disease symptoms
to be sure to work with healthy tissues. Three plants were
treated with 100 pg/plant of dsRNA dissolved in 1 ml of
sterilized water, and three were treated with only sterilized
water (1 ml per plant), as suggested by Nerva et al. (2020).
Treatments were performed with an airbrush on both sides
of the first five fully developed leaves of a single vine shoot
(from the second to the sixth leaf from the apex of the shoot)
per plant (Supplementary Figure 1). One sprayed leaf per
plant was randomly collected at 3, 5, 7, and 15 days after
treatment (dat) (Figure 1A). To validate the dsRNA treatment
data, the experiment was repeated, as previously described,
on self-rooted cuttings of Pinot noir grown in the same
conditions, to remove any possible effect of rootstock on scion
behavior. In this second experiment, leaves were collected at
5 and 7 dat (Figure 1B), corresponding to the time points
when, according to the first experiment, downregulation of
S-gene and response to the pathogen occurred. In the second
experiment, the possible systemic effect of dsRNA treatment
was investigated on the untreated leaf immediately above the
treated one at 7 dat (leaf S7, Figure 1B). From each leaf
(biological replication), three 1.5-cm-diameter disks (technical
replication) were excised and inoculated with the pathogen.
The remaining leaf tissue was frozen in liquid nitrogen and

stored at —80°C until gene expression analysis and assessment
of P. viticola presence.

WilLBDIf7 Gene Expression Analysis on
dsRNA- and Water-Treated Leaves

Expression of the candidate S-gene on dsRNA- and water-treated
samples was evaluated through RT-qPCR. RNA extraction,
RT-qPCR, and comparison of Ct values were carried out
following the procedures described in the Basal expression of
WiLBDIf7 subsection, with some modifications: (i) to ensure the
specific retrotranscription of only functional mRNAs, oligo(dT)
primers were used in RT-PCR; (ii) qPCR was performed on
8 nl of ¢cDNA; and (iii) to avoid possible amplification of
incomplete ¢cDNA sequences due to amplification of small
RNAs resulting from degradation of the target gene mRNA
following dsRNA treatment, qPCR primers (VVLBD_2_F and
VVLBD_2_R; Table 1) were specifically designed, using Primer3
Plus software and NCBI Primer-BLAST. The forward primer
was designed to match the target gene sequence in the middle
of the region amplified by the first QPCR primer pair (see the
Basal expression of VviLBDIf7 subsection), and the reverse primer
was designed to match the same sequence region targeted by
the dsRNA fragment.

Inoculation of Plasmopara viticola on
Treated Leaves and Phenotypic
Characterization of the Plant-Pathogen

Interaction

Experimental inoculation of the leaf disks with the pathogen
were carried out by mixing P. viticola sporangia coming
from Western (S. Maria della Versa, Pavia) and Eastern
(Casarsa della Delizia, Pordenone) Italian field populations
(Maddalena et al, 2020; Sargolzaei et al., 2020). To verify
that the leaf tissues used for the experimental activities were
not previously contaminated by P. viticola, a PCR assay with
primers specific for the ITS region of P. viticola (Toffolatti
et al, 2012) was carried out on all leaf samples. Leaf
tissues were collected from each sample (dsRNA- and water-
treated) at all-time points. DNA was extracted using the
DNeasy Plant Mini kit (Qiagen Italia, Milano) and checked
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FIGURE 1 | Scheme of the treatment and sampling carried out in the first (A) and second experiment (B). Numbers indicate the number of days after treatments
(dat) at which the leaves were collected. S7 indicates the untreated leaves that were sampled at 7 dat for the evaluation of systemic activity of dsRNA in the second

dsRNA-treated plants

by NanoDrop for quantity and quality. PCR reactions were
performed using 2 pl of DNA template, 12.5 pl of DreamTaq
Green PCR Master Mix (2X) (Thermo Fisher Scientific),
0.5 uM of forward (AF_2F: 5-TCCTGCAATTCGCATTACGT-
3) and reverse (AF_2R: 5-GGTTGCAGCTAATGGATTCCTA-
3’) primers (Toffolatti et al, 2012), and water up to 25 pl.
The thermal cycling conditions were as follows: 94°C for
3 min, 30 cycles at 94°C for 30 s, 57°C for 30 s, 72°C for
1 min, and a last step at 72°C for 5 min. PCR products
were solved on 2.5% agarose gel electrophoresis and stained
with Realsafe nucleic acid staining solution (Real, Valencia).
Positive control consisted of DNA extracted from sporangia and
infected leaf disks and negative controls consisted of water and
B. cinerea DNA.

Leaf disks, sampled at each time point, were placed, lower
surface upward, in a Petri dish (9 cm diameter) containing
moistened filter paper. The leaf disks were airbrushed with
0.2 ml of a sporangia suspension (5 x 10* sporangia
ml~!) obtained by collecting sporangia in sterile distilled
water, and incubated in a growth chamber at 22°C with

a 12-h photoperiod (Toffolatti et al, 2018). The effect of
dsRNA treatment on the pathogen’s ability to infect the
leaf tissues was evaluated at 7 days after inoculation by
combining quantitative (disease severity and the production
of sporangia) and qualitative traits, related to the morphology
of vegetative and reproductive structures of the pathogen.
Disease severity was evaluated in both experiments, while
sporangia production and microscopy were performed in the
first experiment only. The disease severity of each biological
replicate was estimated from the percentage of leaf disk area
covered by sporulation (PSA) (Toffolatti et al, 2012). The
number of sporangia produced by the pathogen per leaf unit
(sporangia cm~2) was determined as described by Toffolatti
et al. (2016) by collecting the sporangia from each leaf disk
in 1 ml of 20% glycerol:water (v:v) and counting them in
Kova chambers. Microscopy observations were performed by
aniline blue staining (Wick, 2009) on leaf disks fixed in
absolute ethanol and cleared as described by Alexander et al.
(2005) with some modifications: samples were boiled in 85%
ethanol:water (v:v) for 10 min, and incubated in pre-warmed
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lactic acid at 70°C for 30 min, following the procedure
reported by Ricciardi et al. (2021). Reagents were purchased
from Sigma-Aldrich. Samples were observed under an EasyLab
CX40 (Olympus) bright-field optical microscope equipped with
Primo Cam HD5 camera (Tiesselab, Milano, Italy). Pictures
were taken as Z sections and overlapped by using Image]
software'.

Evaluation of dsRNA Treatment on
Off-Target and Jasmonic Acid

Metabolism Genes

In order to evaluate the effect of dsRNA treatment on
off-target genes, the following genes were evaluated
via RT-qPCR: EFla (elongation factor lo; EFla_F: 5'-
GAACTGGGTGCTTGATAGGC-3'; EFla_R: 5-ACCAAAATA
TCCGGAGTAAAAGA-3') and GAPHD (glyceraldehyde-3-
phosphate dehydrogenase; GAPHD_F: 5-TCAAGGTCAAGGA
CTCTAACACC-3; GAPHD_R: 5-CCAACAACGAACATA
GGAGCA-3') (Figueiredo et al., 2015); PEPC
(phosphoenolpyruvate carboxylases; PEPC_F: 5'-CATGAAGG
GTATTGCTGCTG-3; PEPC_R: 5-AGAGGATTTGA
TTTTGGTACGG-3') and PEPCK (PEP carboxykinases;
PEPCK_F: 5-TGGCTGGTCAACACTGGTTG-3'; PEPCK_R:
5-CTTCAGAAGGCTTCCAGAGTG) (Sweetman et al.,, 2012).
Gene expression analysis was performed on dsRNA- and
water-treated leaves at 3, 5, 7, and 15 dat (first experiment).
On the same samples, the COIl (coronatine insensitive
1; COIl_F: 5-ATGCCCATAGTATTCCCTTTT; COIl_R:
5'-GAACTTCTAATCCTCTGTCTC-3’) and JARI (jasmonate-
resistant 1; JARI_F: 5- GAGAATTGCGGATGGTGATA-3;
JAR1_R: 5-CTAAAGGCGAAAGAGGTT-3') (Figueiredo et al.,
2015) genes, involved in the jasmonic acid metabolism and
modulated by P. viticola infection, were investigated via RT-
qPCR. For more details about the reaction conditions, please
refer to the Basal expression of VviLBDIf7 subsection. Annealing
temperature was set to 58°C.

Statistical Analysis

The 27 22¢ values were subjected to Levene’s test to assess
homogeneity of variance in R software. LSD (least significant
difference) test was performed in R to evaluate (i) VviLBDIf7
basal expression in leaves, (ii) differences among dsRNA- and
water-treated leaves in VVILBDIf7 gene expression values,
and (iii) differences among dsRNA- and water-treated
leaves in expression values of off-target and jasmonic acid
metabolism genes.

ANOVA was carried out with IBM SPSS v.25 software on (i)
/PSA

transformed PSA values [asin(*]5™)] to establish the existence of
significant differences among dsRNA- and water-treated samples
at each sampling time, and (ii) sporangia cm ™2 values to establish
the existence of significant differences between dsRNA- and
water-treated samples at each dat.

All the results were plotted in bar plots generated by
SPSS v.25 software.

Uhttps://imagej.nih.gov/ij/index.html

RESULTS

dsRNA Treatment Decreases WilLBDIf7

Gene Expression
To assess the basal expression level of VviLBDIf7 gene, RT-qPCR
was performed on Pinot noir leaves collected at 1-day intervals.
Results highlighted that the VviLBDIf7 gene is constitutively
expressed in leaves of Pinot noir plants grown in the glasshouse:
there was no significant variation in basal expression level in
the examined time points (0.45 %+ 0.11 versus 0.83 + 0.23,
for first and second sampling, respectively, p value > 0.05),
suggesting a relatively constant expression of the candidate
S-gene. A dsRNA 412-bp long has been synthesized on the
WiLBDIf7 gene sequence of Pinot noir to be applied in the RNAi
experiment (Supplementary file 1). Pinot noir plants grafted
onto SO4 were treated with the dsRNA and the knocking down
of the target gene was assessed at 3, 5, 7, and 15 days after
dsRNA treatment (dat). A decrease in VviLBDIf7 expression,
even if not statistically significant, was observed between dsRNA-
and water-treated leaves at 3 dat, and a statistically significant
expression reduction was observed at 5 dat (Figure 2A). At 7
and 15 dat, no significant differences were detected between
samples, indicating a progressive end of the transient dsRNA
effect (Figure 2A). The experiment was repeated treating self-
rooted cuttings of Pinot noir and collecting leaves at 5 and 7
dat. Statistically significant differences in the expression levels
of WiLBDIf7 gene were observed between dsRNA- and water-
treated leaves at 5 dat also in the second trial (Figure 2B). No
significant difference was observed at 7 dat (Figure 2B).

The dsRNA treatment induced no visible negative effects
on grapevine plants, which kept their normal phenotypic
traits and vigor.

dsRNA Treatment Reduces Pathogen

Infection and Sporulation

The complete absence of pathogen DNA was observed in the
analysis of the leaves used for the experimental inoculations
with P. viticola, confirming that the samples were healthy before
inoculation. An example of the results obtained is reported in
Supplementary Figure 2. To investigate whether the dsRNA
treatment induced changes in the downy mildew disease extent,
dsRNA- and water-treated leaf tissues were experimentally
inoculated with P. viticola to evaluate phenotypic traits such as
disease severity, estimated through PSA, sporangia production,
and morphology of pathogen structures. In the first experiment,
phenotyping was carried out at 3, 5, 7, and 15 dat; in the
second, at 5 and 7 dat.

Percentage of leaf disk area covered by sporulation values of
water-treated samples ranged from 41 to 52% (Figure 3A) and
from 70 to 73% (Figure 3B) in the first and second experiment,
respectively. No significant differences (0.8 < F < 2.5; df = 1-
4; p > 0.22) were found among PSA values of dsRNA- and
water-treated samples inoculated at 3, 5, and 15 dat (Figure 3A).
Instead, the PSA values of the water-treated leaves inoculated
at 7 dat were four times higher, with statistical significance
(9.7 < F < 29.6; df = 1-4; p < 0.036), than those recorded on
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FIGURE 2 | Effect of dsRNA treatment on Wil BDIf7 gene expression. VWil BDIf7 gene expression analysis determined based on the 2= 2 At method at 3, 5, 7, and
15 days after treatment (dat) on Pinot noir plants grafted onto SO4 (A), and at 5 and 7 dat on self-rooted Pinot noir plants (B). Bars represent standard errors.
Asterisks indicate statistically significant differences among the dsRNA- and water-treated conditions at each time point (‘p value = 0.05).
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FIGURE 3 | Effect of dsRNA treatment on percentage of sporulating area (PSA) evaluated 7 days after Plasmopara viticola inoculation. PSA evaluated on Pinot noir
plants grafted onto SO4 at 3, 5, 7, and 15 days after treatment (dat) (A), and on self-rooted Pinot noir plants at 5 and 7 dat (B). Bars represent standard error.
Asterisks indicate statistically significant differences among the dsRNA- and water-treated conditions at each time point (*p value < 0.036).
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dsRNA-treated samples inoculated at 7 dat in both experiments
(Figures 3A,B).

Sporangia production in the water-treated leaf disks
ranged from 13,683 + 2959 (average =+ standard error) to
36,801 & 17,849 sporangia cm~2 and did not significantly differ
from those of the dsRNA-treated samples at any time from
treatment (F < 4.9; df = 1-4; p > 0.09) apart from 7 dat (F = 31;
df = 1-4; p = 0.005), when sporangia production was significantly
reduced to 1,486 £ 316 sporangia cm~2 in the dsRNA-treated
samples (Figure 4).

The development of vegetative and reproductive structures of
P. viticola in the leaf tissues was observed at the microscope by

using a staining procedure with aniline blue dye, which allowed
us to observe the pathogen structures in bright field. Hyphae
with numerous haustoria, also clearly visible at low magnification
(Figures 5A,B), regularly developed in the intercellular spaces of
the lacunose space of the water-treated leaf tissues (Figures 5A-
C). Sporangiophores emerged from the stomata (Figure 5C)
and numerous sporangia could be observed on the leaf surface
(Figure 5A). Alterations in the pathogen structures were clearly
visible in the dsRNA-treated leaves only at 7 dat (Figures 5D-
G): hyphae had a reduced diffusion (Figure 5G) and appeared
lightly colored and highly vacuolated (Figure 5D); haustoria were
lightly colored and visible only at high magnification (Figure 5F);
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FIGURE 4 | Production of sporangia (number of sporangia cm~2) evaluated
7 days after Plasmopara viticola inoculation on dsRNA- and water-treated
leaves at 3, 5, 7, and 15 days after treatment of Pinot noir plants grafted onto
SO4. Bars represent standard error. Asterisks indicate statistically significant
differences among the dsRNA- and water-treated conditions at each time
point (**p value 0.005).

short, hyperbranched, and sterile sporangiophores emerged from
the stomata (Figure 5E). The same alterations were seen in all
the points where the pathogen attempted penetration, indicating
a uniform response of the leaf tissues to dsRNA treatment and
pathogen inoculation.

The PSA values of the untreated leaves sampled immediately
above the dsRNA-treated leaves (leaf sample S7; Figure 1B) at
7 dat in the second experiment (PSA = 21.4% =+ 7.1 SD) did not
significantly differ (F = 5.3; df = 1-4; P = 0.08) from the PSA
values recorded in the dsRNA-treated leaves (PSA = 14.6% =+ 8.4
SD) and significantly differed (F = 15.8; df = 1-4; P = 0.016) from
the PSA values of the water-treated leaves (PSA = 69.8% + 11.4
SD) sampled at the same time point.

Treatment With dsRNA Does Not Reduce

Expression of Off-Target Genes
The effect of dsRNA treatment has been evaluated in the
gene expression of some off-target genes: EFIa, GAPHD,
PEPC, and PEPCK (Figure 6). Relative gene expression of
PEPC and PEPCK genes did not show statistical significant
differences between dsRNA- and water-treated leaves at any time
points (Figures 6C,D). Statistical significant differences between
dsRNA- and water-treated leaves have been detected at 3 and
7 dat for EFla gene (Figure 6A) and at 5 and 7 dat for GAPHD
gene (Figure 6B), with expression values of dsSRNA-treated leaves
higher than the water-treated ones.

Regarding the effect of dsRNA treatment on jasmonic acid
metabolism genes, the relative gene expression of two genes
(COII and JARI) has been investigated. JARI primers did not

amplify any fragments at our amplification conditions (annealing
temperature = 58°C), while aspecific fragments have been
amplified at lower annealing temperature (data not shown).
Amplification of COII gene showed statistically significant
differences between dsRNA- and water-treated leaves only at 5
dat, with expression values of dsRNA-treated leaves lower than
the water-treated ones (Figure 6E).

DISCUSSION

Foliar-Applied dsRNA Reduces
Expression of WiLBDIf7 Gene

All plant genes involved in facilitating pathogen infection
and supporting a compatible plant-pathogen interaction are
considered S-genes (Van Schie and Takken, 2014); therefore,
silenced S-genes no longer support a compatible plant-pathogen
interaction and can cause pathogen-specific resistance (Pavan
et al., 2010; Thatcher et al., 2012).

RNAi is a post-transcriptional gene silencing mechanism
triggered by dsRNA molecules to prevent the expression of
target genes (Kim and Rossi, 2007). The exogenous application
of dsRNAs targeting essential interaction genes in plants (S-
genes) or plant pathogens and pests has been successfully used
to both control diseases and induce gene silencing as a valid
alternative to genetic transformation (Mitter et al., 2017; Ghosh
et al., 2018; Rosa et al., 2018; Dubrovina and Kiselev, 2019; Gu
et al., 2019; Dalakouras et al., 2020). In this work, the efficacy of
RNAI approach in knocking down the putative grapevine S-gene
(WiLBDIf7) identified by Toffolatti et al. (2020) in grapevine-
P. viticola interaction has been investigated. A prerequisite
for setting up a successful foliar RNAi experiment to knock
down the target gene is the expression of the target gene in
leaves at any stages, regardless of environmental conditions.
Therefore, the first step of this study was the evaluation
of S-gene basal expression. RT-qPCR data showed that the
expression of VWiLBDIf7 in Pinot noir leaves did not change
significantly over time in the absence of perturbing conditions,
confirming that S-genes can show a constitutive expression
(Eichmann et al., 2004).

Foliar-applied dsRNA molecules targeting plant VviLBDIf7
gene proved to knock down VWiLBDIf7 gene expression in Pinot
noir, a grapevine cultivar susceptible to P. viticola infection, at
5 dat. The RNAI triggered by exogenous dsRNA is known to
be transient, lasting from a few days up to a couple of weeks
(Dalakouras et al.,, 2016, 2020; Niehl et al., 2018; Dubrovina
and Kiselev, 2019; Nerva et al., 2020). In this interval, the
efficiency peak of the dsRNA treatment is affected by several
factors, determining the absorption rate of the exogenous
molecules by plant cells, including dsRNA concentration,
dose and length, application method, delivery technique, plant
organ-specific activities, and stability of the molecule under
unfitting environmental conditions (Das and Sherif, 2020).
In our experimental conditions, evaluations performed at 7
(both experiments) and 15 (first experiment) dat indicated a
progressive reduction of the transient dsRNA effect in knocking
down the expression of VviLBDIf7 gene. Instead, knockdown
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FIGURE 5 | Development of Plasmopara viticola structures inside untreated (A-C) and treated (D-G) leaf tissues inoculated at 7 dat. (A) Hyphae with haustoria
developing in the mesophyll cells and sporangiophores emerging from the stomata. (B) Mycelium with haustoria; (C) detail of sporangiophores emerging from a
stoma; (D) degenerating hyphae, slightly colored and vacuolized, with no visible haustoria, and hyperbranched sporangiophores emerging from the stoma; (E) short,
hyperbranched and sterile sporangiophores; (F) light-colored haustoria; (G) hypha developing from the substomatal vesicle with no visible haustoria. S = stoma;

H = hypha; HA = haustorium; SP = sporangiophore; SPO = sporangium; SV = substomatal vesicle. Scale bar, 20 um.

at 5 dat has been confirmed by the second experiment as well,
when self-rooted plants were used. This second approach was
used to validate the results, avoiding any rootstock interference.
Rootstock can affect the scion behavior at different levels, such
as plant development, biomass accumulation and phenology

(Ollat et al., 2015). These results demonstrated that the transient
effect of dsRNA was not affected by rootstock and that in our
conditions, the RNAi is terminated by 15 dat.

Fifty LBD genes have been identified in grapevine genome
(Grimplet et al., 2017), expressed in different tissues (such as
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FIGURE 6 | Effect of dsRNA treatment on EF7a [elongation factor 1a; (A)], GAPHD (glyceraldehyde-3-phosphate dehydrogenase; B), PEPC [phosphoenolpyruvate
carboxylases; (C)], PEPCK [PEP carboxykinases; (D)], and COI7 [coronatine insensitive 1; (E)] gene expression at 3, 5, 7, and 15 days after treatment (dat) on Pinot
noir plants grafted onto SO4. Gene expression analysis determined based on the 2-4 ACt method. Bars represent standard errors. Asterisks indicate statistically
significant differences among the dsRNA- and water-treated conditions at each time point (p value = 0.05).
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young leaves, developed tendril, and inflorescences), in berry
development and ripening and in response to abiotic and biotic
stresses (Albertazzi et al., 2009; Fasoli et al,, 2012; Agudelo-
Romero et al., 2015). VviLBDIf7 seems to be expressed at low
levels in all mature/woody and vegetative/green tissues, while
it appears to be up-regulated in berries upon B. cinerea attack
(Agudelo-Romero et al., 2015). In our experimental conditions,
no negative effects could be observed in grapevine plants treated
with dsRNA: this could be due to the transient effect of RNAI
The presence of pleiotropic effects on biological processes and
in response to abiotic and biotic stresses (not yet investigated)
associated with VwiLBDIf7 silencing should be better investigated
in future studies on stable grapevine transformants.

Reduction of WiLBDIf7 Expression Is
Followed by Reduced Susceptibility to
Plasmopara viticola

The developed staining protocol has two main advantages:
firstly, the staining is stable and does not fade away rapidly,
as normally occurs when using aniline blue staining techniques
for fluorescence microscopy (Diez-Navajas et al., 2007), allowing
the operator to perform a more thorough investigation of the
pathogen structures; secondly, the observations can be performed
with a microscope that is normally present in a basic mycology

laboratory, without the need for a fluorescence microscope.
Aniline blue binds to B-glucans (B-1,3-glucans in particular)
located in the P. viticola cell wall, staining the pathogen structures
in blue. However, also plant cell walls can be stained, especially
callose depositions (Hood and Shew, 1996) that are frequently
found as a defense reaction to the invading pathogen (Trouvelot
et al., 2008), causing some faint blue staining also in plant
tissues. No differences could be observed between treatments
in pathogen growth and sporulation at all time point except
at 7 dat (2 days after downregulation of VviLBDIf7), when
Pinot noir leaves treated with dsRNA showed a significant
reduction in disease severity as well as impairment in P. viticola
growth and sporulation, compared to the water-treated leaves.
In the dsRNA-treated samples, the alterations in the vegetative
structures of the pathogen were evident. The hyphae did not
freely diffuse inside the leaf tissues but developed only in the
area immediately surrounding the infection point and led to the
differentiation of hyperbranched, partly sterile, sporangiophores.
Analogous alterations were observed as a consequence of
resistance response in Mgaloblishvili (Toffolatti et al., 2018)
and in response to environmental (Rumbolz et al., 2002) and
chemical (Ricciardi et al., 2021) stresses. The vacuolation of the
hyphae underneath the sporangiophore could be associated with
the necessity of the mycelium to provide material to support
sporulation, as occurs in true fungi (Thrane et al., 2004), or to
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a degradation of the mycelium. Abnormal hyphal vacuolation
has been observed in hyphae of the oomycete Saprolegnia ferax
following the application of growth inhibitors (Bachewich and
Heath, 1999). Moreover, the vegetative structures of the pathogen
in the dsRNA-treated samples appeared more lightly colored
compared to the water-treated samples. Since aniline blue binds
to P-glucans, this discoloration could indicate an alteration in
the cell wall composition. While this altered mycelium was
clearly visible following aniline blue staining, haustoria were
less colored and hardly recognizable. This could indicate that
the dsRNA treatment primarily affected the haustoria, which
are the only structures of the pathogen that actively interact
with the host cell (Toffolatti et al., 2011). P. viticola is an
obligate parasite of grapevine and does not directly damage the
host cell, the activity of which must be preserved to allow the
absorption of nutrients. Alterations at haustoria level can induce
a reduced pathogen growth not only because they have a role
in nutrient uptake, but also because they represent a specialized
interface for delivering effectors to plants that are associated
with resistance (Judelson and Ah-Fong, 2019). More accurate
investigation on the haustoria ultrastructure is needed to confirm
these preliminary results. The alteration in the differentiation of
sporangiophores was associated with a significant reduction in
the sporangia production.

The analogous disease severity of the pathogen observed in the
second experiment both on the leaves that were directly treated
with dsRNA and those directly above the treated leaves (systemic
diffusion), which was significantly lower than that achieved in
the water-treated samples, indicates the presence of a systemic
effect of the treatment that should be more deeply investigated
in future studies. Systemic RNAi has been observed in other
plants, such as A. thaliana (Melnyk et al., 2011), Hordeum vulgare
(Biedenkopf et al., 2020), and Nicotiana benthamiana (Chen
et al., 2018), but to the best of our knowledge, no information
is reported for grapevine.

WiLBDIf7 Is a Candidate Gene to Be
Silenced to Reduce Downy Mildew
Susceptibility

A potential limitation of RNAi approach can be the possible effect
on off-target genes. Off-target effects occur when a siRNA down-
regulates unintended targets. For this reason, it is useful to assess
off-target potential in order to avoid undesirable phenotypes
(Rosa et al., 2018). In this work, dsRNA treatment did not reduce
the expression of EFla, GAPHD, PEPC, and PEPCK off-target
genes. The up-regulation of EFla and GAPHD genes in dsRNA-
treated leaves at some time points can be a consequence of the
knockdown of the WiLBDIf7 gene (the plant reacts to the gene
silencing by improving its basal metabolism).

In A. thaliana, the [bd20 mutant showed a reduced disease
severity after F. oxysporum infection and a modulation of
jasmonic acid-mediated defense genes (Thatcher et al., 2012).
In grapevine, some evidences of jasmonic acid involvement in
resistant cultivar in response to P. viticola infection have been
described (Figueiredo et al., 2015; Li et al., 2015). After P. viticola
inoculation, Figueiredo et al. (2015) observed an up-regulation

of jasmonic acid biosynthesis-related genes (LOXO, AOS, AOC,
and OPR3) at 6 and 12 hpi (hours post-infection), and an up-
regulation of genes involved in the jasmonic acid activation and
signaling (JARI and COIl, respectively) at 18 and 24 hpi. In this
work, due to the sampling times (3, 5, 7, and 15 dat), only the gene
expression profile of JARI and COI1 genes has been investigated.
Although we have to refer to only COII gene expression data
(no amplification fragments were detected for JARI gene), the
jasmonic acid pathway appears to be down-regulated, as COI1
gene expression values at 5 dat in dsRNA-treated leaves were
lower than in the water-treated ones. These data confirm what has
been observed for LBD20 gene in A. thaliana, where coil mutants
did not induce LBD20 gene expression, and support the role of
LBD genes in jasmonic acid signaling (Thatcher et al., 2012).

CONCLUSION

The results reported in this work highlight the great potential of
RNAi-based strategies in sustainable defense management. In the
current scenario, the treatment with fungicides still represents
the most effective agronomical practice to defend vineyards
by P. viticola attack. Nevertheless, Directive 2009/128/EC and
Regulation (EC) No. 1107/2009 of the European Parliament
and of the Council concerning the placing and use of plant
protection products on the market impose to the farmers the
reduction of fungicide applications, due to their negative impact
on human health and environment. In this view, the development
of novel and sustainable disease management strategies is
essential. Numerous efforts are ongoing with the aim to obtain
resistant varieties, exploiting alternative strategies to classical
biotechnological tools, such as GMOs (genetically modified
organisms), which are currently subjected to strict regulation
(Capriotti et al., 2020). For this purpose, the use of RNAi for
silencing plant susceptibility genes, which facilitate infection and
support compatibility (Van Schie and Takken, 2014), represents
a promising alternative to traditional means, such as fungicides,
for disease control. Indeed, the phenotypic characterization
of quantitative and qualitative P. viticola traits allowed us to
establish the efficacy of exogenous dsRNA application in silencing
the VWiLBDIf7 gene, which led to a reduced pathogen growth and
sporulation rate in Pinot noir, a cultivar that is normally highly
susceptible to the pathogen. Based on gene expression and PSA
values, the RNAi effect is concluded by 15 dat indicating that
further treatments are needed for the subsequent disease control.
The signatures of systemic activity shown in the present study
suggest that the dsRNA treatment could also reach untreated
parts of the plant, a feature that is highly desirable since grapevine
has an important growth in open field and systemic properties of
RNAI could allow the protection of the newly formed vegetation
not covered by the treatment. Further investigation is, however
needed to clarify the movement inside the plant as well as the
duration and the efficacy of dsRNA on untreated parts of the
plant. Moreover, considering the high heterozygosity and the
varietal rigidity imposed by registered designations of origin that
affect development and cultivation of resistant varieties obtained
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by crossing non-vinifera species with V. vinifera, the use of
RNAI approach in grapevine could represent a valid tool for
specifically targeting a known gene. Further implementation of
the method is, however, needed to improve the delivery of the
dsRNA and achieve a more rapid silencing of the gene that
could be compatible with a field use, although an appropriated
regulation of topical RNAI applications is still missing (Mezzetti
et al., 2020). For an effective field application of dsRNAs as
a disease management tool, the following aspects need to be
optimized: (i) the concentration and length of dsSRNA molecules,
(ii) the formulation that should prevent dsRNA degradation
(encapsulation could solve this issue) and allow the uptake
of dsRNAs into cells, (iii) the delivery strategy (high-pressure
spraying or brush-mediated leaf applications), and (iv) the
efficacy of dsRNA recognition by the RNAi pathway of the target
organism. Furthermore, this approach that uses dsRNA to silence
the susceptibility gene of the plant instead of targeting an essential
gene of the pathogen should reduce the possible cross-species
effect of the dsRNA (e.g., on beneficial microorganisms) and the
development of resistances in the pathogen population. Overall,
RNAi-mediated silencing could make a great contribution toward
integrated pest management, which, taking a holistic approach
that exploits all the available disease management tools (i.e.,
resistant varieties, agronomic practices, and chemical and non-
chemical pathogen control), represents the most effective way to
manage diseases.
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Increasing pest and pathogen challenges as well as having fewer conventional pesticides
to employ require innovative and sustainable solutions for plant protection. One group
of pesticides that is in the pipeline and is expected to be subject to regulation
and risk assessment procedures in the near future, is based on the natural gene
silencing mechanism RNA interference (RNAI). These dsRNA-based products can be
highly specific for a target organism due to the sequence-specific interaction between
effective small interfering RNAs (siRNAs) and a complementary target RNA. General
regulatory frameworks for pesticide authorization in the U.S. and in the EU are presented.
In addition, production and application procedures and specific characteristics of
dsRNA-based pesticides relevant for risk assessment and regulation are considered.

Keywords: plant protection, pesticide, dsRNA, SIGS, pesticide regulation

INTRODUCTION

Increasing food demands of a growing world population in combination with new plant pests
and diseases due to climate change (Chakraborty and Newton, 2011) call for improved solutions
for crop protection. The future potential of current pest and pathogen control in crops based on
chemical pesticides is limited because fewer approved pesticides are available, especially in Europe.
Actually, it is expected that the “Green Deal” recently initiated in the European Union (EU) will
result in a further reduction of active pesticidal substances for the control of insect pests and fungal
pathogens in Europe. Therefore, innovative and sustainable approaches are required to combat
current and future pest problems.

One possible solution is the cultivation of genetically modified (GM) crops with built-in
plant protection. Examples are GM crops expressing toxins from the soil bacterium Bacillus
thuringiensis (Bt) that specifically kill certain pest insects (e.g., Perlak et al., 1990) and GM maize
expressing double-stranded (ds) RNA resulting in the sequence specific degradation of messenger
RNA (mRNA) coding for an essential insect protein by an RNA interference (RNAi) mechanism
(Bachman et al., 2016). GM crops with such plant-incorporated protectants (PIP) have been
authorized for cultivation in the USA several years ago (Mendelsohn et al., 2003; Head et al., 2017).
In the EU, however, there is only cultivation of one insect resistant Bt maize line on small hectarages
in Spain and Portugal (Gomez-Barbero et al., 2008; ISAAA, 2019).
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RNAI, which is a natural gene silencing mechanism in plants
and animals (Fire et al., 1998; Baulcombe, 2004) can not only be
used for plant-incorporated protection in GM crops by means
of host-induced gene silencing (HIGS), but can also serve as a
new mode of action for exogenously applied pesticides. There
have been various reports of RNAi molecules as plant protection
compounds (San Miguel and Scott, 2016; Worrall et al., 2019)
since the first successful foliar applications of dsRNAs for plant
virus control (Tenllado and Diaz-Ruiz, 2001). Fungal pathogens
as well as different insect pests are susceptible to RNAi and
can be controlled by topical dsRNA applications (Fletcher et al.,
2020; Taning et al., 2020). RNAi is a fast-growing technology
with increasing commercial interest, which is reflected by global
research trends and the patent situation (Jalaluddin et al., 2019).
It is expected that RNAi-based plant protection products, which
are much more specific than conventional pesticides and less
persistent in the environment, will be available in the near future
for practical uses and will need to undergo appropriate safety
evaluation and authorization procedures.

UNITED STATES (U.S.) REGULATORY
FRAMEWORK FOR PESTICIDES

In the U.S,, a pesticide is defined as: (1) any substance or mixture
of substances intended for preventing, destroying, repelling, or
mitigating any pest; (2) any substance or mixture of substances
intended for use as a plant regulator, defoliant, or desiccant;
and (3) any nitrogen stabilizer. Pesticide products must obtain a
U.S. Environmental Protection Agency (EPA) registration before
manufacture, transport, and sale (Leahy et al., 2014). Field testing
prior to a registration requires an Experimental Use Permit. EPA
assesses pesticide end-use and manufacturing-use products for
registrations and evaluates the active ingredient as well as the
actual products. Additionally, states or territories within the U.S.
require pesticide product registration as well. While most states
or territories rely on the review of data and safety findings of the
U.S. federal government, there are several states, e.g., California,
that also require data to be submitted to them, which they review
and also do their own assessment.

EPA primarily regulates the use of pesticides under the legal
basis of two federal statutes enacted by the U.S. Congress: the
Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and
the Federal Food, Drug, and Cosmetic Act (FFDCA). Other
statutes that play roles in the regulation of pesticides in the U.S.
include the Food Quality Protection Act of 1996 (FQPA), the
Pesticide Registration Improvement Act (PRIA), the Endangered
Species Act (ESA), the Migratory Bird Treaty Act, and the Clean
Water Act. FIFRA is the pesticide licensing law and provides the
basis for registration, sale, distribution, and use of pesticides in
the U.S. FIFRA authorizes EPA to assess and register pesticides
for specific uses. EPA also has the authority to suspend or cancel
the registration of a pesticide if subsequent information shows
that continued use would pose unreasonable risks. Pesticide
registration is based on a risk/benefit standard. Through the
registration process, EPA regulates pesticide use through labeling,
packaging, composition, and disposal.

EPA must make a finding of no unreasonable adverse effects
to man and the environment from use of the pesticide in order
to support its registration decision under FIFRA. The Federal
Food, Drug, and Cosmetic Act (FFDCA) authorizes EPA to set
maximum residue levels, or tolerances, for pesticides used in or
on foods or animal feed. Under FFDCA and amendments to
both FFDCA and FIFRA under the FQPA, EPA must make a
similar finding of a reasonable certainty of no harm if the use of
such agents results in residues in food or feed. If the submitted
information supports this safety finding, EPA may establish a
numerical tolerance or an exemption from the requirement of a
tolerance regarding those residues.

Data requirements for assessing pesticide products are laid
down in the regulations enacted by EPA in Title 40 of the Code
of Federal Regulations (CFR) Part 158. These data requirements
support evaluation of both the pesticide active ingredients and
products. In addition to data requirements for conventional
chemical pesticides, 40 CFR Part 158 lists requirements
for biochemical and microbial pesticides which are usually
inherently less toxic than conventional chemical pesticides.
Biochemical pesticides are naturally occurring substances that
control pests by non-toxic mechanisms. Conventional pesticides,
by contrast, are generally synthetic materials that directly kill
or inactivate the pest. Biochemical pesticides include substances
that interfere with mating, such as insect sex pheromones, as
well as various scented plant extracts that attract insect pests to
traps. Microbial pesticides consist of a microorganism (e.g., a
bacterium, fungus, virus, or protozoan) as the active ingredient.
Guidance for conducting the studies listed exist in EPAs Test
Guidelines for Pesticides and Toxic Substances! (Leahy et al.,
2014).

EUROPEAN UNION (EU) REGULATORY
FRAMEWORK FOR PLANT PROTECTION
PRODUCTS

The authorization process of plant protection products is
already outlined in Schenkel and Gathmann (2021). The general
principles of the European authorization process are again
described hereafter to ease the comparison between the U.S. and
the EU in this paper.

In the EU, in general, any plant protection product (PPP)—
i.e., a pesticide that protects crops or other useful plants—placed
on the market needs an authorization. The legal framework
is defined in the Regulation (EC) No 1107/2009 (EC, 2009).
The authorization process is divided in approval of the active
substance and in the authorization of the PPP. A precondition for
the authorization of a PPP is an approval of the active substance
(a.s.) by the EU Commission based on a risk assessment led by
the European Food Safety Authority (EFSA). A PPP containing
an approved active substance is assessed and authorized by
the Member States (MS). To enhance the efficiency of the
authorization process, the EU is divided in three zones, the

Uhttps://www.epa.gov/test-guidelines- pesticides-and- toxic-substances/final- test-
guidelines- pesticides-and-toxic.
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Northern, Central, and Southern zone (EC, 2009). The risk
assessment of a PPP is conducted by one Member State [zonal
rapporteur Member State (zRMS)] for the whole zone. In
principle, MS of the same zone are forced to take over the results
of the assessment and the decision of the ZRMS. However, MS can
make claims on national ecological or agricultural specificities to
decide on dividing risk management options for their country.

Data requirements for assessing active substances are laid
down in Regulation (EC) No 283/2013 (EC, 2013a) and
for PPPs in Regulation (EC) No 284/2013 (EC, 2013b),
respectively. Uniform principles for evaluation and authorization
of plant protection products are laid down in the implementing
Regulation (EU) No 546/2011 (EC, 201la). The goal of
the regulations is to achieve a high level of protection of
human and animal health as well as the environment in all
Member States. The regulations are complemented by guidance
documents produced by OECD, EPPO, and EFSA to describe
the methodological requirements for the risk assessment of active
substances and pesticide products.

In principle the Regulation (EC) No 1107/2009 (EC,
2009) differentiates between PPPs based on chemicals
and microorganisms, where microorganism means any
microbiological entity, including lower fungi and viruses,
cellular or non-cellular, capable of replication or of transferring
genetic material. Specific data requirements for the assessment
of microorganisms are laid down for active substances in Part
B of Regulation (EC) No 283/2013 (EC, 2013a) and for PPP in
Part B of Regulation (EC) No 284/2013 (EC, 2013b), respectively.
Additionally, further categories of PPPs are defined in the
Regulation (EC) No 1107/2009 (EC, 2009). PPPs classified as
low-risk products have to fulfill strict criteria in particular low
toxicological potential (and low persistence in the environment
(for details see Article 22 Annex II of EC, 2009). Furthermore, no
specific risk mitigation measures should be required following
the risk assessment for low-risk PPPs and they have to be
sufficiently effective. In practice only a few a.s. are authorized in
the EU as low-risk PPPs (see EU, 2021). Another category of PPPs
are basic substances. A basic substance is not predominantly
used for plant protection purpose but nevertheless it is useful
in plant protection either directly or in a product consisting
of the substance and a simple diluent. It does not have any
inherent capacity to cause endocrine disrupting, neurotoxic
or immunotoxic effects and it is not a substance of concern
(Article 23, EC, 2009), which means it has no capacity to cause
an adverse effect on humans (Article 3, EC, 2009). Currently 23
basic substances are approved in the EU for example beer, Allium
cepa extraxt or L-cysteine (EU, 2021). A category “biopestides”
with divergent data requirements as in the U.S. does not
exist in the EU. PPPs based on dsRNA do not fit in any of
these categories.

The initial focus of the regulations was set on chemicals
as active substances. However, Article 77 of the Regulation
(EC) No 1107/2019 (EC, 2009) offers the possibility that “the
Commission may ... adopt or amend technical and other
guidance documents such as explanatory notes or guidance
documents on the content of the application concerning
microorganisms, pheromones and biological products, for the
implementation of this regulation. The Commission may ask

the Authority to prepare or to contribute to such guidance
documents.” The rationale behind Article 77 might be that
data requirements for these product classes deviate from those
for chemicals. Such specific adaptions on the data requirement
are already implemented for microorganisms, pheromones
and botanicals (EC, 2011b, 2014a,b; EC, 2016). However, no
specific guidance documents defining the data requirements
for the authorization of dsRNA-based PPPs are in sight, but
first considerations and recommendations were presented by
OECD (2020).

In summary PPPs based on dsRNA currently have to be
considered as chemical PPPs.

PRODUCTION AND APPLICATION
METHODS OF dsRNA-BASED PESTICIDES

For successful commercial application of RNAi for crop
protection, it is necessary that products are cost-efficient, safe
and can be reliably delivered to the site of action in the
target organism. There are several ways of production for
sequence specific dsSRNA. While chemical synthesis as well as
in vitro transcription is rather costly, dsRNA production in
microorganisms is much less expensive (Dalakouras et al., 2020;
Taning et al, 2020). However, considerations for microbial
production include possible by-products from fermentation and
the added issue of genetically modified organisms (GMO). In
addition to the usual quality control to ensure dsRNA purity,
bacterial production systems require particular care in order to
exclude potential contaminants and living GMOs. Recently cell-
free platforms for dsRNA synthesis have been established which
enable the inexpensive GMO-free production of large dsRNA
amounts sufficient for usage in agricultural applications (Taning
et al., 2020).

It has been found repeatedly that naked dsRNA is not stable
long enough after foliar or soil application to ensure long-lasting
plant protection (Mitter et al., 2017; Qiao et al., 2021), especially
under field conditions where UV light, rain-fall and microbial
degradation account for its rapid degradation and inactivation
(Parker et al., 2019; Bachman et al., 2020). Therefore, stabilizing
formulations may be necessary for successful usage of dsRNA in
topical spray-induced gene silencing (SIGS) applications. Mitter
et al. (2017) used positively charged layered double hydroxyde
(LDH) clay nanosheets as dsRNA carrier (BioClay) in order
to protect dsRNA from degradation after foliar application.
Other potential dsSRNA carriers that were found to increase the
persistence of dsRNA in soil are cationic polymers (Whitfield
etal., 2018).

Depending on the target pest or pathogen there are different
ways of exogenous application of dsRNA (Dalakouras et al,
2020). Most straightforward is SIGS that was shown to be
effective for the control of leaf-feeding insects and against certain
phytopathogenic fungi (Koch et al., 2016; San Miguel and Scott,
2016; Wang et al,, 2016), when dsRNA uptake into plant cells
is not required. If xylem sap-feeding insects or xylem-residing
pathogens are the target, more laborious application techniques
are required. Dalakouras et al. (2018) demonstrated that double-
stranded hairpin (hp) RNA could be delivered into the xylem
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of woody plants by trunk injection, where it was systemically
transported. With conventional SIGS and trunk injection, dsRNA
is not taken up by plant cells and thus is not processed into
effective small interfering RNAs (siRNAs) within the plant. For
the control of plant pathogenic viruses, however, dsRNA or
effector siRNAs need to be delivered into plant cells in order to
enter the plant RNA silencing machinery. Entry into plant cells
is usually not easily achieved due to the cuticule and the plant
cell wall, which act as physical barriers for nucleic acids. For
successful delivery of RNAi inducers, mechanical wounding of
plant tissues is required. This can be achieved by high-pressure
spraying, as was shown by Dalakouras et al. (2016) or by special
carrier molecules facilitating cellular uptake. Examples for carrier
molecules successfully used for plant cell delivery are positively
charged peptides (Numata et al, 2014), cationic fluorescent
nanoparticles (Jiang et al., 2014), DNA nanostructures (Zhang
et al., 2019), and carbon nanotubes (Demirer et al., 2020). These
carriers also provide some protection against RNase degradation
inside the plant.

Besides carrier molecules or formulations for the
enhancement of environmental stability and plant cellular
uptake, additional RNA modifications and/or carrier
compounds like chitosan, carbon quantum dots (CQD), or
silica nanoparticles may be used to enhance cellular intake by
insects (Das et al., 2015). Thereby the range of RNAi-based
pesticide control may be extended to pest organisms that are less
susceptible to RNAI.

SPECIFIC CHARACTERISTICS OF
dsRNA-BASED PESTICIDES

There are several factors to consider regarding the data needed
to support dsRNA-based pesticides/PPPs due to their mode of
action. In this section we highlight some aspects which might
alter data needs for the risk assessment and decision making.
A detailed overview about the state of the art is given in the
OECD Working paper “Considerations for the Environmental
Risk Assessment of the Application of Sprayed or Externally
Applied ds-RNA-Based Pesticides” (OECD, 2020).

Due to the sequence-specific interaction of siRNAs with
complementary target RNA in RNAi (Fire et al, 1998;
Baulcombe, 2004), this mode of action can be highly specific
for a target organism or a group of target organisms. Yet,
potential effects on non-target organisms (NTOs) due to partial
sequence homologies of dsRNA and transcription products in
NTOs have to be considered (Christiaens et al., 2018). There
may be differences between organisms in terms of how the RNAi
machinery functions in relation to base pair mismatches and
there are scientific uncertainties about the rules determining
interactions between siRNA and mRNA. However, current
research on RNAi mechanisms, generation of genomic data
libraries for relevant species, and design of algorithms to make
reliable predictions are expected to increase the usability of
bioinformatics data in the prediction of potential effects on
NTOs. Under these conditions, bioinformatics models, and
programmes that can access a database with a large selection

of key sequences can help in identifying off-target sequences
to minimize the risk of potential off-target hits. However,
bioinformatics can only be one component of the consideration.
Risk assessment is also strongly influenced by biological assay
data and an overall understanding of the biological and ecological
systems in which the dsRNA will be used (Fletcher et al.,
2020). Sequence information and bioinformatics can inform the
selection and prioritization of non-target species for toxicity
and effects testing. Bioinformatics should be augmented by
an empirical approach—to introduce dsRNA (that is perfectly
complementary to the selected gene in a target organism) to
a range of other organisms, starting with close relatives and
then moving outwards, to see how more phylogenetically-distant
organisms respond (Bachman et al., 2013; Romeis and Widmer,
2020).

Non-Target organism toxicity study protocols for addressing
risk with dsRNA-based products require some revisions
compared to how they are carried out for biochemical pesticides
because dsRNA-based pesticides often take longer to display
efficacy. Any evaluation needs to account for this time lag by
extending the study observation period. For organisms that have
been demonstrated to be responsive to environmental RNA,
consideration of life cycle studies (growth, development, and
reproduction) and studies on other non-lethal effects should be
considered. The importance of sub-lethal endpoints in addition
to mortality has been stressed by Romeis and Widmer (2020),
who suggest an approach on how to conduct non-target studies
for dsRNA-based plant protection products.

In the evaluation of environmental risks from the application
of dsRNA-based pesticides, the distribution, fate, stability, and
persistence of the dsRNA following product application in the
environment will be important (OECD, 2020). The study by
Dubelman et al. (2014) shows a rapid degradation of the DvSnf/
dsRNA transcript derived from a genetically modified maize
variety in different agricultural soils. Bachman et al. (2020)
report a rapid decline in the concentration of foliar applied
dsRNA under field conditions with 95% reduction after 3 days.
In a recent study, Parker et al. (2019) found that decrease
of dsRNA in soil was due to both adsorption to soil and to
chemical and microbial degradation. However, the data regarding
the environmental fate of dsRNA are still somewhat limited.
According to USEPA (2013) the distribution and fate of dsSRNA in
the environment will depend on the following factors: application
rate of active ingredient, application timing, application method,
number of applications, off-site movement of applied dsRNA,
and the stability and persistence of exogenously applied dsRNA
following application.

Some insects, especially of the order Coleoptera (beetles), have
been shown to be very sensitive to dsRNA (Baum and Roberts,
2014). Therefore, even small amounts of ingested dsRNA with
target sequence homology can induce RNAi which may cause
insect mortality. However, there are large differences in the
response of insects to ingested dsRNA. Insects of the order
Diptera (flies and mosquitoes), Hemiptera (aphids, hoppers,
stinkbugs), and Lepidoptera (moths and butterflies), respond
to dsRNA with greater variability compared to beetles (Cooper
et al,, 2019). Additionally, differences in the response can also
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be found within the same order between species, life stages,
genes, and tissues (reviewed in Christiaens et al., 2020). The
current knowledge suggests that dsRNA based products might
be very specific for an insect genus or species, respectively.
The mechanisms triggering the sensitivity of different species to
RNAI are not fully understood yet. The potential use of RNAi
technology for pest and plant pathogen control is influenced
by the cellular uptake of dsRNA (Cooper et al., 2019; Wytinck
etal,, 2020). Starting with the uptake process and followed by the
behavior of the dsRNA in the organism there are many steps that
will affect RNAI efficiency. Cooper et al. (2019) collected different
hypotheses which were proposed to explain the observed
differences in RNAIi efficiency among insects. These factors
are instability of dsRNA, incomplete dsRNA internalization,
deficient core RNAi machinery, impaired systemic spreading of
the RNAI signal and refractory target genes.

The problems identified for insects can be similarly
transferred to other fields of dsRNA-based PPP applications.
While it has been well-known for some time that certain
fungi like Ustilago maydis and Saccharomyces cerevisiae
lack core RNAi components (Drinnenberg et al., 2011),
recent findings by Qiao et al. (2021) suggest large
differences in dsRNA uptake between fungal pathogens.
To counter some of the issues, producers are likely to
use carriers and formulations containing synergists or
co-formulants that stabilize dsRNA in the environment
and enhance transport into the cells of target pests.
Special attention should be paid to how barriers to uptake
are proposed to be overcome for the target organism.
Information and/or studies on the impact of carriers and
formulations on uptake and environmental persistence
are important to characterize exposure to the dsRNA
(OECD, 2020).

Due to their relevance for gene regulation and virus defense in
plants and animals, dsRNAs as well as their processing products
are natural components of food and feed (Davalos et al., 2019).
Therefore, dsRNAs have a long history of safe consumption
by humans and other vertebrates (OECD, 2020). Exposition
of humans and farm animals after oral uptake of dsRNA or
siRNA has been reported to be negligible because of degradation
and multiple barriers in the gastrointestinal tract of mammals
(O’'Neill et al., 2011; Petrick et al., 2013). As is stated in the OECD
Working paper (2020), the common occurrence of effective
physiological and biochemical barriers among mammals and
probably among other vertebrates is likely a consequence of the
widespread presence of RNAs in the environment.

CLASSIFICATION AND AUTHORIZATION
PROCEDURE OF dsRNA-BASED
PESTICIDES FOR PLANT PROTECTION
ACCORDING TO U.S. AND EU
REGULATIONS

While data requirements specific to sprayed or externally applied
dsRNA-based pesticides have not been enacted in the U.S., EPA
bases its requirements for these pesticides on the biochemical
pesticide requirements, outlined in Subpart U—Biochemical

Pesticides of 40 CFR Part 1582. Often, the technical grade
material of the pesticide is tested in mammalian and non-target
organism toxicity studies along with product formulations for
acute mammalian toxicity and irritation studies. Some of this
data may be appropriate to waive according to 40 CFR Part
158.453. Further, data not listed in Subpart U for Biochemical
Pesticides that is more specific to sprayed or externally applied
dsRNA-based pesticides may be required according to 40
CFR Part 158.75%. Where specific product formulations impact
barriers to and uptake of the dsRNA, such additional data
might include product-specific formulation non-target organism
toxicology testing to better characterize the potential for hazard.

If a living genetically engineered organism is used in the
manufacturing process to produce a sprayed or externally applied
dsRNA-based pesticide, but is not viable in the final product, it
would be considered a pesticide intermediate in the US under the
Toxic Substances Control Act (TSCA). Pesticide intermediates
are subject to oversight under TSCA and would likely require
submission of a Microbial Commercial Activity Notice (MCAN)
before initiating manufacture (Wozniak et al., 2013).

As outlined above, it can be expected that dsSRNA-based PPPs
will have different properties than the chemicals mostly used as
active substances in PPPs until now. Adaptations of the EU data
requirements for the risk assessment might be reasonable for
different reasons (see previous chapter). In the EU applications of
PPPs with dsRNA as active substance are expected in the coming
years. Therefore, the Competent Authorities in the EU should
start intensive discussion how the risk of such products will be
adequately assessed in the future. One cannot expect that specific
guidance documents will be in place when first applications are
submitted in the EU. Experiences show that the development and
implementation of such guidelines take several years. Until then,
the same data requirements are requested as for chemical PPPs.
Possible waivers or adjustments of the risk assessment for specific
areas of concern might be decided on case-by-case basis.

In the EU additional regulatory requirements might be taken
into account depending on the used production system. In the
case of production systems based on GM microorganisms an
authorization according to Directive (EC) 2001/18 is needed
if it cannot be guaranteed that the GM microorganisms are
completely inactivated (EC, 2001). It is important to note that
GMO-derived products which do not contain a living organism
and are not to be used as food or feed, like topically applied PPPs,
are not regulated under GMO regulations within the EU (see also
Schenkel and Gathmann, 2021).

CONCLUSIONS

The thoughts we highlight in this paper are pertinent for
assessing the risk of sprayed or externally applied dsRNA-
based pesticides for plant protection. Further discussion of

Zhttps://www.ecfr.gov/cgi-bin/text-idx?SID=021c1f5a27d7da2ce852a0f903c6709b
&mc=true&node=sp40.26.158.u&rgn=divé6.
Shttps://www.ecfr.gov/cgi-bin/text-idx?SID=021c1f5a27d7da2ce852a0f903c6709b
&mc=true&node=se40.26.158_145&rgn=div8.
“https://www.ecfr.gov/cgi-bin/text-idx?SID=021c1f5a27d7da2ce852a0f903c6709b
&mc=true&node=se40.26.158_175&rgn=div8.
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these regulatory and biosafety issues would help better clarify
the risk assessment and risk management framework for these
new and innovative products. Sprayed or externally applied
dsRNA-based pesticides are in the pipeline and the regulatory
authorities will likely be having to assess their risk in the
near future.
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Forest insects are emerging in large extension in response to ongoing climatic changes,
penetrating geographic barriers, utilizing novel hosts, and influencing many hectares
of conifer forests worldwide. Current management strategies have been unable to
keep pace with forest insect population outbreaks, and therefore novel and aggressive
management strategies are urgently required to manage forest insects. RNA interference
(RNA)), a Noble Prize-winning discovery, is an emerging approach that can be used
for forest protection. The RNAI pathway is triggered by dsRNA molecules, which, in
turn, silences genes and disrupts protein function, ultimately causing the death of the
targeted insect. RNAI is very effective against pest insects; however, its proficiency
varies significantly among insect species, tissues, and genes. The coleopteran forest
insects are susceptible to RNAiI and can be the initial target, but we lack practical
means of delivery, particularly in systems with long-lived, endophagous insects such
as the Emerald ash borer, Asian longhorn beetles, and bark beetles. The widespread
use of RNAI in forest pest management has major challenges, including its efficiency,
target gene selection, dsRNA design, lack of reliable dsRNA delivery methods, non-
target and off-target effects, and potential resistance development in wood-boring
pest populations. This review focuses on recent innovations in RNAI delivery that
can be deployed against forest pests, such as cationic liposome-assisted (lipids),
nanoparticle-enabled (polymers or peptides), symbiont-mediated (fungi, bacteria, and
viruses), and plant-mediated deliveries (trunk injection, root absorption). Our findings
guide future risk analysis of dsRNA-based forest protection products (FPPs) and risk
assessment frameworks incorporating sequence complementarity-based analysis for
off-target predictions. This review also points out barriers to further developing RNAI for
forest pest management and suggests future directions of research that will build the
future use of RNAI against wood-boring coleopterans.

Keywords: RNA interference, forest pests, double-stranded RNA delivery methods, enhancing RNAi efficiency,
wood-boring coleopterans, symbiont mediated RNAi (SMR), forest protection products (FPPs)
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GRAPHICAL ABSTRACT | Three-tier impact of forest protection products
(FPPs).

INTRODUCTION

Forests are of immense importance due to their socio-economic
and ecosystem services (Pan et al., 2013). However, a decline
in conifer forests is ongoing worldwide at an unprecedented
rate due to a rise in temperature, drought stress, windthrows,
and pest infestation (Safranyik et al., 2010; Hlasny et al., 2019).
Most of the insect pest population outbreaks are temperature-
dependent, and climate-driven intensification in the frequency,
severity and cyclicity of forest pest outbreaks is already well
documented (Bentz et al., 2010, 2019; Cudmore et al., 2010; de
la Giroday et al., 2012; Haynes et al., 2014; Bentz and Jonsson,
2015). Besides, forest insects have expanded their geographic
range by exploiting native hosts previously unexplored due to
low temperature (Williams and Liebhold, 2002; Cipollini and
Rigsby, 2015; Ramsfield et al., 2016). Such range expansion also
causes widespread tree mortality, decreasing forest productivity
and carbon storage and substantially enhancing discharge from
the decay of dead tree woods (Kurz et al., 2008). Thus, severe
depletion of trees due to pest outbreaks or range expansion
may cause trajectories outside the resilience limits of forest
ecosystems resulting in irreversible ecosystem regime shifts
(Dhar et al., 2016).

Coleopteran forest pests such as Emerald ash borer (Agrilus
planipennis, EAB), Asian longhorn beetles (Anoplophora
glabripennis, ALB) and bark beetles took advantage of ongoing
climate change and cause severe damage to the forests worldwide
(Aukema et al., 2011; Meng et al,, 2015; Hlasny et al., 2019). For
instance, EAB is a devastating, tree-killing phloem-feeding beetle
from northeastern Asia recently invaded North America through
solid wood packaging material (Poland and McCullough,
2006). EAB has already killed millions of North American Ash
(Fraxinus sp.) and became one of the costliest insect pest invaders
in American history (Aukema et al., 2011). EAB larvae disrupt

the translocation of essential nutrients and water in the infested
plants while feeding on phloem tissues, leading to the death of
the Ash trees within 3-4 years of infestation (Haack et al., 2002).
Management of these notorious tree killers is a daunting task,
and superior methods can bring hope. ALB, similar to EAB, is
native to China and Korea and is a globally recognized invader
with a history of attacking more than 100 different species of
trees (Haack et al., 2010; Meng et al., 2015). Estimation of loss
due to ALB infestation would be a staggering $889 billion if
the ALB population left uncontrolled (McKenna et al., 2016).
Interestingly, trunk injection of systemic insecticides such as
imidacloprid was documented effective against ALB infestation.
However, the cost and environmental impact of deploying
chemical pesticides jeopardize such strategies and call for better
alternatives for ALB management.

Bark beetles (Coleoptera: Curculionidae: Scolytinae) are the
most severe and destructive pests of conifer forests worldwide
(Fairweather, 2006; Keeling et al., 2016; Hldsny et al., 2019). Since
abiotic factors are primary drivers for bark beetle population
growth (Biedermann et al., 2019), outbreaks of these aggressive
forest pests are expected to increase frequency and severity
due to ongoing climate change (Kurz et al., 2008). Warming
temperatures promote bark beetle population growth due to
reduced winter mortality and development time by allowing
additional generations per year. A recent study featuring a tree-
ring iso-demographic approach further supports the notion that
temperature is more critical than drought for amplifying the
eruptive bark beetle outbreaks (Pettit et al., 2020). Most bark
beetle species breed on weak and dead trees during an endemic
stage serving a crucial function in the forest ecosystem by
recycling the nutrients from the dead plant tissues. However,
once the bark beetle population increases to an epidemic level,
they start attacking the healthy trees leading to an outbreak
(Fairweather, 2006; Boone et al., 2011; Hlasny et al., 2019).
Currently, frequent outbreaks have been a major disturbing
factor for conifer forests in Europe and North America (Bentz
et al., 2010; Meddens et al., 2012; Hicke et al., 2016; Hlasny et al.,
2019; Lubojacky, 2019) that affects forest ecosystem functioning
(Grégoire et al., 2015; Thom and Seidl, 2016), climate and
carbon loss mitigation, water retention (Grégoire et al., 2015)
and country economy via losses in timber and tourism revenue
(Holmes, 1991; SFA, 2010; Pye et al, 2011; Arnberger et al,
2018; Cahyanto et al., 2018). Some aggressive bark beetles, such
as the southern pine beetle (Dendroctonus frontalis) and the
mountain pine beetle (D. ponderosae), undergo a substantial
range expansion in the US due to favorable warmer climate
and cause frequent outbreaks leading to catastrophic tree loss
(Regniere, 2003; Chen and Goodwin, 2011; Lesk et al., 2017).

Several conventional approaches such as sanitation felling
(Wermelinger, 2004; Seidl et al., 2016), removal of wind felled
trees (Leverkus et al, 2018), and deployment of pheromone-
baited and poisoned log tripod traps (Wermelinger, 2004)
is used for the last few decades to manage the bark beetle
population levels in endemic phase. However, the success of
all these approaches is questionable in managing the recent
bark beetle outbreaks (Billings, 2011; Hlasny et al, 2019).
Furthermore, similar to other wood-boring forest insects,
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FIGURE 1 | The fundamental mechanism of RNAi from a coleopteran pest control standpoint. The target pest is feeding on the species-specific, gene-specific
dsRNA droplet. After ingestion, the dsRNA will reach the midgut and passes through the peritrophic membrane. Subsequently, the dsRNA will be up-taken by the
gut epithelial cells through the scavenger receptor-mediated endocytosis pathway and the transmembrane Sid-1 channel protein-mediated pathway. Further, the
dsRNA is exported to hemocoel and fat bodies connected all over the body. The sSiRNA mechanism will be activated and triggers gene silencing upon dsRNA uptake
by cells. Endosomal escape of the silencing signal resulting in RNAI efficiency within coleopteran pest induces RNAI effect.
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several synthetic pesticides have also been used to suppress
bark beetles over the past years (Williamson and Vité, 1971).
However, many of these compounds caused other problems
such as environmental pollution, detrimental effects on non-
target organisms, and widespread pesticide resistance (Feder,
1979; Baum et al., 2007; Billings, 2011). Therefore, questions
have been raised about the feasibility, effectiveness, and purpose
of conventional phytosanitary measures. Hence, novel and
aggressive management of these devastating coleopteran wood-
boring forest pests is the highest priority in the Anthropocene.
RNA interference (RNAI) is an evolutionarily conserved post-
transcriptional gene silencing mechanism, which is triggered by
exogenous double-stranded RNA (dsRNA) (Fire et al., 1998;
Zhu and Palli, 2020). Thus, RNAi becomes a promising tool
for forest pest management in this era of genomics (Baum
et al,, 2007). Recent advancements in sequencing technology
and platforms lead to higher availability of coleopteran forest
pest genomes and transcriptomes that can serve as valuable
resources for species-specific dsRNA design (Keeling et al., 2012,
2013; Scully et al., 2013; McKenna et al.,, 2016; Powell et al,
2020). It was pretty well known that coleopteran insects are
usually susceptible to RNAi (Figure 1; Baum et al., 2007; Zhu
et al.,, 2011; Palli, 2014; Prentice et al., 2015; Ulrich et al., 2015;
Fishilevich et al., 2016; Li et al., 2018a; Bramlett et al., 2020;
Mehlhorn et al., 2021; Willow et al., 2021). Recently, Yoon
et al. (2018) reported the underlying cause of coleopteran
insect susceptibility toward RNAi. With intriguing evidence of
RNAi susceptibility in coleopterans, researchers started exploring
the potential of RNAi in managing coleopteran forest pests
(Table 1). Recent high-quality publications demonstrated the
entomotoxicity of RNAI against wood-boring coleopteran forest
pests such as southern pine beetle, mountain pine beetles,
emerald ash borer, Asian longhorn beetles, and Chinese White
pine beetle (Rodrigues et al., 2017a,b; Rodrigues et al., 2018;
Kyre et al,, 2019; Dhandapani et al., 2020a,b; Kyre et al., 2020).
However, the potential of RNAi in coleopteran forest pest

management is not yet comprehensively summarized elsewhere.
Hence, it is essential to capture all aspects of such studies together
and critically evaluate the future potential of RNAi against wood-
boring coleopteran pest management. The current review focuses
on synthesizing key challenges for RNAi-mediated forest pest
management (Table 2). It can also serve as a valuable source of
information for general foresters, private forest owners, forest
managers, and researchers worldwide who are currently using
RNAi or planning to use RNAi as a tool against coleopteran pests
inside the forests.

RNAi MECHANISM IN INSECT PESTS:
AN OVERVIEW

RNAI refers to a post-transcriptional gene silencing mechanism
prohibiting protein formation by introducing environmental
RNA (Fire et al, 1998). Three RNAi pathways have been
characterized so far. These are common in insects but not in
plants or other animals and include the small interfering RNA
(siRNA) pathways, microRNA (miRNA) pathway, and piwiRNA
(piRNA) pathway. However, siRNAs are highly sequence-specific
to target transcripts, and miRNAs are partial complementarity
to target transcripts (Lam et al., 2015; Zhu and Palli, 2020). In
contrast to siRNAs and miRNAs, the piRNAs pathway is likely
less understood (Farazi et al., 2008).

The RNAi technology application depends on introducing
dsRNA into the insect pest body to silence a target gene,
subsequently activating the siRNA pathway. Briefly, upon entry
of exogenous dsRNA into the cell, the dsRNA is processed into
siRNAs by an enzyme ribonuclease III, called Dicer-2. These
siRNAs (21-24 nucleotide duplexes) are incorporated in the
silencing complex, called the RNA-induced silencing complex
(RISC), where the siRNA duplex is unwound. Subsequently, a
protein called Argonaute2 (AGO2) cleaves the sense (passenger)
strand, and the antisense (guide) strand remains connected with
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TABLE 1 | List of RNAi experiments for wood-boring coleopteran pests.

S. Author Test organism Common name Target gene Accession Molecule Size Life stage Mode of delivery  Concentration Measurement
No. no. (dsRNA/siRNA)  (bp) tested (ng/nl) endpoints
1 Rodrigues Agrilus Emerald ash COP Not informed dsRNA 247 Larvae Feeding 31g 24% mortality
et al., 2017b planipennis borer
IAP Not informed dsRNA 272 Larvae Feeding 3 ng 33% mortality
IAP dsRNA 272 Larvae Feeding 10 ng 78% mortality
IAP dsRNA 272 Larvae Feeding 1ug 30% mortality
IAP dsRNA 272 Larvae Feeding 6 png 35% mortality
2 Rodrigues Agrilus Emerald ash HSP XM_018474521.1 dsRNA 468 Larvae Feeding 10 ng 90% mortality
etal., 2018 planipennis borer
HSP dsRNA 468 Larvae Feeding 1ug 67% mortality
HSP dsRNA 468 Adults Feeding 10 ng 40% mortality
Shi XM_018465318.1 dsRNA 483 Larvae Feeding 10 g 90% mortality
Shi dsRNA 483 Larvae Feeding 11ng ~40% mortality
Shi dsRNA 483 Adults Feeding 10 ng 30% mortality
Shi 4+ HSP XM_018465318.1 +  dsRNA 483 + Adults Feeding 1 ng (500 ng/ 90% mortality
XM_018474521.1 468 wl each)
3 Zhao et al., Agrilus Emerald ash AplaScrB-2 KJ634683 dsRNA 475 Adults Injection 200 ng The expression of
2015 planipennis borer AplaScrB-2 was 73%
repressed on day 3 and
90% repressed on day 6
4 Leelesh and Agrilus Emerald ash Shi XM_018465318.1 dsRNA 483 Larvae Feeding 3 plL of 69.44% mortality
Rieske, 2020 planipennis borer (recombinant bacterial
bacteria expressing  suspension
dsRNA)
HSP XM_018474521.1 dsRNA 468 Larvae 46.66% mortality
5 Dhandapani Anoplophora Asian longhorned  IAP XM_018711271.2 dsRNA 386 Larvae Injection 10 ng 100% mortality
etal., 2020a glabripennis beetle
Prosp5 XM_018713596.1 dsRNA 377 Larvae Injection 10 g 80% mortality
RpL6 XM_018709657.1 dsRNA 433 Larvae Injection 10 ng 60% mortality
Cas XM_018707893.1 dsRNA 429 Larvae Injection 10 ng 60% mortality
Surf4 XM_018716988 dsRNA 357 Larvae Injection 10 ng 60% mortality
Ebony XM_018713129 dsRNA 413 Larvae Injection 10 ng 60% mortality
Actin XM_018721905.1 dsRNA 436 Larvae Injection 10 ng 50% mortality
SNF7 XM_018722997.1 dsRNA 342 Larvae Injection 10 ng 50% mortality
Dred XM_018708786.1 dsRNA 314 Larvae Injection 10 ng 50% mortality
Prosa6 XM_018714266.1 dsRNA 374 Larvae Injection 10 g 50% mortality
Sec61a XM_018707923.1 dsRNA 443 Larvae Injection 10 ng 50% mortality
VhaSFD XM_018721020.1 dsRNA 410 Larvae Injection 10 ng 50% mortality
Unc-104 XM_018711981.1 dsRNA 406 Larvae Injection 10 ng 40% mortality
Rpn11 XM_018719490.1 dsRNA 441 Larvae Injection 10 ng 40% mortality
Sam-S XM_018717099.1 dsRNA 425 Larvae Injection 10 ng 40% mortality
SSK XM_018724815.1 dsRNA 326 Larvae Injection 10 ng 40% mortality
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TABLE 1 | Continued

S. Author Test organism Common name Target gene Accession Molecule Size (bp) Life stage Mode of Concentration Measurement endpoints
No. no. (dsRNA/siRNA) tested delivery (ng/nl)
MESH XM_018707459.2 dsRNA 341 Larvae Injection 10 ng 40% mortality
GwW XM_023456527.1 dsRNA 482 Larvae Injection 10 ng 40% mortality
AP XM_018711271.2 dsRNA 386 Adults Injection 10 ng 100% mortality
SNF7 XM_018722997.1 dsRNA 342 Adults Injection 10 g 100% mortality
Shi XM_018714700.1 dsRNA 427 Adults Injection 10 ng 100% mortality
Dre4 XM_018708786.1 dsRNA 314 Adults Injection 10 ng 100% mortality
Prosp5 XM_018713596.1 dsRNA 377 Adults Injection 10 ng 100% mortality
Secb1a XM_018707923.1 dsRNA 443 Adults Injection 10 g 100% mortality
Sar1 XM_018718347.1 dsRNA 421 Adults Injection 10 ng ~80% mortality
SSK XM_018724815.1 dsRNA 326 Adults Injection 10 ng ~80% mortality
Prosa6 XM_018714266.1 dsRNA 374 Adults Injection 10 ng ~80% mortality
IAP XM_018711271.2 dsRNA 386 Larvae and  Feeding 12 pg No significant mortality in
adults larvae and adults were
observed and also did not
notice knockdown of the
IAP gene after feeding
dsRNA
6 Dhandapani Anoplophora Asian longhorned IAP XM_018711271.2 dsRNA 386 Larvae Feeding 2 ng, 519, 17%, 67% and 90%
etal, 2020a,b  glabripennis beetle 10 pg/day for mortality
3 days
SNF7 XM_018722997.1 dsRNA 342 Larvae Feeding 2 ng, 5 1g, 25%, 50% and 75%
10 pg/day for mortality
3 days
SSK XM_018724815.1 dsRNA 326 Larvae Feeding 2 g, 5 1g, 17%, 67% and 80%
10 pg/day for mortality
3 days
7 Kyre et al., Dendroctonus Southern pine HSP XM_019906798.1 dsRNA 315 Adults Feeding 10 ng 100% mortality
2019 frontalis beetle
Shi XM_019900326.1 dsRNA 342 Adults Feeding 10 ng 86.67% mortality
IAP XM_019910372.1 dsRNA 341 Adults Feeding 10 ng 20% mortality
8 Kyre et al., Dendroctonus Mountain pine HSP Not informed dsRNA 351 Adults Feeding 2.51g ~85% mortality
2020 ponderosae beetle
Shi Not informed dsRNA 379 Adults Feeding 2.5 png ~80% mortality
IAP Not informed dsRNA 370 Adults Feeding 2.5 png ~75% mortality
9 Lietal, 2018b  Dendroctonus Chinese white pine  CSP2 AGI05172.1 dsRNA Not Adults Injection 200 ng Antennal EAG activity
armandi beetle informed reduced in response to
host volatiles [(+)-a-pinene,
(+)-B-pinene, (—)-p-pinene,
(+)-camphene,
(+)-3-carene, and myrcene]
10 Fuetal, 2019  Dendroctonus Chinese white pine  DaAgp12L XP_018562473.1 dsRNA Not Larvae Injection 200 ng Mortality of larvae were
armandi beetle informed higher after cold stress
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TABLE 2 | Challenges and putative mitigation strategies for the deployment of dsRNA-based forest protection products (FPPs).

Challenges Putative mitigation

Lack of thorough knowledge of

the mechanism of action.
(2018) shows the way forward.

Limited number of forest pest

genomes

Low efficiency in key pest

species

Lack of much information on

off-target, non-target effects of

dsRNA

It is essential to know the mechanism of action of dsRNA in target pests to measure the sustainability of the putative control
measure. Therefore, dedicated studies on the mechanism of RNAI in forest pests are required. The recent study by Yoon et al.

Sequencing of more forest pest genomes will pave the way for highly efficient and species-specific FPPs.

Appropriate target genes need to be identified for control. Therefore, more studies are required to evaluate potential target
genes in forest pest species, and their geographic variability in expression needs to be assessed.

The unintended effects caused by dsRNA include silencing of target gene homologs in non-target organisms, off-target
silencing of the gene in the target, non-target insects, a saturation of RNAi machinery, and stimulation of immune response. All
these effects could influence the performance of natural control agents such as predators, parasites, etc. Hence, the

persistence of dsRNA in the forest and the effect of dsRNAs on non-target organisms (NTOs) in the forest ecosystem need to
be investigated thoroughly before applying dsRNA inside the forest for pest management.

dsRNA stability
efficacy of the dsRNA.

Method of delivery

Often low dsRNA stability becomes the major issue. Nanoparticle-based delivery methods can be tested for increasing the

Considering the vast target area (forest) for application, it is crucial to formulate a cost-effective way to deliver the target dsRNA.

Using symbiotic microorganisms such as bacteria or fungi as a potential carrier for dsRNA can be a promising approach.

Higher production and
formulation cost
The unknown potential for
resistance development
Public awareness

public outreach events.

Methods for economical production and formulation of dsRNA need to be developed to compete well with the other
commercial insecticides. Chemical synthesis and production of dsRNA in bacteria can pave the way for low-cost production.

Dedicated studies are required to assess the potential for resistance development in target insects as they can achieve
resistance to dsRNA by a single mutation, for example, a mutation in the gene coding for proteins involved in dsRNA transport.

The public, forest authorities, and other individual forest owners need to be educated about RNAi technology by organizing

the RISC. Afterward, the antisense strand of the siRNA guides
the RISC and allows base pairing to the complementary target
mRNA. Subsequently, AGO2 protein degrades or cleaves the
target mRNA, and specific post-transcriptional gene silencing
occurs (Agrawal et al., 2003; Pecot et al., 2011).

Variable RNAI Efficiency: What Matters?

A significant degree of variability in RNAI efficiency has been
observed between insects and between different orders and
between members of the same insect order (Singh et al., 2017;
Cooper et al., 2019). In addition, RNAI efficiency can vary among
the same transcripts and different areas of the same transcripts,
among different transcripts, genotypes, and tissues of the same
transcripts (Baum et al., 2007; Zhu et al., 2011; Luo et al.,, 2013;
Zhang et al., 2013; Camargo et al., 2015; Ulrich et al., 2015). For
example, coleopterans are more susceptible to RNAi than other
insect orders (Terenius et al., 2011; Singh et al., 2017; Cooper
et al., 2019; Santos et al., 2021). In Coleoptera, several insects,
including the Colorado potato beetle [Leptinotarsa decemlineata,
CPB] (Zhu et al., 2011; Palli, 2014; Mehlhorn et al., 2021),
Western corn rootworm [Diabrotica virgifera virgifera, WCR]
(Baum et al., 2007; Li et al., 2015b; Fishilevich et al., 2016;
Liet al., 2018a), EAB (Rodrigues et al., 2018; Leelesh and Rieske,
2020; Pampolini and Rieske, 2020), and ALB (Rodrigues et al.,
2017b; Dhandapani et al., 2020a) have shown a remarkably high
sensitivity toward RNAi. In contrast, some other Coleopterans,
such as the model insect Tribolium castaneum and the African
sweet potato weevil [Cylas puncticollis], seem less sensitive to
RNAi when the dsRNA is administered orally (Prentice et al.,
2017). A review by Joga et al. (2016) has discussed several factors
contributing to this variability in RNAI sensitivity. These include
cellular uptake from the gut environment and dsRNA stability in
the digestive system due to enzymatic degradation and a high pH.

These factors need to be considered for each target forest pests to
ensure the higher efficacy of RNAi.

Systemic Properties and dsRNA Uptake

Two types of RNAi are categorized: cell-autonomous RNAi
(within a cell) and non-cell-autonomous RNAi (one cell to
another and one tissue to another). Environmental RNAi and
systemic RNAi together are named non-cell-autonomous RNAI.
Environmental RNAI refers to the uptake of exogenous dsRNA
by cells in which gene silencing will take place. Whereas systemic
RNAi refers to the spread of RNAi signal from one cell to another
cell or tissues in the body of an organism (Jose and Hunter, 2007;
Whangbo and Hunter, 2008; Huvenne and Smagghe, 2010). For
the success of RNAI in any organism, including wood-boring
coleopteran forest pests, both environmental RNAi and systemic
RNAi should be present and robust.

Two different dsRNA uptake pathways have been
illustrated in insects so far. They are the scavenger receptor-
mediated endocytosis pathway and the transmembrane Sid-1
channel protein-mediated pathway (Winston et al, 2002;
Ulvila et al., 2006; Shih and Hunter, 2011; Wynant et al., 2014a;
Cappelle et al.,, 2016). Several studies have shown that Sid-1
like channel proteins are involved in dsRNA uptake in most
insect species, such as the red flour beetle Tribolium castaneum
(Tomoyasu et al.,, 2008), the brown planthopper, Nilaparvata
lugens (Xu et al, 2013), and CPB (Cappelle et al.,, 2016). In
contrast, in dipteran such as the common fruit fly Drosophila
melanogaster, the dsRNA uptake relies on receptor-mediated
endocytosis as this insect lacks Sid-1 like genes in its genome
(Ulvila et al., 2006). Moreover, the number of Sid-I-like genes
found in the genome of insects varies between insects belonging
to different species and orders (Joga et al., 2016). Insects that
possess both the transmembrane Sid-1 channel protein-mediated
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pathway have shown robust environmental RNAi and systemic
RNA, for example, L. decemlineata (Cappelle et al., 2016).
For that reason, CPB is very sensitive to RNAi. However, it
was reported that a dsRNA binding protein called Staufen C
plays a crucial role in processing the silencing signal and RNAi
initiation (Yoon et al., 2018). The lack of Staufen C protein
makes lepidopterans less efficient to RNAi.

An enzyme called RNA-dependent RNA polymerase (RARP)
produces the secondary siRNAs by a primer-independent
mechanism, amplifying and extending the silencing effect
(Schiebel et al., 1993). RdRPs are present in plants and certain
eukaryotes, for example, nematodes (Cogoni and Macino, 1999;
Mourrain et al., 2000; Smardon et al., 2000; Vaistij et al., 2002).
In contrast, no clear RARP homologs have been found in any
insect pest genome so far. It does not mean that insects do not
possess a silencing amplification system. RNAi sensitive insects,
for instance, coleopterans, have a strong RNAI effect, and the
silencing signal lasts for a more extended period. On the other
hand, RNAi recalcitrant insects, such as lepidopterans, have
moderate or minimal RNAi effect, and the silencing signal is often
concise. It indicates that insects have a silencing amplification
system, but its mechanism depends on another enzyme with
a much similar mechanism as RARP or depending on another
mechanism that has to be discovered (Joga et al., 2016).

The dsRNA uptake by the epithelial cells from the insect gut
of the perimicrovillar membrane (PM) is crucial for the success
of RNAI as the PM allows the uptake of vitamins, minerals, and
insecticidal molecules. However, it is not clear to what extent the
PM in the midgut of insect pest functions as a physical barrier to
the delivery of dsRNA (Lehane, 1997; Silva et al., 2004; Hegedus
et al., 2009; Walski et al., 2014; Liu et al., 2019).

Nucleases, Gut pH, and Viruses

Generally, the dsRNA is more stable than the single-stranded
RNA, and it should be uptaken by the midgut epithelial cells
where the RNAi mechanism will be activated (Katoch and
Thakur, 2012). However, salivary nucleases and gut nucleases
degrade the dsRNA, limiting the RNAi efficiency (Thompson
et al., 2012; Christensen et al., 2013). Christiaens et al. (2014)
reported that the ingested dsRNA is degraded rapidly by
dsRNases in the salivary secretions and hemolymph of the pea
aphid, Acyrthosiphon pisum. In addition, Wynant et al. (2014b)
reported that the dsRNA degraded in the midgut juices of the
pest desert locust, Schistocerca gregaria. Similar observations were
done by Taning et al. (2016) with the Asian fruitfly Drosophila
suzukii and southern green stinkbug Nezara viridula by Sharma
et al. (2021). Fortunately, RNAi susceptible insects often showed
less degradation of dsRNA by dsRNAses.

The pH in the gut of insects has been found to vary between
insects belonging to different orders, for example, high acidic
in Coleopterans and high alkaline in few Lepidopterans. The
alkaline nature of the midgut plays an important barrier for
the delivery of dsRNA in Lepidopteran species and provides
an unfavorable environment for ingested dsRNA (Dow, 1992;
Kolliopoulou et al., 2017). Furthermore, the existence of viruses
may also play a critical obstacle for RNAi efficiency as the
viruses can saturate RNAi core machinery (Kanasty et al,

2012) and development of RNAi-blocking proteins called viral
suppressors of RNA silencing (VSRs) (Haasnoot et al., 2007).
Hence, all such possibilities need to be evaluated in the target
forest pests.

Length and Concentration of dsRNA

The length and the concentration of exogenous dsRNAs are
significant for the success of RNAi. However, the requisite length
of dsRNA varies among insect pests (Bolognesi et al., 2012).
For example, Miller et al. (2012) reported that 60 base pairs
length of dsRNA induced 70% gene knockdown and 30 base pairs
length of dsRNA induced 30% gene knockdown in T. castaneum.
This study clearly explains that long dsRNAs are required for
effective RNAI in insects. However, many studies reported that
effective RNAi was seen when 140 to 500 -bp dsRNAs were
used (Huvenne and Smagghe, 2010). Whereas the short length
dsRNAs are preferred to induce the target-specific gene silencing
to minimize the off-target and non-target effects.

For effective RNAi, optimal concentration has to be
determined for every target gene in the forest pests. For example,
Baum et al. (2007) demonstrated that dsRNA targeting the
V-ATPase gene caused silencing in the WCR in a concentration-
dependent manner. However, achieving higher silencing by
exceeding optimal concentration is not true (Meyering-Vos and
Miiller, 2007; Shakesby et al., 2009). Moreover, introducing
multiple dsRNAs of different target genes into the insect body
may lead to poor RNAI efficiency due to competition among
introduced dsRNAs during cellular uptake (Parrish et al., 2000;
Barik, 2006; Miller et al., 2012).

PROSPECTS AND CHALLENGES FOR
RNAi AGAINST FOREST PESTS

Wood-boring insects thrive inside the bark, trunk on a
nutritionally limiting diet. They tunnel in the inner layer where
water and nutrients are available. They attack either healthy or
weakened and dead trees based on their statuses like primary
invader or secondary invader. It is worth mentioning that
primary invaders (ie., Ips typographus, Eurasian spruce bark
beetle) mostly kill the infested tree. However, most often,
the damage caused by an infestation of wood borers remains
unnoticed until the tree showed visible symptoms or external
signs of damage, such as the entry hole of a wood borer
or sawdust (Hldsny et al., 2019). This hidden lifestyle of
wood borers, contrary to most other agricultural pests, causes
considerable impediments for control measures, even for RNAi-
based FPPs. Perhaps choosing a suitable strategy to deliver
dsRNA is a big challenge in RNAi-based forest protection
methods (Table 2). Several possible dsSRNA application strategies
are available that can be deployed against forest pests. They
are transiently transformative (recombinant symbiont or virus)
and non-transformative (nanoparticles, trunk injections and
spraying, root soaking, and soil drench) methods (Figure 2).
Due to the transient feature of the molecules used in non-
transformative delivery methods, target pests have limited
exposure to the dsRNA molecules, delaying the resistance
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FIGURE 2 | RNAi-mediated plant protection from insect pests at the tree level. The left panel shows different transformative and non-transformative dsRNA delivery
strategies to control wood-boring insect pests at the tree level. A section magnified in the right panel shows dsRNA in both vessel systems (xylem and phloem),
allowing dsRNA to move up and down and reach the insect galleries. Upon ingestion of dsRNA by wood-boring coleopterans, the dsRNA will reach the gut epithelial
cells, where the cellular siRNA mechanism of gene silencing will be initiated, which will lead to target insect death.
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development. Deploying the RNAi based Plant-incorporated
protectants (RNAi-PIPs) via transgenic trees (transformative
approach) seems to be a less viable solution against wood-
boring forest pests due to public and scientific concern (i.e.,
gene flow), lack of suitable tree transformation protocols,
high development time and cost, and extensive regulatory
processes (Cagliari et al., 2019). Hence, in the present review,
we omitted the discussion on the transformative approaches.
However, it is worth mentioning here that researchers already
developed efficient and stable plastid transformation protocols
for poplar, which can be considered for developing RNAi-
PIPs against pests infesting the green tissues of poplar
(Wu et al,, 2019).

Selection of Target Gene

The success or failure of RNAi technology experiments
mainly depends on the selection of the target gene. For
successful gene silencing, selection of target genes and target
regions within genes, its expression pattern (developmental and
tissue-specific), the insect species and/or population, and the
structure and sequence of the dsRNA are crucial. The second-
generation sequencing, genome-wide screens, existing data from
closely related species, tissue, and developmental stage-specific
expression profiles, and gene ontology are valuable tools that
can provide information on target gene selection and screening
but require more extensive resources to perform (Wang et al.,
2011; Knorr et al., 2018). The ideal target gene should have a
high transcription rate and produce a protein with a low half-
life, and transcription reduction of the intended target gene
must cause mortality in the pest insect (Scott et al, 2013;
Cooper et al,, 2020). After candidate gene selection, dsRNA-
induced mortality screening in multiple life stages is required
to assess the desired phenotype induced by specific dsRNA.
Often it is worth starting screening multiple genes for putative
candidate selection for RNAi application. Moreover, the stage
and tissue-specific expression levels of core genes in the RNAi
machinery must be evaluated to achieve the optimum window
for RNAI application against target forest pests (You et al,
2020). It will be optimal to follow up the RNAi studies via
RNAiSeq studies to evaluate the changes in the expression
of other genes impacted by the RNAi treatment (Oppert and
Perkin, 2019; Xu et al, 2021). Furthermore, based on the
recent report, it will be optimal to evaluate any synergistic
engagement of the resident gut microbiome in the dsRNA-
induced mortality of target insects (Xu et al, 2021). Such
approaches will lead to a better understanding of the mechanism
of action of RNAi-based FPPs and facilitate the enhancement of
their sustainability.

RNAI for Disrupting Pest Communication

The main objective of RNAi-based FPPs is to reduce the forest
pest population level below the epidemic level. Pheromone is a
species-specific chemical substance for insect communication.
The RNAi can be deployed to disturb the pest’s reproductive
behavior by silencing genes involved in producing sex
pheromones. For instance, Helicoverpa armigera could not
find the female moths when two pheromone-binding proteins

were silenced by RNAi, which decreased mating behavior
(Dong et al, 2017). Similarly, genes involved in pheromone
production in bark beetles can be targeted via RNAI to disrupt
communication, such as aggregation pheromone signal for
a mass attack in Ips typographus. The delivery of dsRNA
through trunk injection and/or soil drench molecules may
move through the phloem, and the pheromone-binding
proteins will be silenced in the beetle upon phloem-feeding
(Figure 1).

Design of Species-Specific dsRNA

The optimal length of dsRNA uptake varies from insect to
insect, and previous reports showed that this optimum lies
between 200 and 520 bp (Huvenne and Smagghe, 2010;
Bolognesi et al, 2012). Recent mutagenesis analysis revealed
dsRNA with more than 80% sequence complementarity with
the target gene substantially triggers the RNAIi effect (Chen
et al,, 2021). A dsRNA containing > 16 bp regions of perfect
complementarity or >26 bp regions of nearly matched sequence
with one or two mismatches barely distributed (i.e., single
discrepancy placed between > 5 bp complementary region or
incompatible couplets inserted between > 8 bp complementary
regions) also trigger RNAi mediated gene silencing (Chen
et al., 2021). A similar finding was also documented about
RNAi against plant sap-feeding hemipteran pests indicating
maximum dsRNA sequence complementarity was crucial for
RNAi-based gene silencing in related hemipteran species (Arora
et al., 2021). Additionally, most of the genes are not stably
expressed during the life cycle of the insect, and the dosage
of dsRNA concentration should be adjusted according to the
abundance of target mRNA. The concentration should be species-
specific as the RNAI efficiency is less where dsRNAses are
more (i.e., insect gut), and in such cases, an overdose of
dsRNA may be required to induce the desired knockdown of
target genes (Scott et al.,, 2013). Considering such parameters
to estimate off-target effect in the available target and non-
target organism genome using bioinformatics tools (i.e., genome-
wide blast analysis), dsSRNAs can be designed with higher
efficiency and species specificity. For instance, targeting segments
(i.e., >100 bp with no contiguous stretches of sequence
identity more than 20 bp) from orthologous genes with high
divergence regions (HDRs) or homologous genes with HDRs
or genes that are lost in all closely related species can be
a good starting point for securing species-specific targets for
RNAi (Figure 3A). Advanced bioinformatics pipelines can be
prepared to find such targets in the forest pest genomes for
screening. Hence, having high-quality forest pest genomes and
transcriptomes (Table 3) is also critical in designing species-
specific dsRNA (Table 1).

Evaluation of Off-Target and Non-target
Effects

To minimize the off-target effects and avoid cross silencing, the
dsRNA constructs should be chosen in non-conserved regions
of other species or isoforms of the target gene (Figure 3B).
The previous studies have shown that the well-designed dsRNA
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FIGURE 3 | Mitigation strategies of RNAi-based pesticides to overcome non-target effects. Schematic illustration of in silico analysis of species-specific dSRNA
selection (A) and evaluation of dsRNA efficiency against the target pest and non-target organisms (B). The selection of a target gene is a crucial step for the success
of RNAI. For that, the Highly Divergence Region (HDR) of a target gene will be identified by doing NCBI BLAST of target pest gene set against the closely related
non-target organism’s genome set. Subsequently, the HDR of a gene will be diced into all possible 22-nt stretches by using a python script (Online resource) (Taning
et al., 2021). Afterwards, these generated 22-nt sequence stretches will be used as a query in a BLAST search against the non-target organism’s genome set for
complementary sequences (hits). Finally, the sequence-specific dsRNA synthesis will be done for the identified distinct sequence region from the target gene (A).
Then, the sequence-specific dsRNA will be exposed to the target forest pest (i.e., lps typographus) and other non-target organisms (i.e., honeybees, wasps,
butterflies, earthworms; termites, and plant-growth-promoting and soil organisms). We hypothesize that only the target pest will be affected upon feeding with no
lethal and sub-lethal effects on non-target organisms (B). The species-specific dsRNA product can be commercially available for forest application after evaluation of
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construct can be highly species-specific. For instance, the
3’-UTR region targeted y-Tubulin transcript showed species-
specific knockdown in four closely related Drosophila species
(Whyard et al., 2009). Similarly, Kumar et al. (2012) used three
highly similar CYP genes and showed particular transcript
reductions in the Tobacco hornworm, Manduca sexta. Very
recently, Pampolini and Rieske (2020) had evaluated the effect
of EAB-dsRNA targeting heat shock 70-kDa protein (hsp),
shibire (shi), and Ul small nuclear ribonucleoprotein (sn-rnp)
against non-target organisms (NTOs) such as CPB (Coleoptera:
Chrysomelidae); the spotted lady beetle Coleomegilla maculata
(Coleoptera: Coccinellidae); the eastern subterranean termite,
Reticulitermes flavipes (Blattodea: Rhinotermitidae); honeybee,
Apis mellifera (Hymenoptera: Apidae); Tetrastichus planipennisi
adult (Hymenoptera: Eulophidae), and Spathius galinae
(Hymenoptera: Braconidae). Results did not suggest any adverse
effect on the NTOs challenged against EAB-dsRNAs. However,
such studies evaluating the RNAi against NTOs are scarce in
the field of forestry and need to be incorporated regularly in the
experimental plan for developing RNAi-based forest protection
products (FPPs).

Enhancing the Stability of dsRNA for

Environmental Application

Before RNAi-based non-transformative products are applied
against forest pests, the obstacles of insufficient RNAI sensitivity
(if present) or quick environmental degradation possibility (i.e.,
after tropical application, trunk injection, and root absorption)
must be resolved. An elegant solution could be dsRNA packaging
that protects dsRNA from degradation and facilitates selective
uptake in the target tissue. It may be achieved via developing
novel delivery systems. However, the specificity of these systems
has to be prudently evaluated. Therefore, the effect of all proposed
delivery strategies on NTOs needs to be thoroughly evaluated
before applying FPPs.

NOVEL DELIVERY METHODS RELEVANT
TO FOREST PEST MANAGEMENT

Nanoparticles as Protectors of dsRNA
The nanoparticles, typically one to a few hundred nanometers
in size, are formed by encapsulating dsRNA with organic
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TABLE 3 | List of genome and transcriptomics studies done with wood-boring coleopterans.

S.No. Species Common name Genome Transcriptome References/source
Available Accession No. Available Accession No.
1 Ips typographus European spruce bark v PRJNAG71615 v PRJUNA702426; Andersson et al., 2013;
beetle PRJUNA679450; and Powell et al., 2020
PRJNA178930
2 Ips pini Pine engraver beetle X v PRJINA90755; Eigenheer et al., 2003;
PRJUNA87977; and Keeling et al., 2006
CB407466-CB409136
3 Dendroctonus Mountain pine beetle v PRJUNA360270; v PRJNA37293; Aw et al., 2010; Keeling
ponderosae PRJNA162621 and PRJUNA189792; etal., 2012, 2013, 2016;
PRJNA179493 PRJNA189795; Robert et al., 2013;
PRJINA269763; Nadeau et al., 2017
PRJNA203305; and
PRJNA317010
4 Dendroctonus frontalis ~ Southern pine beetle X v PRJNA79903 DOE Joint Genome
Institute Dendroctonus
frontalis EST project
5 Dendroctonus armandi  Chinese white pine v PRJNA530572 X Godefroid et al., 2019
beetle
6 Dendroctonus valens Red turpentine beetle X v PRJINAG56966 Zhao et al., 2021
7 Trypodendron Ambrosia beetle v PRJUNA418542 X Trypodendron signatum
signatum RefSeq Genome
8 Tomicus yunnanensis Yunnan pine shoot X 4 PRJUNAB62869; Zhu et al., 2012a,b
beetle PRJDB2098; PRJDB746;
PRJNA396694; and
PRJNA175397
9 Agrilus planipennis Emerald ash borer v PRJNA230921; and v PRJUNA271706; Lowe and Eddy, 1997;
PRJNA343475 PRJNA263193; Lord et al., 2016
PRJUNA222581;
PRJUNA79619;
PRJNA173782; and
PRJNA508756
10 Anoplophora Asian longhorned v PRJNA348318; v PRJUNA196436; Lowe and Eddy, 1997
glabripennis beetle PRJINA167479; PRJINA274806;
PRJEB3278; and PRJNA299040;
PRJINA167479 PRJUNA3957883;
PRJNA613658; and
PRJNA691113
iR Euwallacea fornicatus Polyphagous shot-hole v MT897842 v PRJNA260703 Wang et al., 2020a
borer

and inorganic materials. These nano-complexes have shown
significant promise to overcome the obstacles for enhancing
RNAI efficiency in many insect species by improving dsRNA
absorbance, stability, protecting dsRNA from salivary and gut
nucleases, and improving cellular uptake efficiency (Christiaens
et al., 2020b; Yan et al., 2020b, 2021; Zhu and Palli, 2020). The
chitosan-derived nanoparticles are widely used, biodegradable
and non-toxic (Dass and Choong, 2008; Gurusamy et al,
2020a; Lichtenberg et al., 2020). Chitosan nanoparticle binds the
silencing signal dsRNA/siRNA through electrostatic interaction
(Zhang et al., 2010). Christiaens et al. (2018) reported that
chitin synthase B targeting dsRNA delivered through guanylate
polymers given protection to silencing signals from the gut
nucleases, which led to increased mortality in the RNAi
recalcitrant pest such as beet armyworm (Spodoptera exigua).
However, nanoparticles with higher molecular weight may give
better binding efficiency to dsRNAs/siRNAs, but their solubility

may decrease, giving poor cellular uptake (Baigude and Rana,
2009). Nanoparticle encapsulation is proven highly effective
in controlling many insects and may be used against forest
pests via GMO-free approaches such as trunk injection or
root absorption methods (Figure 2). Recent discoveries also
indicated possibilities for a nanocarrier-mediated transdermal
dsRNA delivery system to enhance RNAi efficiency after spraying
(Zheng et al., 2019; Yan et al., 2020a).

Liposomes and Lipid-Based Transfection

Reagents Enhancing Cellular Uptake

The delivery of dsRNA through liposomes would be a promising
strategy as liposomes are made up of natural lipids, non-toxic
and biodegradable (Van Rooijen and van Nieuwmegen, 1980).
The dsRNA-encapsulated liposomes get into the cell’s cytoplasm
both by endocytosis and fusion with the plasma membrane.
As already discussed in the above text that some insects
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possess dsRNA uptake through receptor-mediated endocytosis
only, and it is a prolonged process, and transfection reagent
is required for the efficient cellular uptake of dsRNA (Saleh
et al., 2006; Ulvila et al., 2006; Whyard et al., 2009). Taning
et al. (2016) reported that effective RNAi was seen in the
spotted-wing Drosophila (Drosophila suzukii) when the specific
gene targeting dsRNA is delivered through liposomes. The
transfection reagents are lipid-based products, and the dsRNA-
transfection reagent complexes enhance the RNAI efficiency in
insects by protecting the dsRNAs from endonucleases, aiding
the dsRNA uptake into the insect cells, and escape of dsRNAs
from endosomal compartments within the cells (Cooper et al.,
2019; Christiaens et al., 2020b; Gurusamy et al., 2020b). The
previous studies used different transfection reagents on insect
species from different orders, including Diptera (Drosophila spp.,
Ae. aegypti), Hemiptera (Neotropical brown stinkbug, Euschistus
heros), Blattodea (German cockroach, Blattella germanica), and
Lepidoptera (fall armyworm, Spodoptera frugiperda) (Christiaens
et al, 2020b). Karny et al. (2018) observed the translocation
of liposome nanoparticles from leaves to roots. They used
liposomes containing a fluorescent tracer (fluorescein, green)
and applied foliar on cherry tomato plants. After 72 and
96 h post application, secondary and tertiary roots were
collected and imaged using confocal microscopy. For 72 h,
the particles gradually accumulated in individual root cells
and after 96 h, the liposomes disintegrate and release their
cargo into the cytoplasm. The light, pH, temperature, enzymatic
condition, and oxygen mainly affect the stability of liposomes
(Wang et al, 2020b). In our lab, for in vitro studies, we
used liposomes or proteinaceous carriers for protecting the
dsRNA from the enzymatic degradation and enhances the
dsRNA uptake by cells and these results seem very promising.
Although there are no reports on the delivery of dsRNA through
liposomes and transfection reagents on the crop to suppress
insect pests so far, they can be considered carriers of RNAi
against forest pests.

Proteinaceous dsRNA Carriers
Facilitating the Uptake

The negatively charged plasma membrane acts as the main
barrier to the uptake of negatively charged dsRNAs. Cell-
penetrating peptides (CPPs) transports the silencing signal
dsRNAs/siRNAs and facilitates the uptake of the silencing signal
into the gut epithelial cells (Milletti, 2012). Chen et al. (2012)
and Zhou et al. (2015) reported that CPPs were successfully
internalized hormones and plasmid DNA in insect cells. Gillet
et al. (2017) reported that the gene chitin synthase II was
successfully knockdown in the cotton boll weevil (Anthonomus
grandis) when this pest fed on dsRNA pairing with the peptide-
transduction domain (PTD) and a dsRNA-binding domain
(dsRBD). Peptide-dsRNA complexes fed with early instar larvae
of red flour beetle, Tribolium castaneum showed mortality
(Avila et al, 2018). Additionally, feeding fluorescently tagged
dsRNA peptide capsules were distributed throughout the red
flour beetle, Tribolium castaneum tissues but fluorescently tagged
dsRNA alone did not show widespread dispersal. In plant

cells, delivery of dsRNAs has to face two barriers, i.e., cell
wall and cell membrane. Several studies used polymer-based
carriers to deliver plasmid DNA and proteins into intact plant
cells and suggested that these systems deliver interfering RNAs
(Martin-Ortigosa et al., 2012; Chang et al., 2013; Hussain et al,,
2013; Demirer et al., 2019). However, few studies reported
that nanoparticles were used for delivering RNAi molecules
into the plant cells (Demirer and Landry, 2017; Mitter et al.,
2017). The dsRNA conjugated with layered double hydroxide
clay nanosheets (BioClay) was sprayed on Nicotiana tabacum
and detected the dsRNA up to 30 days (Mitter et al., 2017).
Demirer et al. (2019) used single-walled carbon nanotubes
to improve the cellular delivery of siRNAs into Nicotiana
benthamiana plants and observed that the polymeric carrier
protects the siRNA against degradation RNaseA. The peptide-
based carrier systems were used for rapid and efficient RNAi-
mediated gene silencing in diverse plant species (Arabidopsis
thaliana, Nicotiana benthamiana, Solanum lycopersicum, and
poplar), N. tabacum suspension-cell cultures, and rice callus
tissue (Unnamalai et al., 2004; Numata et al., 2014, 2018). More
recently, Martinez et al. (2021) reported designing a lectin-
based dsRNA delivery system by fusing a dsSRNA-binding domain
(dsRBD) to the GNA lectin domain. This GNA lectin-dsRBD
fusion protein improved the cellular uptake of dsRNA in a midgut
cells line and increased insect mortality for dsRNA-v-ATPase-
A. Hence, De Schutter et al. (2021) reviewed the boosting of
dsRNA delivery in plant cells with peptide and polymer-based
carriers for an increased crossing of the plant cell wall, allowing
efficient environmental RNAI in plants and improving the RNAi
response in pest control. Such observations proved that CPPs
or aliphatic peptide capsules could enhance RNAI efficiency and
be considered against forest pests showing less sensitivity to
RNAI treatments.

Root Absorption and Trunk Injection for
Big Trees

It is known that phloem transports food, organic material,
and the silencing signal, whereas the xylem is considered the
channel for minerals and water movement (Buhtz et al., 2008).
The dsRNAs or siRNAs are stable in the phloem where the
environment is RNase-free (Doering-Saad et al., 2002). Once
the dsRNA reaches the tissue, the silencing signal can spread
to the adjacent cells (Melnyk et al., 2011). However, persistency
and continuous supply of dsRNA are needed for the success
of RNAI. Therefore, the dsRNA delivery through irrigation and
trunk injection could be a more promising strategy than the
foliar spray to control wood-boring insect pests (Wise et al.,
2014; Ghosh et al, 2018; Berger and Laurent, 2019). With
these strategies, suppressing all kinds of insects, like, chewing,
piercing-sucking, root grubs, and wood-boring forest pests,
would be possible as the exogenous dsRNA will reach every
part of the plant (Andrade and Hunter, 2016). For example,
Hunter et al. (2012) reported that the dsRNA is stable in
the plants for 57 days, and siRNAs are detected in plants for
almost 4 months when the citrus plants are drenched in dsRNA
solution.
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Moreover, the dsRNA is stable only for 5-8 days in
leathoppers and psyllids when fed on dsRNA-treated citrus
plants. Additionally, Li et al. (2015a) also reported high mortality
of the Asian corn borer, Ostrinia furnacalis, when dsRNA
targeting Kunitz-type trypsin inhibitors (dsKTI) irrigated to
maize seedlings. Finally, a recent confocal microscopy study
provided evidence of EAB-dsRNA absorption via plant tissue,
indicating the feasibility of dsSRNA delivery against forest pests
such as EAB (Pampolini et al., 2020).

Alternatively, by trunk injections, dsRNAs can deliver directly
into a tree’s phloem where the companion cells do not have
a nucleus, and the silencing signal rapidly spreads toward
the shoots and roots; and the silencing signal will last for a
more extended period. Already several companies manufactured
injectors such as Arborjet® (Joga et al., 2016) to deliver dsRNAs
through trunk injections into trees. Dalakouras et al. (2018)
showed that hairpin RNAs (hpRNAs) against M. domestica
injected in V. vinifera plants via trunk injection was efficiently
translocated and restricted to the xylem vessels and apoplasts,
so the plant dicer-like (DCL) endonucleases were unable to
process the hpRNAs and injected RNA molecules were stable
for at least 10 days after post-application. These innovative
methods may have a significant impact on RNAi-mediated forest
protection. However, injecting each tree in the forest is not a
sustainable solution.

Microorganisms as Carriers: Potential

for Forestry Application

Bacteria for Minimizing Production Cost and
Delivering dsRNA

A persistent and large amount of dsRNAs is required for effective
RNAI in forestry applications. The commonly used and recently
identified Escherichia coli strains, i.e., HT115(DE3) and pET28-
BL21(DE3), contains the deletion of the RNase III gene (rnc)
with a T7 expression vector that can be used to produce higher
concentrations of dsRNA with less cost (Timmons et al., 2001;
Ma et al, 2020). Apse RNA Containers™ (ARCs) technology
developed by a biotechnology company allows the production
of dsRNAs in large volumes using bacteria. Plasmids coding
for proteins such as capsids is co-transformed with another
plasmid coding for dsRNA sequences plus a "packing site."
While bacteria grow in culture, they make protein subunits
self-assembled around RNA encompassing the packing site
sequences. After purification of the engineered bacteria, the
resulting RNA is environmentally stable and a ready-to-spray
product (Joga et al., 2016). The production of bacterial-expressed
dsRNA is inexpensive compared with in vitro production
(Huvenne and Smagghe, 2010).

The delivery of dsRNA through bacteria is more beneficial
than dsRNA delivery through spray and trunk injections.
Dhandapani et al. (2020b) reported that when specific gene
targeting dsRNA delivered through bacteria to the Asian long-
horned beetle (A. glabripennis) has seen high efficiency of
RNAi. The dsIAP and dsActin were combinedly expressed
in the HT115(DE3) strain, and the heat-killed bacteria were
sprayed on potato plants, which protected the plants from

CPB damage (Maximo et al., 2020). The HTI115(DE3) was
used to express dsRNAs targeting the arginine kinase gene
in South American tomato pinworm, Tuta absoluta, and
the dsRNA expression expressed that heat-killed bacteria
were spread on artificial media caused 70% larval mortality
(Bento et al., 2020). The dsRNAs are expressed in heat-killed
bacteria specific to the target genes SRP54 and actin fed
to Plagiodera versicolora (Coleoptera: Chrysomelidae) caused
significant mortality (Zhang et al., 2019). The dsHvSnf7 was
expressed in heat-killed bacteria and sprayed on detached
leaves, and plants showed significant mortality in Henosepilachna
vigintioctopunctata (Coleoptera: Coccinellidae) larvae (Lii et al.,
2020). More recently, researchers used endogenous symbionts
like Rhodococcus rhodnii for expressing the dsRNAs, specifically
targeting many different genes and observed phenotypes in
insect species (Whitten et al., 2016). Researchers identified
symbionts from both kissing bug (Rhodnius prolixus) and
western flower thrips (Frankliniella occidentalis) that can be
engineered to deliver dsRNA. Expressed dsRNAs symbionts
administered orally, resulting in the suppression of target genes
in insect species. The above research suggests that the symbiont
mediated dsRNA delivery method may be viable in specific
cases where symbionts can be transferred between individuals,
making it less costly and efficient for forest pest management.
Furthermore, symbiont mediated RNAi (SMR) gives two levels
of specificity through carrying species-specific dsRNA by the
species-specific symbionts.

Viruses Inducing and Delivering dsRNA

Plant infecting viruses move through the phloem systematically.
Therefore, controlling insect pests through recombinant viruses
would be a promising strategy. Virus-induced gene silencing
(VIGS) is a method for enhancing RNAI efficiency in insects
in two ways, ie., either adding or replacing a gene in the
virus and the target dsRNA is enclosed in viral capsid proteins
called virus-like particles so that the recombinant virus will
produce the desired dsRNA during replication specific to the
target pests (Kolliopoulou et al., 2017, 2020). Insects viruses are
species-specific, for example, baculoviruses, and these viruses
are could be engineered to express specific target gene dsRNAs,
subsequently delivered to the field to control insect pests
(Swevers et al., 2013). Nicotiana benthamiana plants infected
with recombinant tobacco mosaic virus expressed dsRNAs
specific to the chitinase 1 or 2 genes of oriental armyworm,
M. separata, and the larvae showed suppression in chitinase
gene expression within gut tissues and reduced body weight
(Bao et al,, 2016). Wuriyanghan and Falk (2013) reported that
the potato psyllid, Bactericera cockerelli successfully controlled
by delivering dsRNA against actin and V-ATPase through the
recombinant Tobacco mosaic virus (TMV). For that reason, this
technique could be useful to control forest pests, including bark
beetles. Perhaps more research is needed for the application
of VIGS against coleopteran wood-boring forest pests. The
VIGS mediated RNAi technology is still restricted to the
lab experiments and no reports so far for forest insect pest
management under field conditions. However, in a forest,
the infested trees will be identified and subsequently applied
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VIGS through trunk injection. However, it is very difficult to
apply VIGS in the environment due to the strict regulations
and environmentalists, and it seems very difficult after the
Covid pandemic.

Fungi as dsRNA Carrier

Fungal-induced gene silencing (FIGS) technology also we can
use to enhance RNAI in forest pest management. Generally, the
FIGS system can develop in two main ways, i.e., dSRNA can
express in common fungi (Saccharomyces cerevisiae or Pichia
pastoris) and entomopathogenic fungi that will enhance RNAi
efficiency in insects (Van Ekert et al.,, 2014; Chen et al.,, 2015;
Hu and Wu, 2016; Hu and Xia, 2019; Mysore et al., 2019).
Yeasts mediated dsRNA delivery caused significant mortality
and delayed larval development in dipteran insects like Ae.
aegypti (Van Ekert et al., 2014; Mysore et al., 2019). Likewise,
the spotted-wing drosophila, Drosophila suzukii larval survival
rate, and the egg-production rate were decreased drastically when
dsRNA targeting y-tubulin 23C (yTub23C) was administered
orally through the yeast Saccharomyces cerevisiae (Murphy et al.,
2016). The dsTLR7 expressed entomopathogenic fungi, Isaria
fumosorosea; consumption caused mortality up to 40% in second-
instar B. tabaci nymphs (Chen et al, 2015). Similarly, the
entomopathogenic fungi Metarhizium acridum were used to
express dsRNAs targeting the o and/or p subunit genes of the
locust F1FO-ATP synthase caused mortality in L. migratoria
larvae (Hu and Xia, 2019). Recently, colleagues from the
United States have started transforming bark beetle-associated
yeast Ogataea pini to produce target dsSRNA against bark beetles
Ips calligraphus (source: personal communication). Hence, the
FIGS technology is already under consideration for forest
protection, but further optimization is required.

Microalgae or Lichens

Symbiotic interaction sustains expanded consideration among all
parts of science because it helps to build the unifying themes
across ecological, evolutionary, developmental, semiochemical,
and pest management hypotheses. For example, Klepzig et al.
(2009) reviewed the symbiotic relationship of bark beetles
with fungus, bacteria, viruses, protozoa, and algae. Lichens are
symbiotic organisms made up of a fungus and green algae or
cyanobacterium growing jointly on the trees with multiple forms
and colors. They provide food, cover, and nesting materials for a
variety of insects like bristletails, barklice, katydids, grasshoppers,
webspinners, butterflies, moths, moth larvae, lacewing larvae,
mites, spiders, and many beetles (Speer and Waggoner, 1997;
Edgerly and Rooks, 2004). Although commonly lichens are
grouped into fruticose (branched or tubed), foliose (flattened or
leafy), and crustose (crusty), most are pale green, brownish-green,
orange, and yellow. In 2012, the University of Wisconsin reported
that the lichen moth larvae (Hypoprepia sp.) eat lichens and blue-
green algae that they find growing on tree trunks. In England,
psocid species eat Lecanora conizaeoide lichens on larch trees
randomly or only eat apothecia. For example, the Campecopea
hirsuta feeds only algal cells on Lichina pygmaea (Wieser,
1963). In Australia, the web-spinner insects, i.e., Notoligotoma
hardyi, preferred lichens as a food (Gressitt et al., 1965). Mites

have a wide range of feeding habits, i.e., feed on dead plant
materials, algae, and lichens (Walter and Proctor, 1999). A recent
review revealed the potential use of lichen solvent extracts and
metabolites as an insecticidal agent against various pests causing
damage to plants, especially coleopterans (e.g., Sitophilus and
Leptinotarsa) and insect vectors transmit dreadful diseases to
humans such as Aedes, Anopheles, and Culex (reviewed by
Sachin et al., 2018).

The marine algae (S. wightii and P. pavonica) extracts are used
as an eco-friendly nymphicide or biopesticide for controlling the
Dysdercus cingulatus (Fab.) (Hemiptera: Pyrrhocoridae) in cotton
pest management (Asharaja and Sahayaraj, 2013). The mosquito
larvae are aquatic and eat microalgae via filter feeding because
microalgae grow within the larval habitat, and it is an excellent
choice to provide direct exposure to dsRNA by engineered
microalgae. Based on this idea, researchers developed engineered
microalgae (Chlamydomonas reinhardtii) that express dsRNA
specific to the enzyme 3-hydroxykynurenine transaminase fed to
the Anopheles stephensi mosquito larvae showed 53% mortality
(Kumar et al., 2013). Therefore, further research is needed for
microalgae-mediated RNAi in forest insects, i.e., identifying
and selecting suitable symbiont microalgae for forest insects,
expressing desired dsRNAs for suitable target genes, and
enhancing RNAi efficiency in forest insects.

BIOSAFETY CONSIDERATIONS FOR
FPPs

RNAi has proved the potential to suppress pests and save
beneficial insects from diseases and parasites. For example, a
non-target organism screening with the dsSRNA-based biocontrol
product targeting L. decemlineata revealed the selectivity and
safety of the dsRNA sequence even for closely related species and
beneficial insects (Bramlett et al., 2020). Similarly, a genome-wide
off-target screen in important bumblebee pollinators of Bombus
terrestris with dsRNA targeting pollen beetle aCOP revealed
no reduction in the transcript level for all putative off-targets,
including an off-target with a 20-continuous-nucleotide match
(Taning et al., 2021). Also, for a set of potential targets in the EAB,
off-target effects were screened. After confirming the dsRNA’
specificity, they are qualified as potential targets to suppress
EAB populations (Rodrigues et al., 2018). However, deploying
RNAi-based FPPs presents unique challenges for ecological,
environmental, and human risk assessments.

In our opinion, for forestry application, safety assessments
should include evaluating environmental safety for the NTOs
(Figure 3B). Due to its rapid environmental degradation, the
trees treated with the exogenous applications of dsRNAs to
control forest pests will not be considered genetically modified
organisms (GMOs) (Shew et al, 2017; Arpaia et al, 2021).
However, it is significant to follow biosafety assessments for
FPPs before deployment. The noticeable effects on non-target
organisms exposed to RNAi will provide significant evidence
for ensuring safety. Bioinformatics tools perform an essential
role in the development of species-specific targets (Figure 3A).
However, the availability of a limited number of genome
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sequences from forest pests limits risk estimates. Furthermore,
the effects of dsRNA on soil and other plant-associated beneficial
microorganisms need to be evaluated to measure the effect of
dsRNA in forest ecosystems accurately (Figure 3B).

The deployment of genetically engineered bacteria, fungi, or
viruses capable of delivering the RNAi-based FPPs in the forest
needs to be under some regulatory framework as they will also
be considered GM products. Unfortunately, there is no risk
assessment protocol for genetically engineered microorganisms
delivering dsRNA (in short, RNAi-microbes) so far as RNAi-
based GM crops (Papadopoulou et al., 2020). One putative reason
is that the deployment of RNAi-microbes is an intriguing idea
(i.e., SMR) that has just begun to blossom (Zhang et al., 2019).
Regulatory agencies worldwide need to devise the environmental
risk assessment protocol dedicated to deploying RNAi-microbes
in the forest. In our opinion, RNAi-microbes can be evaluated
for their mechanism of action, specificity (including the designing
the dsRNA), active ingredient, environmental fate, ecotoxicology
[impact on humans, other NTOs (including soil organisms),
other microbes in the microhabitat, soil and water], Toxicity-
Exposure-Ratio (TER), off-site movement, the requirement
of the periodic application, immune response and resistance
management in target pest while formulating the legal framework
relating to the risk of dsRNA-based FPPs. Bioinformatics tools
can assist in the selection of surrogate species for tiered toxicology
testing. Nevertheless, RNAi pesticides occur naturally inside
target organisms and thus a potentially safer alternative to
synthetic pesticides.

CONCLUSION AND FUTURE
PERSPECTIVES

RNAi is a robust technology that can bring a new paradigm
in forest pest management, but some obstacles yet limit its
implementation. Researchers are developing a variety of methods
for boosting RNAi in wood-boring coleopterans, i.e., selection
of appropriate target genes by using sequencing data, genetic
modification of microbes and plants, identifying the components
of extracellular vesicles, dsRNA complexation/encapsulation
with nanomaterials (Sinisterra-Hunter and Hunter, 2018;
Cooper et al., 2019; Christiaens et al., 2020a). Furthermore,
forest protection with RNAi-based pesticides would be a
novel integrated pest management strategy (IPM) due to its
high sequence-dependent specificity and better safety than
conventional pesticides (Wang et al., 2016; Mitter et al., 2017;
Christiaens et al., 2020a; Taning C.N. et al., 2020). Hence, the
researchers are focusing on controlling forest pests by using
this technology, and its potential to control several coleopteran
wood-boring forest pests such as bark beetles, EAB, ALB is
already experimentally proven (Rodrigues et al., 2017a,b, 2018;
Kyre et al., 2019, 2020; Dhandapani et al., 2020a).

However, the dsRNA production cost is still remarkably
higher, although dsRNA production costs were lowered to 2
USD per gram in 2017 from 12,500 USD per gram back
in 2008 (Zotti et al., 2018). The current dsRNA production
capacity may be increased dramatically soon to produce

vaccines against the COVID-19 (SARS-CoV2) pandemic to the
global community. Furthermore, the same vaccine production
platforms could be converted to produce large-scale RNAi-based
pesticides, enabling dsSRNA-based pesticides to be much cheaper
(Taning C.N.T. et al., 2020).

It is a well-known phenomenon that the symbiont, blue-stain
fungi pave the way for the successful colonization of coniferous
bark beetles by acting as a source of bark beetles semiochemicals
(Kandasamy et al., 2016), depletes spruce defense chemicals
(Lahr and Krokene, 2013), and provide nutrient supplements
(Bentz and Six, 2006; Six and Wingfield, 2011; Davis et al,
2019; Six, 20205 Six and Elser, 2020). Likewise, fungi also benefit
from bark beetles getting inoculated into the phloem as they
cannot penetrate bark alone (Franceschi et al, 2000). Thus,
it concludes that the conifer bark beetles and their symbiont
collectively causing to extensive Norway spruce forest mortality.
For that reason, the researchers should work simultaneously on
controlling symbionts and bark beetles by using the RNAI tool.
Most interestingly, in our current research, we have seen that
the RNAI is functional and highly efficient against the European
spruce bark beetle, Ips typographus, in laboratory conditions
(unpublished results).

Foliar application of RNAi-based pesticides may not be
applicable for controlling the wood-boring insect pests due to
the size of the trees and the presence of thick outer bark. In
comparison, the delivery of dsRNA pesticides through the host
such as trunk injection, soil drench, symbiotic microorganisms
of plant and target pest, and viruses may promise the long-lasting
protection of trees from insect pests and pathogens.

Restricting the off-target and non-target effects would be
challenging with RNAi-based FPPs. However, species-specific
and target-specific RNAi targets have to be identified for
the effectiveness of this technology (Christiaens et al., 2018).
A bioinformatics pipeline can be helpful here in finding HDRs
in the target pest. However, the genome sequences of forest
pests will be prerequisites for such strategies. Hence, research
endeavors toward more forest insect genomes and tissue-specific
transcriptomes are necessary for the future to obtain superior
species-specific targets for dsRNA applications.

Lastly, the resistance against dsRNA-based FPPs would
be a critical barrier for the deployment of this strategy.
For example, Khajuria et al. (2018) reported that WCR got
resistant upon exposure of several generations to DvSnf/
dsRNA. Insect pests could evolve resistance in different possible
ways. For instance, mutations of target and RNAi core
machinery genes decreased dsRNA uptake and increased dsRNA
degradation (Zhu and Palli, 2020). However, changes in the
target gene selection could help delay the resistance, and
delivery of dsRNA through nanoparticles and liposomes could
improve the efficacy, stability, and dsRNA uptake mechanism
by gut epithelial cells (Wytinck et al., 2020). The careful
optimization of target gene selection, dsRNA design, synthesis
and delivery, nanocarriers or symbiotic microbes, or virus-
induced gene silencing can be highly effective for suppressing and
causing mortality in forest insect pest species RNAi. However,
field tests, environmental safety, and non-target effects are
lacking for these efforts, and optimization is necessary for
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producing various RNAi-based FPPs. In addition, researchers
must take the initiative to create a perception of RNAi-based
FPPs to state forest agencies, forest owners, and general foresters
to facilitate its deployment for long-term forest protection.
Nevertheless, RNAi-based FPPs in conjugation with existing
forest pest management practices (i.e., silvicultural, biological)
can aid a multi-faceted management approach that keeps the
tree-killing forest pest populations in the endemic stage while
conserving the beneficial species.
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Secondary metabolic pathways in grape berries are tightly regulated by an array of
molecular mechanisms, including microRNA-mediated post-transcriptional regulation.
As recently discovered, before being processed into mature microRNAs (miRNAs),
the primary transcripts of miRNAs (pri-miRNAs) can encode for small miBRNA-
encoded peptides (micropeptides — miPEPSs) that ultimately lead to an accentuated
downregulation of the respective miRNA-targeted genes. Although few studies about
mIPEPs are available, the discovery of miPEPs reveals a new layer of gene regulation
at the post-transcriptional level that opens the possibility to regulate plant metabolism
without resorting to gene manipulation. Here, we identified a miPEP encoded in
non-mature miR7164c putatively targeting grapevine transcription factor VWMYBPA1
(miPEP164c/miPEP-MYBPA1), a positive regulator of key genes in the proanthocyanidin
(PA)-biosynthetic pathway, a pathway that competes directly for substrate with the
anthocyanin-biosynthetic pathway. Thus, the objective of this work was to test
the hypothesis that the exogenous application of miPEP164c (mIPEP-MYBPA1) can
modulate the secondary metabolism of grape berry cells by inhibiting PA biosynthetic
pathway while simultaneously stimulating anthocyanin synthesis. The exogenous
application of miPEP164c to suspension-cultured cells from grape berry (cv. Gamay)
enhanced the transcription of its corresponding non-mature miR764c, with a maximum
effect at 1 wM and after a period of 10 days, thus leading to a more pronounced
post-transcriptional silencing of its target VWMYBPA1. This led to a significant inhibition
of the PA pathway, mostly via inhibition of leucoanthocyanidin reductase (LAR) and
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anthocyanidin reductase (ANR) enzymatic activities and VWLART downregulation. In
parallel, the anthocyanin-biosynthetic route was stimulated. Anthocyanin content was
31% higher in miPEP164c-treated cells, in agreement with the observed upregulation of
WUFGTT transcripts and UFGT enzyme activity levels.

Keywords: non-mature miRNA-encoded peptide, miRNA regulation, grape berry secondary metabolism, post-
transcriptional regulation, anthocyanins

INTRODUCTION

Although grapevines are well adapted to semi-arid climate, the
increasingly more frequent combined effect of drought, high air
temperature and high evaporative demand has a negative impact
in grapevine yield (Chaves et al., 2010) and, if severe, also in berry
quality (Teixeira et al., 2013). Therefore, berry and wine quality
depend strongly on the grapevine adaptability to drought, heat
and light/UV intensity. This abiotic stressors particularly impact
highly regulated molecular mechanisms underlying the synthesis
of several quality-related compounds, such as anthocyanins,
proanthocyanidins (PAs), flavanols, and flavonols (Downey et al.,
2006; Teixeira et al., 2013).

Anthocyanin and PA (condensed tannins) biosynthetic
pathways compete for  two common precursors,
leucoanthocyanidins and anthocyanidins (Li et al, 2016).
Proanthocyanidins are composed of several monomers of
(+)-catechin and (—)-epicatechin, both flavan-3-ols that
originate in a branch deviation of the general flavonoid pathway.
Catechin synthesis is catalyzed by leucoanthocyanidin reductase
(LAR) that uses leucoanthocyanidins as substrate. However,
leucoanthocyanidins can also be catalyzed by leucoanthocyanidin
oxygenase (LDOX), continuing the flavonoid pathway and
resulting in the formation of anthocyanidins, a substrate of both
UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT), in the
synthesis of anthocyanins, and anthocyanidin reductase (ANR),
in the synthesis of epicatechin, another building block of PAs
(Gagné et al., 2009).

In grapevine, many transcription factors belonging to the
R2R3-MYB family are involved in the regulation of flavonoid
synthesis by inducing or silencing key biosynthetic genes along
the flavonoid pathway (Deluc, 2006; Matus et al., 2009). The
transcription factors VvMYB5a and VvMYB5b are already
described as positive regulators of the flavonoid pathway,
inducing an upregulation of late-stage berry-associated genes
such as VWCHI (chalcone isomerase), VwF3'5 (flavonoid 3’,5'-
hydroxylase), VwDFR (dihydroflavonol 4-reductase), VvLDOX,
WANR, and WLARI leading to the synthesis of flavonols,
anthocyanidins, and PAs (Cavallini et al, 2014; Pérez-Diaz
et al,, 2016). VWMYBPAI, expressed during flowering and early
berry development, is a positive regulator of PA synthesis, by
upregulating VWLDOX, VWANR, and VVLARI genes (Bogs et al,,
2007; Cavallini et al., 2015), thus limiting the progress of the
anthocyanin-biosynthetic route.

Regulation of the flavonoid pathway can also be coordinated
at the post-transcriptional level by several microRNAs (miRNAs;
Xie et al., 2010) that negatively regulate the expression of their
target genes, either by promoting degradation of such target

messenger RNAs (mRNAs) or by leading to inhibition of targeted
mRNA translation (Pantaleo et al., 2010). MicroRNAs are initially
transcribed as much larger primary transcripts (pri-miRNAs) and
only become mature miRNA after several maturation processes
(Xie et al., 2010). Like any other protein-coding gene, miRNAs
are transcribed by RNA polymerase II originating the primary
transcript of miRNA (pri-miRNA) that consists of a few hundred
bases, a 5'cap and 3’ poly-A tail and the characteristic stem-
loop structure where the miRNA sequence is inserted, and which
is recognized by members of the Dicer-likel family enzymes.
This enzyme cleaves the 5'cap and 3’ poly-A tail of the primary
transcript, transforming it in a precursor miRNA (pre-miRNA).
DCL1 also carries out the subsequent cleavage of pre-miRNA to
release the miRNA:miRNA* duplex which is then translocated
to the nucleus by HASTY transporter where the correct miRNA
strand is incorporated in a ribonuclear particle to form the RISC
complex, the machinery that mediates miRNA-mediated gene
silencing (Budak and Akpinar, 2015).

In a groundbreaking finding, it was discovered that, before
being processed into mature miRNAs, some pri-miRNAs contain
small open reading frames (ORF) that could encode for small
regulatory peptides called miRNA-encoded peptides (miPEPs;
Lauressergues et al., 2015). The mechanism of action of miPEPs
is by enhancing the transcription and accumulation of the
corresponding pri-miRNA, in a sort of positive feedback loop,
that subsequently results in accentuated downregulation of
the respective miRNA-targeted genes (Couzigou et al., 2015).
For instance, the overexpression of miPEP171b in Medicago
truncatula led to the increased accumulation of endogenous
miR171b (involved in the formation of lateral roots), which
resulted in significant changes in root development (Couzigou
et al., 2016). Moreover, in soybean (Glycine max), it was
demonstrated for the first time that the exogenous application
of well-chosen, synthetic miPEP172¢ had a positive impact
in nodule formation, by inducing the overexpression of pri-
miR172c, whose correspondent miR172¢ accumulation results in
an increase in nodule formation and consequent improvement of
nitrogen fixation (Couzigou et al., 2016).

More recently, a miPEP in Arabidopsis, miPEP858, was
reported by screening the 1,000 bp region upstream of pre-
miR858 for small ORFs (Sharma et al., 2020) miPEP858 was
able to modulate the expression of targets gene involved in
plant growth and development and also on the phenylpropanoid
pathway, by inducing the expression of pri-miR858.

In a very recent finding, using a fluorescein-labeled peptide,
it was demonstrated that exogenously applied miPEP-156a could
effectively penetrate plant seedlings through the root system and
disperse systemically to the leaves of young seedlings of Brassica
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rapa (Erokhina et al., 2021). The application of this miPEP
exerted a moderate morphological effect consisting of a growth
acceleration of the main root of the seedling, that was parallel
to an increase in pri-miR156a expression. These morphological
and molecular level effects were apparently related with the ability
of the miPEP to rapidly transfer into the cell nuclei and bind to
nuclear chromatin.

Screening for small ORFs, either in the precursor sequence
of miRNA or in the region upstream of such precursor, is
the mainstream method for finding putative miPEPs when a
miRNA is available, or a targeted gene is in mind. Yet, alternative
molecular approaches for screening for miPEPs have also been
successful. These include homology based computational analysis
using expressed sequence tags (ESTs) of a certain species genome
by blasting it against miRNA sequences already described, to find
homologous of miRNAs and then repeat the same methodologies
of miRNA target prediction and screening for small ORFs in the
pre-miRNA sequence (Ram et al., 2019).

Recently, a miPEP in grapevine was reported, miPEP171d1,
originating from a non-mature miRNA conserved within
different plant species and associated with root organ
development. When exogenously applied, miPEP171d1 was
able to promote adventitious root formation thus enabling to
overcome challenges in clonal propagation (Chen et al., 2020).

Although few studies about miPEPs are available, the
discovery of miPEPs reveals a new layer of gene regulation at
the post-transcriptional level that opens the possibility to regulate
plant metabolism without resorting to gene manipulation.

Taking these groundbreaking discoveries as basis, the
objective of this work was to test the hypothesis that the
exogenous application of a newly identified putative grapevine
miPEP by our group (miPEP164c - miPEP-MYBPA1) can
modulate the secondary metabolism of grape berry cells
by inhibiting PA biosynthetic pathway while simultaneously
stimulating anthocyanin synthesis. The micropeptide miPEP164c
is putatively targeting MYBPAL, as predicted in silico, a gene
encoding for a transcription factor that acts as a positive
regulator of PA synthesis by activating the expression of
VWLAR and WWANR, the genes encoding for the enzymes
responsible for catechin and epicatechin synthesis (Bogs et al.,
2007). For that, a wide array of molecular biology and classic
biochemistry approaches were combined to better assess the
impact of miPEP164c exogenous treatments on the transcription
of key genes involved in secondary metabolic pathways, on the
biochemical activity of the corresponding key enzymes, and
on the final concentration of secondary metabolites such as
anthocyanins and PAs.

MATERIALS AND METHODS

In silico Analyses

A series of in silico analyses to identify potential miPEPs
in grapevine by combining several bioinformatic tools and
databases such as the bioinformatic tool psRNATarget Finder
(Dai et al., 2018), a plant small regulatory RNA target predictor,
with the aid of GenBank, was used to retrieve information on

which, how and where (in the target RNA) miRNAs putatively
regulated key genes directly or indirectly involved in the
flavonoid biosynthetic pathway. We identified miR164c as a
putative negative regulator of transcription factor VWMYBPAI,
involved in regulation of the PA pathway and proceeded to
screen it in miRbase (microRNA database; Kozomara and
Griffiths-Jones, 2014) for their stem-loop sequence or pri-miRNA
sequence, the non-mature sequence of the regulatory miRNA
possibly harboring small ORFs corresponding to regulatory
miPEPs. Finally, the obtained stem-loop sequence was then ran in
a bioinformatic ORF finder tool that recognizes in the introduced
sequence all possible ORFs that could translate into a small
peptide, by defining several parameters based on the few miPEPs
so far identified in the literature (Lauressergues et al., 2015). This
several step analysis led to the identification of one ORF with
48 bp, encoding a putative miPEP of 16 amino acids, that was
designated as miPEP164c.

Solubilization of miRNA-Encoded

Peptides

Following in silico identification, miPEP164c and a scrambled
miPEP were ordered from Smart Bioscience as 1 mg aliquot.
The scrambled miPEP aminoacidic sequence is the same as
miPEP164c aminoacidic composition but in a random/scrambled
order: MGTISKETCSQTNQCT. Solubilization of the
micropeptides was conducted as recommended by Smart-
Bioscience Peptide Solubility Guidelines." Both miPEPs were
solubilized in 200 L of acetic acid (10%) and 800 wL of DMSO
to a final concentration of 1 mg/mL. A solution of 200 L of
acetic acid (10%) and 800 wL of DMSO was used as control in
the exogenous treatments.

Biological Material

Grape berry cell suspensions of the cultivar Gamay Freaux cv.
were maintained in Gamborg B5 medium in 250 mL flasks at
25°C with constant agitation on a rotator shaker at 100 rpm and
under 16 h/8 h photoperiod. The culture medium composition
was as follows: 3 g/L Gamborg B5 salt mixture and vitamins;
30 g/L sucrose (3% m/v); 250 mg/L casein enzymatic hydrolysate;
0.1 mg/L a-naphthaleneacetic acid (NAA); 0.2 mg/L Kinetin, and
a final pH of 5.7. The suspension-cultured cells were allowed
to grow for 10-day, until the exponential phase, when they
were subcultured by transferring 10 mL of cells to 30 mL
of fresh medium.

Exogenous Addition of Micropeptides to
Gamay Grape Cells

Immediately after sub-cultivation, concentrations ranging from
0.1 to 2 uM of miPEP164c were added to the cell cultures,
in a volume that represented no more than 0.15% (v/v) of
the total volume of the cell suspension. All cell suspensions,
including control cells (treated with the same volume of control
solution) and cells treated with the scrambled miPEP (a control
miPEP with the same aminoacidic composition as miPEP164c

'https://www.smart-bioscience.com/support/solubility/
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but with a scrambled amino acid sequence) were cultivated for
10-day with constant agitation and a 16 h/8 h photoperiod.
A time-course analysis of 1 WM of miPEP164c with several
time-points (1 h, 24 h, 3-, 5- and 10-day) was also conducted.
Also, upon miPEP164c addition (# = 0 h), samples were taken
for anthocyanin and PA base level quantifications. Cells were
collected when necessary, filtered and immediately frozen with
liquid nitrogen and stored at —80°C. A part of cells of each
experimental condition was lyophilized.

Quantification of Anthocyanins

Anthocyanins were extracted from 100 mg of grape berry
cells from each experimental condition. After adding 1 mL
of 90% methanol and 10% deionized H,O, the suspensions
were vigorously shaken for 30 min, following centrifugation at
18000 x g for 20 min. The supernatants were collected and
200 L of each supernatant was mixed with 1.8 mL of a solution
of 25 mM KCl (pH = 1.0) and absorbance was measured at 520
and 700 nm. Total anthocyanin quantification was calculated
in relation to cyanidin-3-glucoside (C-3-G) equivalents, as
follows in the equation, and subsequently presented per dry
weight (DW):

[Total anthocyanins] (mg/L) =

(A520—A700) x MW x DF x 1000
e x 1

where MW is the molecular weight of C-3-G (449.2 g mol~!), DF
is the dilution factor and ¢ is the molar extinction coefficient of
C-3-G (26900 M~ cm™1).

Quantification of Proanthocyanidins
Proanthocyanidin content was determined using an adapted
colorimetric vanillin-HCI assay described by Broadhurst and
Jones (1978). To extract PAs, 1 mL of 100% methanol was
added to 5 mg of lyophilized grape berry cells and vigorously
shaken for 30 min followed by centrifugation at 18000 x g
for 15 min. Supernatants were collected and diluted in a 1:1
ratio with methanol to final volume of 500 wL. The methanolic
extracts were added to clean assay tubes wrapped with aluminum
foil. Then, 3 mL of a solution of 4% (m/v) vanillic acid
freshly prepared in methanol was added and mixed very gently.
Finally, 1.5 mL of concentrated hydrochloric acid was added to
each reaction tube and mixed very gently. The reactions were
allowed to stand for 6 min and the absorbance of the samples
was measured spectrophotometrically at 500 nm. To discard
absorbance interference caused by anthocyanin presence in the
samples, control reactions for each condition were prepared with
3 mL of methanol instead of vanillic acid and the absorbance
measured at 500 nm was discounted from the absorbance of
reaction mixtures with vanillic acid. An epigallocatechin gallate
(EGCQG) standard curve, with concentrations ranging from 10 to
200 g employing the same method was always prepared for each
quantification of PA content.

Protein Extraction

Protein extraction was conducted as described in Conde et al.
(2016). Lyophilized grape berry cells were mixed with extraction
buffer in approximately 1:1 (v/v) powder: buffer ratio. Protein
extraction buffer contained 50 mM Tris-HCI, pH 8.9, 5 mM
MgCly, 1 mM EDTA, 1 mM PMSE 5 mM DTT, and 0.1%
(v/v) Triton X-100. Homogenates were thoroughly vortexed and
centrifuged at 18000 x g for 15 min at 4°C. Supernatants
were maintained on ice and used for all enzymatic assays.
Total protein concentrations of the extracts were determined
by the method of Bradford (1976) using bovine serum
albumin as a standard.

Enzymatic Activity Assays

The biochemical activity of UFGT was determined as described
by Lister et al. (1996) adapted by Conde et al. (2016). The assay
mixture contained 385 pL of 100 mM Tris-HCI reaction buffer
(pH 8), 100 pL of enzyme extract, 10 pL of 50 mM UDP-glucose
and the reaction was initiated with 5 pL of 100 mM quercetin
as substrate for the enzyme activity (saturating concentration) to
a final reaction volume of 500 L. Each mixture was incubated
for 30 min in the dark with gentle shaking. After incubation,
dilutions were prepared with 100 wL of each assay mixture
and 900 pL of Tris-HCI reaction buffer and absorbance was
read at 350 nm immediately after (f = 0) and 30 min later
(t = 30) to follow the production of quercetin 3-glucoside
(e=21877M ' em™!).

Leucoanthocyanidin  reductase enzymatic activity was
measured by spectrophotometrically monitoring the conversion
of dihydroquercetin to (+)-catechin following the method of
Gagné et al. (2009) with some adaptions. The assay mixture
contained 1.7 mL of Tris-HCI buffer (0.1 M, pH 7.5), 300 pL of
protein extract, 2 pL of NADPH (100 mM) and the reaction was
initiated by adding 1 wL of dihydroquercetin (10 mg mL~! in
DMSO). The production of (+)-catechin (e = 10233 M~ ! cm™!)
was followed at 280 nm for 30 min.

The biochemical activity of ANR was determined as described
by Zhang et al. (2012) with some adaptations. The assay mixture
contained 1.5 mL of PBS buffer (0.1 M, pH 6.5), 60 pnL of
enzyme extract, 40 pL of ascorbic acid (20 mM), 50 pL of
cyanidin chloride (2 mM) and the reaction was initiated by
adding 75 pL of NADPH (20 mM) followed by a 1/10 dilution
with PBS reaction buffer for proper absorbance measure. The
enzyme activity was monitored by measuring the rate of NADPH
(e=6.22mM~! cm™!) oxidation at 340 nm for 20 min, at 45°C.

RNA Extraction and cDNA Synthesis

Total RNA extraction was performed according to Reid et al.
(2006) in combination with purification steps from the GRS
Total Plant RNA extraction kit. After treatment with DNase
I (Qiagen), cDNA was synthesized from 1 pg of total RNA
using Maxima first strand cDNA synthesis kit from Thermo
Fisher Scientific, following the manufacturer’s instructions. RNA
concentration and purity were determined using Nanodrop and
its integrity assessed in a 1% agarose gel stained with SYBR Safe
(InvitrogenTM, Life Technologies).

Frontiers in Plant Science | www.frontiersin.org

October 2021 | Volume 12 | Article 706679


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Vale et al.

mMIPEP164c Stimulates Anthocyanin Synthesis

Transcriptional Analyses by Real-Time
qPCR

Quantitative real-time PCR was performed with QuantiTect
SYBR Green PCR Kit (Qiagen) in a CFX96 Real-Time
Detection System (Bio-Rad), using 1 pL of cDNA in
a final reaction volume of 10 pL per well. Specific
primer pairs used for each target gene are listed in
Supplementary Table 1. Melting curve analysis was
performed for specific gene amplification confirmation.
As reference genes, WACTI (actin) and WWGAPDH
(glyceraldehyde-3-phosphate dehydrogenase) were selected,
as these genes were proven to be very stable and ideal
for qPCR normalization purposes in grapevine (Reid
et al., 2006). For all experimental conditions tested, three
biological replicates were used with internal triplicates.
The expression values were normalized by the average
of the expression of the reference genes as described by
Pfaffl (2001) and analyzed using the software Bio-Rad CFX
Manager (Bio-Rad).

Statistical Analyses

The results were statistically analyzed by Student’s ¢-test using
Prism vs. 6 (GraphPad Software, Inc.). For each condition,
statistical differences between the mean values of miPEP-
treated cells and control cells are marked with asterisks.
For every experimental approach, three biological replicates
(constituted by three independent treatments and respective
experiments) were used.

RESULTS

Identification and in silico Analysis of the
Candidate Grapevine Micropeptide
miPEP164c

An in silico analysis for micropeptide screening led to the
selection of miPEP164c, a candidate miPEP with putative
regulatory function in grape berry flavonoid biosynthesis
metabolic pathway, particularly in the branch of PA synthesis.
miR164c was predicted in silico to post-transcriptionally inhibit
grapevine transcription factor VVMYBPAI, involved in the
activation of flavonoid synthesis, specifically of PA synthesis
(via LARI, LAR2, and ANR activation). Relevant information
obtained by the in silico analysis regarding the miPEP selected for
this study, including its aminoacidic sequence, attributed name
and respective mature miRNA name and miRbase accession
number, as well as that of its precursor miRNA (pre-miRNA), is
detailed in Table 1.

Effect of miPEP164c Exogenous
Application on the Abundance of
Pre-miR164c and Its Putative Target
Transcription Factor VVWMYBPA1

To confirm if miPEP164c exogenous application is indeed
activating the accumulation of its in silico predicted miRNA
(miR164c), gene expression analysis by real-time qPCR of the
non-mature pre-miR164c was performed on cells treated with
different concentrations of miPEP164c, ranging from 0.1 to
2 uM. As shown in Figure 1A, 10 days after treatment, the
transcript levels of pre-miR164c were increasingly upregulated
along miPEP concentration reaching a maximum effect at 1 pM
(3.5-fold increase) that was approximately maintained at 2 uM
of miPEP164c (3.2-fold increase). The exogenous application of
a scrambled miPEP at 1 pM did not result in any changes in
transcript levels of pre-miR164c after 10 days of treatment.

A time-course analysis of the transcript levels of pre-miR164c
in cells treated with 1 pM of miPEP164c through a period of
10 days (1 h, 24 h, 3-, 5- and 10-day) confirmed, as shown
in Figure 2A, that the expression of pre-miRI164c was slightly
stimulated at 24 h and 5-day of miPEP164c treatment, but had the
highest increase (3.5 fold) after 10 days of treatment (Figure 1B).

No statistically significant change in the transcript levels
of VWMYBPAI was observed after 10 days of miPEP164c
treatment (Figure 1C).

Effect of miPEP164c Exogenous
Application on Grape Berry Key
Secondary Metabolites

Spectrophotometric quantifications of grape berry cells
secondary metabolites revealed a significant increase in
anthocyanin content at 0.5, 1, and 2 uM of miPEP164c
after 10 days of treatment with the highest concentration
of anthocyanins quantified in cells treated with 1 pM
miPEP164c, with 7.4 mg of total anthocyanins per
g of dry weight compared to only 56 mg per g of
dry weight in control cells, which represented a 31%
increase (Figure 2A).

In parallel, PAs concentration decreased significantly
at those same concentrations of 0.5, 1, and 2 pM of
miPEP164c with a more representative decrease (26%)
from 54 mg of PAs per g of dry weight in control cells
to 42.7 mg of PAs per g of dry weight after 10 days
of treatment with 1 M miPEP164c (Figure 2B).
The exogenous application of 1 pM of the scrambled
miPEP did not change the concentrations of both
anthocyanins and PAs.

TABLE 1 | Detailed information about the micropeptide identified by an in silico analysis and selected for this study and its corresponding mature miRNA

and mode of action.

miPEP Amino acid sequence miRNA

Stem-loop sequence Mode of action Predicted target

miPEP164c (miPEP-MYBPAT) MEKQGTCITSSCTTNQ

miR164c (MIMAT0005660)*

MIO06505* Inhibition in translation WMYBPA1

*Acession code for miRBase (Kozomara and Griffiths-Jones, 2014).
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FIGURE 1 | Steady-state transcript levels of pre-miR164c in suspension-cultured grape berry cells (cv. Gamay) 10-day after elicitation with various concentrations of
miPEP164c¢ (A) in suspension-cultured grape berry cells (cv. Gamay) eliciated with 1 uM of miPEP164c throughout a period of 10-day (B) and the steady-state
transcript levels of VWMYBPAT (C) in suspension-cultured grape berry cells (cv. Gamay) 10 days after elicitation with 1 WM miPEP164c. Gene expression analysis, by
real-time gPCR was normalized with the expression of reference gene WWACT1 and VWGAPDH. Values are the mean + SEM. Asterisks indicate statistical significance
in relation to the control (Student’s t-test; *P < 0.05; **P < 0.001).
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FIGURE 2 | Effect of the exogenous application of different concentrations of miPEP164c on total anthocyanin content (A) and on total proanthocyanidin (PA)
content (B) in suspension-cultured grape berry cells (cv. Gamay) 10-day after elicitation with miPEP164c. Anthocyanin concentration is represented as mg of
cyanidin-3-glucoside (C-3-G) equivalents per g of fresh weight (FW). Asterisks indicate statistical significance in relation to the control (Student’s t-test; *P < 0.05;
**P < 0.01; **P < 0.001).
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FIGURE 3 | Steady-state transcript levels of VWLART in suspension-cultured grape berry cells (cv. Gamay) 10-day after elicitation with various concentrations of
miPEP164c (A) and the effect on the specific activity of leucoanthocyanidin reductase (LAR) (B) in suspension-cultured grape berry cells (cv. Gamay) after 10 days of
elicitation with 1 wM miPEP164c. Gene expression analysis, by real-time gPCR was normalized with the expression of reference gene VWWACT1 and WWGAPDH.
Values are the mean + SEM. Asterisks indicate statistical significance in relation to the control (Student’s t-test; *P < 0.05). LAR biochemical activity represented as
the Vmax in grape berry cells under miPEP164c treatment. Values are the mean + SEM. Asterisks indicates statistical significance (Student’s t-test; ***P < 0.001).
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FIGURE 4 | Steady-state transcript levels of VWANR in suspension-cultured grape berry cells (cv. Gamay) 10-day after elicitation with various concentrations of
miPEP164c (A) and the effect on the specific activity of anthocyanidin reductase (ANR) (B) in suspension-cultured grape berry cells (cv. Gamay) after 10 days of
elicitation with 1 WM miPEP164c. Gene expression analysis, by real-time gPCR was normalized with the expression of reference gene WWACT1 and VWGAPDH.
Values are the mean + SEM. Asterisks indicate statistical significance in relation to the control (Student’s t-test; *P < 0.05). ANR biochemical activity represented as
the Vimax in grape berry cells under miPEP164c treatment. Values are the mean + SEM. Asterisks indicates statistical significance (Student’s t-test; **P < 0.01).
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Transcriptional and Biochemical
Changes Induced by miPEP164c on the

Proanthocyanidin-Synthesizing Branch

A time-course analysis by real-time qPCR on VWLARI expression
in cells treated with 1 wM of miPEP164c showed a significant
decrease of 20% after 10-day, while no statistically significant
changes were observed on earlier time-points (Figure 3A). In
agreement with the observed decrease in the VWLARI transcripts,
LAR enzyme activity was 3-fold reduced in Gamay cells elicited
with 1 pM miPEP164c, decreasing from a Vi of 0.63 nmol
min~! mg protein™! in control cells to a Vjay of 0.20 nmol
min~! mg protein™! in miPEP-treated cells (Figure 3B).
Regarding VWANR transcript levels, although there was a slight
decrease at 24 h of miPEP exposure (20%) when compared to
control cells, no changes were observed at other time-points

(Figure 4A). However, a significant decrease of 27% was observed
in the enzyme activity of ANR in cells treated with 1 pM
miPEP164c for 10-day, from a V,, of 14 nmol min~! mg
protein~! in control cells to 10.31 nmol min~! mg protein~! in
miPEP-treated cells (Figure 4B).

Transcriptional and Biochemical
Changes Induced by miPEP164c on the

Anthocyanin-Synthesizing Branch

The expression of VWUFGTI was strongly stimulated by
miPEP164c application, reflected by a 4-fold increase in the
expression levels in grape berry cells under this treatment
(Figure 5A). The biochemical activity of UFGT was 3.2-fold
higher in miPEP164c treated cells, in agreement with the
transcriptional analysis, reaching a V4 of 3.4 pmol h! mg
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FIGURE 5 | Steady-state transcript levels of VWUFGTT (A) in suspension-cultured grape berry cells (cv. Gamay) 10-day after elicitation with 1 WM miPEP164c and
the effect on the specific activity of UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT). (B) Gene expression analysis, by real-time gPCR was normalized with
the expression of reference gene WWACTT and WGAPDH. Values are the mean + SEM. Asterisks indicate statistical significance (Student’s t-test; **P < 0.01). UFGT
biochemical activity, represented as the Vnax in grape berry cells under miPEP164c¢ treatment. Values are the mean + SEM. Asterisks indicates statistical

significance (Student’s t-test; **P < 0.01).
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protein~! (Figure 5B), which corroborates with a significant
increase in the total concentration of anthocyanins observed
previously (Figure 2A).

The expression levels of VWDFR were also significantly
stimulated, with a 2-fold increase in grape berry cells 10 days
after miPEP164c treatment (Figure 6A). VWLDOX expression was
also significantly stimulated by 42% when compared to control
cells (Figure 6B).

Transcriptional analysis showed that the expression of
WGST4 under miPEP164c treatment also increased 2-fold
(Figure 7A). Similarly, the transcript levels of VWMATEI
increased by 55% (Figure 7B), while the expression of VWVABCCI
seemed not to be affected by treatment with this micropeptide
(Figure 7C). These genes encode transporters that accumulate
anthocyanins in the vacuole.

DISCUSSION

Grape berry secondary metabolism generates, by a cascade
of reactions scattered through different branches of the
phenylpropanoid pathway, a wide range of bioactive compounds
with key roles in plant defense responses and with several
health-related benefits to humans, making them metabolites of
interest for many industries (Teixeira et al., 2013). Therefore,
the search for new strategies to modulate these complex
pathways in the hopes of either minimizing the effects of
several stress factors in the composition and quality of
grape secondary metabolites or to increase the synthesis and
accumulation of bioactive metabolites of interest such as
antioxidant compounds like anthocyanins, is a research line
of great importance, not only to the viticulture industry but
also in several industries of health-promoting products (Zhang
et al, 2015). In the present study, we sought to validate
a new and promising strategy to modulate the secondary
metabolism of Gamay grape berry cells by testing a synthetic
miPEP, putatively enhancing the transcription and accumulation
of miR164c and ultimately promoting a more pronounced

silencing of its predicted target. Because this transcription
factor is involved in the molecular activation of key genes
in the PA pathway, ultimately, we wanted to evaluate if a
miPEP-based treatment could regulate grape berry secondary
metabolism, by activating miRNA-mediated post-transcription
silencing mechanisms of specific targets. Results obtained
were very promising as this treatment could represent an
innovative and easy-to-apply strategy to modulate the synthesis
of more quality-related compounds, resulting in crops with
added-value characteristics, without the need for more drastic,
time consuming and more expensive strategies, as genetic
transformation of crops.

Elicitation of Gamay Cells With
miPEP164c Induces Accumulation of
miR164c and Consequent
miR164c-Mediated Inhibition of

Proanthocyanidin Biosynthetic Pathway

Overall, results confirmed that the exogenous application
of miPEP164c is indeed enhancing the accumulation of
miR164c which putatively resulted in a more pronounced post-
transcriptional silencing of transcription factor VvMYBPA1
and consequently of MYBPAI-activated genes, here observed
by a downregulation of VWLARI expression and of LAR and
ANR specific activity resulting in a significant decrease of 26%
of total PA content in cells exposed to exogenously applied
miPEP164c for 10-day. According to our results, the regulatory
effect of miPEP164c, both at anthocyanin/PA concentrations and
transcriptional levels, was most significant at a concentration
of 1 pM and after a period of 10-day. This suggests that the
regulatory effect of miPEP164c is cumulative along a period of
exposure to the peptide, at least until 10-day, but not evident in
a period of hours after the peptide treatment. It is possible that
this cumulative effect after a longer period of exposure is due to
the several molecular steps in the mechanistic underlying miPEP
regulation intracellularly and the fact that miPEP164c does not
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FIGURE 6 | Steady-state transcript levels of VDFR (A) and WLDOX (B) in suspension-cultured grape berry cells (cv. Gamay) 10-day after elicitation with 1 uM
miPEP164c. Gene expression analysis, by real-time gPCR was normalized with the expression of reference gene WWACT1 and WGAPDH. Values are the
mean + SEM. Asterisks indicate statistical significance (Student’s t-test; *P < 0.05; **P < 0.01).
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directly regulate ultimate targets as LAR and ANR within PA-
synthetic pathway, which probably results in more time needed
to observe its regulatory effect.

Indeed, gene expression analysis by real-time qPCR confirmed
that miPEP164c increased the expression levels of the pre-
miR164c in Gamay cells along its concentration until 1 M
in an overwhelmingly more evident mode after 10-day. Thus,
a positive loop was established, in which a consequent
increased translation into miPEP164c, ultimately results in
higher levels of mature miR164c and accentuated negative
regulation of the target gene VWMYBPAI. In silico analyses
suggests that the mode of action of miRI164c is through
inhibition of translation of VYMYBPAI, not by cleavage
of the target messenger RNA, due to a lack of 100%
complementarity between the guide miRNA and the target
mRNA (Waterhouse and Hellens, 2015). This is in agreement
with our results showing that the treatment with miPEP164c did
not induce any significant changes in the expression levels of
VWMYBPAL.

Evidence for the involvement of post-transcriptional silencing
of VWwMYBPAI mediated by miPEP164c was obtained when
the MYBPAl-activated enzymes VVLAR and VYANR were
clearly down-regulated. Both VWANR and VWLARI, are key
genes leading to the synthesis of PAs (Gagné et al, 2009).
However, the expression of VWANR, encoding for the enzyme

that synthesizes epicatechins from anthocyanidins, was not
affected after 10-day of treatment, possibly to compensate the
decreased activity of VVLAR, in order to ensure a certain
amount of monomers for PAs biosynthesis. Also, VWANR
expression may be regulated by several other regulatory
proteins, such as V¥MYCI, a bHLH transcription factor
that physically interacts with MYB-like transcription factors
like MYBPA1l and MYB5a/b to coordinate the regulation
of VVANR, and therefore silencing of one transcription
regulator may be overcome by another regulatory mechanism
(Heppel, 2010).

Proanthocyanidin Synthesis Was
Inhibited by miPEP164c While
Anthocyanin Synthesis Was
Simultaneously Increased

The observed significant increase in anthocyanin total content
in Gamay cells mediated by the application of miPEP164c
corroborates our hypothesis that a miPEP164c-mediated
silencing of PA synthesis would divert the carbon flow to
the anthocyanin branch, due to the constant competition of
both pathways for the same substrates, as reported before
(Liao et al., 2015). Gene expression analysis of VWUFGT1, that
glycosylates anthocyanidins into anthocyanins, revealed a strong

Frontiers in Plant Science | www.frontiersin.org

October 2021 | Volume 12 | Article 706679


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Vale et al.

mMIiPEP164c Stimulates Anthocyanin Synthesis

=T

miPEP
Control l64c

miPEP164c

¢"'~

ﬁ Gene expressions

miR164c ¥

f Enzymatic activities
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This inhibition in MYBPA1 translation resulted in a downregulation of WWLART expression and LAR total biochemical activity, as well as ANR total biochemical activity,
decreasing the intracellular concentration of PAs. This downregulation of the PA pathway indirectly led to the stimulation of the anthocyanin synthesis by increasing
WUFGTT1 expression and UFGT total biochemical activity, as well as vacuolar accumulation, as shown by WWGST4 and WWMATET overexpression.
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upregulation of its expression levels in response to the elicitation
with the micropeptide which goes in agreement with the observed
increase of the UFGT specific activity that also increased.

In Vitis vinifera two types of anthocyanin tonoplast
transporters that accumulate anthocyanins in the vacuole
were identified: primary transporters from the ATP-binding
cassette (ABC) family, such as the VwWABCCI who requires
the presence of reduced glutathione (GSH) to properly
transport anthocyanins, through the tonoplast, into the vacuole
(Jiang et al., 2019); and tonoplast secondary transporters like
VWMATEI (anthoMATE) of the multidrug and toxic extrusion
family that use the HT gradient to transport mostly acylated
anthocyanins (Gomez et al., 2009). Also crucial for anthocyanin
stabilization and transport are the glutathione S-transferases,
as the paradigmatic case of grapevines V¥GST4, to promote
anthocyanin S-conjugation with reduced glutathione for
anthocyanin-stabilization purposes (Conn et al., 2008). Several
studies on the role of GSTs in anthocyanin accumulation have
described GSTs as escort/carrier proteins, binding anthocyanins
to form a GST-anthocyanin complex, protecting them from
oxidation and guiding anthocyanins from the cytosolic surface

of the ER to the vacuole for proper storage mediated by tonoplast
transporters such as VWMATEI and VWABCCI (Zhao and Dixon,
2010; Jiang et al, 2019). Our results strongly supported that
anthocyanin transport capacity to the vacuole, where they are
stored in grape berry cells, was also stimulated by miPEP164c
application as the expression of the anthocyanin tonoplast
transporter VWMATEI and anthocyanin carrier protein VvGST4,
was upregulated by this micropeptide. It is not understood
how plants choose between ATP-hydrolysis-dependent or
H+/Na+-gradient dependent mechanisms for transport of
native metabolites or xenobiotics. However, it is believed that
the conjugation ligands, such as glucose or glutathione, play a
key role in the determination of which transport mechanism
will be used (Zhao and Dixon, 2010). However, the expression
of WABCCI was not affected by miPEP164c contrarily to
what would be expected considering the upregulation of
WGST4 expression. This could be due to the presence of
other regulatory proteins affecting the expression of VWwABCCI,
other phenolic substrates that also need to be transported
by this mechanism, the majority of anthocyanins might not
be in the glycosylated form, which is the preferred form
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of anthocyanins of this type of transporter, or simply because
it is competing with the upregulated VWMATE] transporter for
anthocyanins (Francisco et al., 2013).

CONCLUSION

In this study, recurring to a combination of molecular and
biochemical approaches, we revealed that miPEP164c exogenous
application induced a strong up-regulation of genes involved
in anthocyanin synthesis, transport, and accumulation in the
vacuole. Additionally, miPEP164c provoked a downregulation
of PA synthesis (a pathway that directly competes with the
anthocyanin-biosynthetic pathway), due to a decrease in VWLARI
expression levels with a corresponding very significant decrease
in LAR total biochemical activity, accompanied also by a
downregulated ANR biochemical activity.

This upregulation of the anthocyanin biosynthetic route seems
to be an indirect effect of miPEP164c putatively inhibiting
transcription factor MYBPA1l, a known positive regulator
of PA synthesis. Thus, these metabolic alterations triggered
by miPEP164c clearly resulted in higher concentration of
anthocyanins and lower concentration of PAs, due to miR164c-
mediated negative regulation of PA-related transcription factor
VWMYBPAI and, consequently, VWLARI and VVANR, ultimately
leading to PA synthesis inhibition and anthocyanin synthesis
stimulation as these pathways directly compete for substrate, in
a mechanism illustrated in Figure 8.
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National Research Institute of Horticulture, Skierniewice, Poland

Interfering RNA technology has been established as an effective strategy to protect
plants against viral infection. Despite this success, interfering RNA (RNAI) has rarely been
applied due to the regulatory barriers that confront genetically engineered plants and
concerns over possible environmental and health risks posed by non-endogenous small
RNAs. ‘HoneySweet’ was developed as a virus-resistant plum variety that is protected
by an RNAi-mediated process against Sharka disease caused by the plum pox virus.
‘HoneySweet’ has been approved for cultivation in the United States but not in countries
where the plum pox virus is endemic. In this study, we evaluated the long-term efficacy
of virus resistance in ‘HoneySweet,’ the nature and stability of its SRNA profile, and the
potential health risks of consuming ‘HoneySweet’ plums. Graft-challenged ‘HoneySweet’
trees carrying large non-transgenic infected limbs remained virus-free after more than
10 years in the field, and the viral sequences from the non-transgenic infected limbs
showed no evidence of adaptation to the RNAi-based resistance. Small RNA profiling
revealed that transgene-derived sRNA levels were stable across different environments
and, on average, were more than 10 times lower than those present in symptom-less
fruits from virus-infected trees. Comprehensive 90-day mouse feeding studies showed
no adverse health impacts in mice, and there was no evidence for potential siRNA off-
target pathologies predicted by comparisons of the most abundant transgene-derived
sRNAs to the mouse genome. Collectively, the data confirmed that RNAI provides a highly
effective, stable, and safe strategy to combat virus diseases in crop plants.

Keywords: transgene, feeding studies, GM, small RNAs, RNA expression

INTRODUCTION

The recent decision by the European Food Safety Authority (EFSA) to regulate gene-edited crops
has sparked a re-evaluation of past and future advanced breeding strategies for crop improvement.
Strategies to develop virus-resistant crop plants helped to bring about the dawn of genetic
engineering. Virus-resistant papaya and squash were among the first commercialized products
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derived from genetic engineering in the mid-1990s (Gottula
and Fuchs, 2009). These first-generation crops were developed
based on the concept of pathogen-derived resistance (PDR),
which relied on the overexpression of viral coat protein genes
in the plant (Beachy, 1997). It was not until the late 1990s that
RNA interference (RNAi) mechanisms were discovered and later
attributed to the resistance observed in some of these plants (Fire
et al., 1998; Ruiz et al., 1998; Hamilton and Baulcombe, 1999). In
recent years, new RNAi-based crops have been commercialized,
including non-browning potatoes and apples, soybeans with
improved oil content, alfalfa with reduced lignin, and low-
acrylamide frying potatoes (Mat Jalaluddin et al., 2018). In
addition, a slate of insect-resistant crops based on RNAi are
now entering the markets (Zhang et al., 2017). This broader use
of RNAI technology has prompted renewed concerns over its
stability, long-term efficacy, and health and environmental risks.

The possible health effects caused by the consumption of small
RNAs (sRNA) have been raised by the finding that insects are
affected when consuming either plants producing RNAi targeted
to the insect or consuming plants with RNAi applied ectopically
(Zhang et al., 2017). For example, a modified bacterium living
in the guts of bees produced an RNAIi that killed the Varroa
mites that consumed bee fat containing this RNAi (Leonard et al.,
2020). These reports in insects demonstrate that it is possible
to obtain RNAi-targeted effects through consumption, at least
in some insects. A few publications have indicated that plant-
derived sRNAs can downregulate genes in other animals and
humans if sufficient homology exists and that these effects can
lead to potential adverse health impacts (Zhang L. et al., 2012;
Liu et al., 2017). Other researchers have refuted these findings as
spurious (Dickinson et al., 2013; Tosar et al., 2014; Petrick et al.,
2015; Chan and Snow, 2017). Studies such as these have fueled
concerns that more complete information is necessary to confirm
the safety of an RNAi approach (Heinemann et al.,, 2013).

Sharka is a serious disease of stone fruits that includes peaches,
plums, apricots, and cherries. The disease, caused by the plum
pox potyvirus (PPV), is marked by characteristic chlorotic rings
on the leaves and fruits, premature fruit drop, and, in some cases,
tree death. This disease was first recorded in Bulgaria in the early
twentieth century and, since then, has spread throughout Europe
and, more recently, to Asia, Africa, North, and South America,
causing billions of dollars in losses to stone fruit industries
worldwide (Garcia et al., 2014). Natural resistance to the virus
is very limited, with few reports of economically useful levels of
resistance in the stone fruit germplasm (Vilanova et al., 2003;
Hartmann and Neumiiller, 2006; Zuriaga et al., 2013). Currently,
PPV control efforts rely on intense monitoring, the destruction
of infected trees, and the distribution of virus-free propagation
materials, but these efforts have been insuflicient to fully curb the
spread of the disease (Rimbaud et al., 2015).

To combat PPV, the ‘HoneySweet’ plum (Prunus domestica
L.) was developed in the early 1990s through a publicly funded
US-French collaborative effort (Scorza et al., 1994). The original
construct was designed to overexpress the PPV coat protein
(CP) modeled after the papaya ringspot strategy that proved to
be successful and is still in commercial use today (Gonsalves,
1998). Among more than 100 transgenic lines obtained, only

a single PPV-resistant line (initially called C5) was identified
and has since been released under the name ‘HoneySweet’
(Supplementary Figure 1) (Scorza et al., 2016). It was later
discovered that recombination during the T-DNA insertion
process resulted in a hairpin arrangement of the viral CP
gene leading to RNAi-mediated virus resistance (Scorza et al.,
2001). Over the past two decades, ‘HoneySweet’ trees have been
evaluated in permitted field tests in the US, Spain, Poland,
Romania, and the Czech Republic. ‘HoneySweet” has proven to
be a highly productive tree with excellent fruit quality and has
been cleared for cultivation by the United States Department
of Agriculture (USDA), the Environmental Protection Agency
(EPA), and the Food and Drug Administration (FDA).
International efforts are currently underway to obtain Canadian
and European Union approval for ‘HoneySweet’ import and
cultivation (Scorza et al., 2016). To address the possible risks
of sRNAs in RNAi crops, we tested the long-term efficacy of
‘HoneySweet’ resistance in field-grown ‘HoneySweet’ trees and
used sRNA expression profiling on trees grown in different
environments to assess the composition and stability of transgene
sRNAs relative to virus-infected trees. We then used that data
to predict the potential SRNA off-target effects in mice as part
of comprehensive 90-day feeding trials to screen for potential
toxicological effects.

MATERIALS AND METHODS

Germplasm and Locations

Graft-challenged trees: The plant material was collected from an
experimental orchard of ‘HoneySweet’ grafted onto ‘St. Julian’
rootstock and planted in 2002 at a site in Praha, Czech Republic.
The ‘HoneySweet’ grown in the Czech Republic were grown
under the Ministry of Environment of the Czech Republic
GM planting No. The 881/OER/GMO/01, and the field trial
was extended with Ministry Reference Number 41538/ENV/09
issued on September 18, 2009. Eight of these trees were graft-
inoculated in 2002 using PPV strain REC (PPV-REC)-infected
buds of ‘Emma Leppermann.’ Leaves from three differently
treated trees were evaluated: (A) one ‘HoneySweet’ tree with
no virus-infected bud grafted on, (B) the eight ‘HoneySweet’
trees inoculated by PPV-REC using an infected graft of the
cultivar ‘Emma Leppermann, which was removed from four
of those trees after 5 years (in 2011), and C) infected ‘Emma
Leppermann’ that had been grafted to the eight ‘HoneySweet’
trees (Supplementary Data sheet 2). Leaves were collected from
individual trees in each treatment and were frozen at —80°C
unless used immediately.

Multiple location trees: leaves and ripe fruits were collected
from ‘HoneySweet’ in 2011 from two locations in Europe
and one in the US (Supplementary Table 1). Leaves and
ripe fruits were collected from a PPV-susceptible comparator,
‘Stanley, from three locations in Europe and one in the USA
(Supplementary Table 1). Fruit and leaf material were shipped
from Europe under Animal and Plant Health Inspection Service
(APHIS) permit number P526P-11-02618 to APHIS inspection
facilities before being forwarded from APHIS to the USDA,
Kearneysville, West Virginia (WV) where the tissue was frozen
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in liquid N2, lyophilized, and stored at —20°C. Samples from
field-grown trees at USDA Kearneysville were harvested and in
the same manner, frozen, and stored.

All three plum cultivars named are available commercially,
including ‘HoneySweet’  (https://shop.cumminsnursery.com/
shop/plum-trees/honeysweet-plum). Currently, ‘HoneySweet’
has only been approved for growth and cultivation in the
United States. Use in other countries will depend on the policies
of that country.

Quantification Analysis Using qPCR
Total RNA was extracted from the leaves of ‘HoneySweet’ trees
(2005-2017) using Spectrum™ Plant Total RNA Kit (Sigma
Aldrich, St. Louis, MO, USA) using the instructions of the
manufacturer as previously described in Singh and Kundu
(2017). Complementary DNA (cDNA) was synthesized using a
Reverse Transcription System (Promega, Madison, WI, USA).
Quantitative PCR was performed using a real-time system
LightCycler 480 (Roche, Basel, Switzerland). The titer of PPV-
strain D (PPV-D) and PPV-REC was measured using specific
primers for PPV-REC CP (REC-J-F-AATGATATTGATGAT
AGCCTTGAC, REC-J-R—AGCTGGTTGAGTTGTTGCCAC)
(JaroSova et al., 2010) and PPV-D CP (PPV-FD—TCAACG
ACACCCGTACGGGC,  PPV-RR—GGAATGTGGGTGATG
ATGG) (Jarosova et al., 2010) with a melting temperature at
94°C and an annealing temperature at 60°C for 35 cycles. The
PCR products were visualized following electrophoresis on 1.5%
agarose gel and staining by SYBR Safe (Invitrogen, Waltham,
MA, USA). Standards for qPCR were prepared by cloning
the target sequence into the vector pGEM®-T Easy Vector
(Promega) as described earlier (Singh and Kundu, 2017).

RNA Extraction for Sequencing

The small RNA (siRNA) from leaves and fruit (20 ng of
lyophilized material) was extracted using a Norgen plant
microRNA purification kit (Norgen Biotek Corp., Thorold,
Canada; https://norgenbiotek.com/) following the instructions
of the manufacturer. The mRNA from the fruit and leaves was
extracted in the same manner.

RNA Sequence Processing
Graft-Challenged Trees

The production and sequencing of the sRNA libraries from
the graft-challenged tree experiment were carried out by
the Genomics Resources Core Facility (GRCE, Weill Cornell
Medical College; http://corefacilities.weill.cornell.edu/). A total
of 22 sRNA libraries were sequenced on an Illumina HiSeq
2500® (https://emea.illumina.com/) (Illumina, Inc., San Diego,
CA, USA). The sRNA sequences were parsed from FASTAQ
formatted files and adapter trimming, and cleaning of the
reads was carried out using the CLC Genomic Workbench
(Qiagen, Germantown, MD, USA; https://www.qiagen.com) and
Cutadapt (https://cutadapt.readthedocs.io/en/stable/). Quality
control of the reads was performed at each step using FASTQC
implemented in the CLC Genomic Workbench. Peach genome
v2.1 (chromosome 4; chr4: 25507706...258432937) was used to
remove tRNA sequences from the sRNAs (The International

Peach Genome Initiative, 2013). The viral genomic sequences
were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/).
Viral siRNA (vsRNA) reads were mapped to the viral genomic
sequences utilizing the CLC Genomic Workbench. Viral siRNA
expression and abundance were visualized in the form of heat
maps as log2-transformed reads per kilobase million (RPKM)
(for sequencing) and log2-transformed quantitative data (for
qPCR). The data were normalized by calculating Z-scores using
the R-statistical package (Singh et al., 2014). All sSRNA sequences
have been deposited in GenBank, SRA, with the BioProject
ID PRJNA741990.

RNA Sequence Processing Multi-Location

Trees

The mRNA and sRNA RNA-Seq libraries were constructed
and sequenced by the David H. Murdock Research Institution,
Kannapolis, North Carolina using an Illumina GAII sequencer
and paired 75b reads. Sequences were cleaned by the trimming of
adaptor sequences, Ns, and quality scores as determined by the
CLC Genomic Workbench (Qiagen, USA; https://www.qiagen.
com). The RNA reads were then filtered by the peach rRNA
sequence, grape mitochondrial sequence, and peach chloroplast
sequences with the remaining sequences mapped to the peach
genome V1.0 (The International Peach Genome Initiative, 2013).
The remaining sequences were then mapped to either the
transgene sequences of ‘HoneySweet’ or a reconstructed PPV-
D viral genome from the infected ‘Stanley’ in Spain or the
reconstructed PPV-M viral genome from the infected ‘Stanley’
in Bulgaria. The reads relative to the total reads were based on
the number of sequences that mapped to the peach genome after
the filtering process. The mRNA sequences have been deposited
in GenBank, SRA, with the BioProject ID PRJNA741796. The
sRNA sequences have been deposited in GenBank, SRA, with the
BioProject ID PRJNA742049.

Mouse-Feeding Study

All procedures associated with this study were reviewed and
approved by the Institutional Animal Care and Use Committee
(IACUC) at Oklahoma State University (OSU). Four-week-
old CD-1 female (n 75) and male (n = 75) mice were
purchased from Charles River Laboratory. Upon arrival, the
mice were maintained in standard shoebox cages in the OSU
environmentally controlled laboratory animal facility (12-h
light/dark cycle) on a standard chow diet for 5-7 days before
being randomly assigned to either the control or one of the
dried plum treatment groups. The treatment groups were fed
a control diet based on the American Institute of Nutrition
(AIN)-93G diet (control), control-supplemented with 5 or 15%
plum (w/w) from two different varieties, ‘HoneySweet (HS5%
and HS15%) or ‘Stanley’ (ST5% and ST15%). The rationale
for the doses selected is that we estimated that 5% would
represent routine consumption consistent with ~25 g/day for
human consumption and that the 15% would be in line with
heavy consumption or ~75 g/day for humans. Dried plum is,
on average, 9.5¢g (https://fdc.nal.usda.gov/fdc-app.html#/food-
details/168162/nutrients) so the 5% would be 2-3 dried plums
and the 15% would be 7-8. The source of the ‘HoneySweet’
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and Stanley plums used in the study was the Kearneysville,
WYV orchard. The plums were lyophilized and pooled into a
batch for ‘HoneySweet” and a batch for ‘Stanley.” Each batch
was then pulverized into a powder to have a uniform sample
and then shipped to the investigators at OSU labeled as test
products A and B to be incorporated into diets. The diets
were formulated to have the same carbohydrate, fat, protein,
fiber, calcium, and phosphorus contents, respectively (Halloran
et al.,, 2010). Throughout the study, the mice had free access
to food and reverse osmosis (RO) water. Clinical checks were
performed five times per week by study personnel and included
an examination of general appearance, fur, eyes, and animal
behavior or activity. Food intake was documented, and body
weight was recorded weekly.

At the end of the study, the mice were anesthetized
with a ketamine xylazine cocktail (60 mg of ketamine and
6mg of xylazine per kg body weight) and blood samples
were collected from the carotid artery, following a 3-h fast
for clinical chemistries and total white blood cell (WBC)
counts before a blood smear was made for the evaluation
of WBC differentials. The clinical chemistry panel and assays
included the serums alanine aminotransferase (ALT), albumin
(ALB), alkaline phosphatase (ALP), aspartate aminotransferase
(AST), bilirubin (TBIL), blood urea nitrogen (BUN), cholesterol
(CHOL), creatinine (CREAT), glucose (GLU), globulin (GLOB),
total protein, (TP), triglycerides (TRIG), phosphorus (PHOS),
calcium (Ca), sodium (Na), potassium (K), and chloride (Cl).

Organs and tissues were collected immediately after
euthanasia and fixed in 10% neutral buffered formalin. A
broad spectrum of tissues was examined, namely, the brain
(representative regions: cerebrum and cerebellum), eyes, thyroid,
thymus, stomach, small intestine (duodenum, jejunum, and
ilium), pancreas, colon, rectum, liver, kidneys, adrenal glands,
spleen, heart, aorta, trachea, lungs, gonads (testes and ovaries),
uterus, vagina, female mammary glands, urinary bladder, lymph
nodes, bone, and bone marrow. All tissues were processed by
the OSU Pathology Laboratories in the College of Veterinary
Medicine and scored based on a 0-3 scale with 0 = no
apparent abnormalities, 1 = mild abnormality, 2 = moderate
abnormalities, or 3 = severe abnormalities. The most common
noted abnormalities were mild inflammation, which is not
uncommon in mouse colonies.

The primary outcomes of this study focused on the gross
and microscopic pathology of tissues, clinical chemistry, and
WBC results. All statistical analyses performed on the data
from the animal study utilized SAS Version 9.3 (SAS Institute,
NC). For continuous variables such as body weight, blood
clinical chemistries, and WBC, the effects of the treatments were
compared using ANOVA and Fisher’ least significant difference
(LSD) post-hoc analyses. For categorical data such as pathology
scoring and abnormal clinical chemistries, the differences in the
frequency of scores were determined using the chi-square and a
= 0.05 for all statistical analyses. All the investigators associated
with the animal study were blinded to the treatments throughout
the course of the study and data analyses. Only after a final report
was generated was the code for the two different cultivars of
plum revealed.

sRNA Homologies to Mouse

The most abundant 2,834 sRNAs related to the transgenic
CP sequence in ‘HoneySweet” were used to find homologies
to mouse, Mus musculus, transcripts using the Basic Local
Alignment Search Tool (BLAST) and sequence database at NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Matches with two or
fewer mismatches and one or fewer gaps were considered
significant matches.

RESULTS

Efficacy of RNAi Under Intensive

Long-Term Infection Pressure
Graft-Challenged Trees

A field trial consisting of nine ‘HoneySweet’ trees that were
planted in the Czech Republic (Poldk et al., 2017) was used
to evaluate RNAI efficacy under long-term continual infection
pressure. Eight ‘HoneySweet’ trees were inoculated with the
PPV-REC via bud grafts from a susceptible plum variety,
‘Emma Leppermann, in 2002. The PPV-infected, non-transgenic
grafts were allowed to grow out, producing large infected
and symptomatic limbs (Supplementary Figure 2). In 2011, the
infected grafts were removed from four of the trees, and all
the trees were monitored for PPV infection and symptoms
until 2017. The PPV-REC levels of these eight trees and a
control ‘HoneySweet’ tree (not graft-challenged) were assayed
by qPCR annually for 10 years in leaf tissue from ‘HoneySweet’
and the infected ‘Emma Leppermann’ graft tissue (Figure 1A).
As a result, PPV-REC was detected only in the grafted non-
transgenic ‘Emma Leppermann’ that had been initially infected.
The PPV-D CP transgene expression was detectable in all
the ‘HoneySweet” trees and none of the ‘Emma Leppermann’
grafts (Figure 1B). The results show that, even under intense
infection pressure from grafted infected limbs, the ‘HoneySweet’
trees remained virus-free after over a decade of continuous
virus exposure.

Naturally Infected Tree Multilocation

‘HoneySweet’ leaf and ripe fruit tissue samples were collected
from mature trees in field test plots located in Spain, the
Czech Republic, and from the United States where there was
no possibility of PPV exposure. Samples of ‘Stanley’ were
collected at the same or similar sites as a comparator. ‘Stanley’
is highly susceptible to PPV but is grown commercially in
Europe as it displays few symptoms in infected fruit. Among
the 10 ‘Stanley’ trees sampled, 2 ‘Stanley’ trees from Spain were
found to be infected with the PPV-D strain while 2 ‘Stanley’
trees from Bulgaria had been infected with the PPV-M strain
based on positive ELISA results (data not shown). The reads
quantified from RNA-Seq and sRNA-Seq were also found to
be matching their respective PPV strain genomes (Figure 1C;
Supplementary Table 2). After over 8 years of exposure to
endemic PPV in Spain and the Czech Republic, none of the
‘HoneySweet’ trees had detectable PPV. The levels of virus
and transgene RNA relative to total mRNAs are shown in
Figure 1C and Supplementary Table 2. The amount of transgene
CP mRNA was less than 1/100 of the amount of natural virus
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FIGURE 1 | The presence or absence of PPV and expression of the transgenes in ‘HoneySweet’ and comparators, PPV-REC-infected ‘Emma Leppermann’ and
‘Stanley’ infected or not was determined by qPCR analyses for the graft-challenged material and using RNA-Seq studies for the multi-location trial. Heatmaps (A, B)
showing the relative abundance of CP RNA in ‘HoneySweet’ trees and grafted and artificially infected ‘Emma Leppermann’ limbs. ‘HoneySweet’ contains a CP
transgene derived from the PPV-D serotype and ‘Emma Lepperman’ was infected with a PPV-REC serotype (originating from Bulgarian). (A) Leaves from eight
‘HoneySweet’ trees and their associated grafts (infected ‘Emma Leppermann’) were sampled together with a control ‘HoneySweet’ tree with no graft, for the presence
of CP RNA from PPV-REC each year using gPCR with serotype-specific primers, REC-J-F and REC-J-R. (B) Transgene PPV-D was quantified in the same eight
‘HoneySweet’ trees and associated grafts in four of the trees and the control ‘HoneySweet” with no graft, for 1 year utilizing serotype-specific primers, PPV-FD and
PPV-RR. Heatmaps were drawn from log-transformed (log2) using the ggplots package of the R-statistical software. Color key represents the scale distribution of the
expression/abundance. The PPV-REC CP RNA was only detected in ‘Emma Leppermann’ and the PPV-D CP RNA was only detected in ‘HoneySweet’ leaves. (C)
Amount of RNA homologous to the transgenes contained in ‘HoneySweet’ and the PPV genome, as a percentage of the total reads that map to the peach genome
with those related to rRNA, mitochondrial genome, and chloroplast genome. Only the infected ‘Stanley’ tissue has a significant % reads mapping to PPV with a larger
proportion found in fruit tissue.

CP RNA in the infected ‘Stanley’ trees. Interestingly, the amount
of viral RNA was ~two-fold higher in fruit than in the leaves

transgenes reflected the same profile trends as the mRNAs
(Supplementary Table 2).

of the naturally infected ‘Stanley’ trees even though leaves
expressed symptoms of PPV infection while fruits generally
did not. For ‘HoneySweet, there were approximately equal
amounts of CP transgene RNA in leaves and fruit relative
to total mRNA. The levels of sRNAs related to PPV and

In summary, we found that the transmission of PPV to
‘HoneySweet’ was not detected after more than 8 years in the
field, and the relative levels of transgene RNA were considerably
less than that of viral CP RNA found in the infected, susceptible
‘Stanley’ trees.

Frontiers in Plant Science | www.frontiersin.org

1

October 2021 | Volume 12 | Article 726881


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Singh et al.

RNAI Virus Resistance in ‘HoneySweet’

sRNA Profiling of Transgene

Size Distribution of SRNA

Total sRNAs sequenced for the graft-challenged
‘HoneySweet, the infected graft material ‘Emma Leppermann,
and the multiple locations ‘HoneySweet’ and ‘Stanley’ samples.
The RNAs that had homology to the CP transgene and the whole
PPV sequence were sorted by size. The most striking differences
were in the higher amount of 22 nt RNAs in infected ‘Stanley’
and the higher amount of 24 nt RNAs in ‘HoneySweet.” All
the ‘HoneySweet’ samples had similar proportions of sRNA
by size, namely, 21 nt sRNAs (50-70% total), >22 nt sRNAs
(20-30% total), >24 nt sSRNAs (5-15% total), and the negligible
detections of other sizes (Supplementary Figure 3). There were
no differences between trees exposed and unexposed to PPV
(Supplementary Figure 3). There was a small difference in the
distribution between ‘HoneySweet’ leaves and fruits, in that fruit
had an average of 23% of sRNAs in the 24-nt class while leaf
had ~9%. No significant differences were observed between the
fruits and leaves in infected ‘Stanley’ trees. Likewise, the infected
graft material, ‘Emma Leppermann, had similar amounts of
21 nt sRNAs, somewhat higher levels of 22 ng sRNAs, and
negligible amounts of the other species including 24 nt sSRNAs
(Supplementary Figure 3).

were

Abundance of the Transgene- and Viral-Related
sRNAs

To assess the potential risks posed by sRNAs, specific
species of sSRNAs that matched transgene sequences and viral
sequences were quantified. In the graft-challenged ‘HoneySweet,
the sRNAs in both the ‘HoneySweet and PPV-infected
‘Emma Leppermann’ were tabulated including the sRNA
related to each transgene (CP, UIDA, NPT, and BLA) and
each gene of PPV-REC (Figure2). The levels of sRNA
derived from the CP transgene in ‘HoneySweet were generally
lower than those homologous to the CP from the PPV-
REC in infected ‘Emma Leppermann’ leaves based on total
read counts (Figure?2; Supplementary Data Sheet1: Graft
Challenged). In the case of the ‘HoneySweet’ and ‘Stanley’ from
different locations, a similar pattern was observed in that viral
RNAs were found in the infected ‘Stanley’ leaves and, to a
greater extent, in fruits. Also, similar to the graft-challenged
experiment, there were more CP-related sRNAs in trees that
were exposed to PPV yet had no detectable virus RNA (Figure 2;
Supplementary Data Sheet 2: Multi-location).

Consistency of sRNA Profiles

The eight individual trees that were graft-challenged in the Czech
Republic along with the multiple-environment tree planting
allowed us to look at the variation of CP sRNA in ‘HoneySweet’
trees under different cultivation practices, soils, and climates
(Supplementary Data Sheet 3, ANOVA analyses). While there
was variation among trees at the same location, there was only
a statistically significant variation in the CP sRNA between fruit
and leaf tissues and between ‘HoneySweet’ fruit grown in the US
over different years and fruit grown at two locations in Europe
for 1 year.

Relative Abundance of Transgene sRNAs

We noted that the relative abundance of individual sSRNA species
derived from the CP transgene in ‘HoneySweet” was significantly
lower than many of the endogenous sRNAs. When ranked by
expression level, the most abundant CP-specific SRNA species
ranked 11,007 out of all identified sSRNAs with chloroplast-
, ribosomal-, and miRNA-related species from 10 to 100-fold
higher levels of expression (data not shown). This suggests that
the 35S hairpin cassette present in the ‘HoneySweet’ genome does
not produce high levels of sSRNA in leaves or fruits relative to
native SRNA species.

Movement of Transgene and Viral sSRNAs Between
‘HoneySweet’ and Grafted PPV-Infected ‘Emma
Leppermann’

We were able to assess if the virus and/or virus sRNAs
moved from the infected graft into ‘HoneySweet’ or if
transgene-derived sSRNAs moved into the infected graft because
of the sequence differences between the transgenes and
PPV-REC (Supplementary Data Sheet 1). Leaf samples were
collected from ‘HoneySweet both close to the graft site
(lower) and further from the graft site in the upper portion
of the tree to consider potential limited distance mobility
(Supplementary Figure 2). Samples were also collected from the
grafted ‘Emma Leppermann.” No statistically significant levels
of transgene-specific SRNA were found in ‘Emma Leppermann’
and little to no viral sRNAs were found in ‘HoneySweet.’
Furthermore, no significant differences were detected between
the samples taken below or above the graft union (Figure 2;
Supplementary Data Sheet 1). Thus, no evidence of sRNA
translocation from ‘HoneySweet' into the infected ‘Emma
Leppermann’ graft was found. The presence of low levels of
viral sSRNA in ‘HoneySweet’ could represent either translocated
sRNAs or a consequence of the action of RNAi machinery on the
infecting virus.

Lack of Transgene-Induced Selection

Pressure on Virus Populations

We assessed whether there was any evidence of evolutionary
pressure or adaptive evolution imposed by the ‘HoneySweet’
RNAi mechanism on PPV-REC present in the grafted ‘Emma
Leppermann’ tissues. We reconstructed the PPV-REC genomic
sequences from each infected tree by assembling the viral SRNA
reads against the PPV-REC reference genome and identified
the nucleotide variants present in each sample. The full list of
synonymous and non-synonymous nucleotide variants is given
in Supplementary Data Sheet 4. We observed a total of 131
unique single nucleotide polymorphisms (SNPs) in all samples
(30-50 per sample) that were distributed throughout the PPV-
REC genome (Figure 3A). The SNPs at 21 positions of the viral
genome were present in more than one sample and, in all but
two cases, the substitutions were the same. The SNPs showed a
non-even distribution across the genome but relatively very few
within the CP open reading frame (ORF), which is targeted by
the ‘HoneySweet’ transgene.
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FIGURE 2 | Heatmap of the abundance of sRNAs with homologies to transgenes and PPV viral genes. The number of SRNA reads that matched transgenes (CP-D,
GUS, NPTII, BLA) or PPV genes (CP-REC or CP-M, 3/UTR_1, P1, HC-PRO, P3, 6K1, Cl, 6K2, Nla-VPG, Nla-PRO, Nib, 3/UTR_2) were tabulated and standardized by
amounts per 1 million total sSRNA reads. The higher the rate of reads, the more red, and fewer, including no reads, the more blue. The actual number of reads per
million is included in each box. The values are an average of the trees under each category. The first set represents the graft-introduced PPV-REC. The six categories
are HS control (uninfected ‘HoneySweet,” one tree), E. Leppermann (‘Emma Leppermann’ infected grafts, four trees), HS below inoculum (‘HoneySweet,” four trees
where leaves were collected below the infected graft), HS above inoculum (‘HoneySweet,” four trees where leaves were collected above the infected graft), HS below
removed inoculum (‘HoneySweet,” four trees where leaves were collected below where the infected graft had been), and HS above removed inoculum (‘HoneySweet,’
four trees where leaves were collected above where the infected graft had been). The second group is the multi-location ‘HoneySweet’ and ‘Stanley’ (infected and
not). The 10 categories are US HS (‘HoneySweet,’ three trees with no PPV exposure), US Stanley (‘Stanley,” 3 trees with no PPV exposure), Spain Stanley (‘Stanley,’
two trees, positive for PPV-D infection), Bulgaria Stanley (‘Stanley,” two trees positive for PPV-M infection), and EU HS (‘HoneySweet’ from Spain and the Czech
Repubilic, five trees). Both leaf material and fruit material were analyzed for the related species of SRNA. The map points out that in the graft-challenged experiment,
basically only the initially infected ‘Emma Leppermann’ grafts contained sRNAs related to the virus and in the multi-location experiment, the infected ‘Stanley,” both
leaf and fruit were the only ones that had sRNAs related to the virus. In both experiments, ‘HoneySweet’ had sRNAs related to the transgenes, primarily CP and GUS.

Non-uniform Distribution of sRNA

Produced From the Transgene

We examined the production of sRNA along with the CP in
both ‘HoneySweet’ and virus-infected ‘Stanley’ and also found
it to be non-uniform, consisting of “hotspots” where most of
the identified sRNA species were derived. This was the case
for US-grown ‘HoneySweet, European-grown ‘HoneySweet; and
infected ‘Stanley’ (Figure 3B). There appeared to be islands
of sequences that have different sized sSRNAs overlapping in
sequence. Interestingly, the sSRNA species within the hotspots
were highly variable among different samples, tissues, and virus
strains, suggesting that they were not due to a sequence-specific

sRNA ligation bias during the library preparation, but instead
represent regions producing higher sRNA levels (Figure 3B,
Supplementary Table 3).

Dose-Dependent Effects of ‘HoneySweet’
Plum Consumption and General Clinical
Signs in Mice

Weight Gain in Response to Diets Containing Plum
To assess the potential health impacts of ‘HoneySweet’” sSRNA
consumption, we performed a comprehensive 90-day feeding
study in outbred CD-1 mice. The experimental design included
both male and female mice, two doses of ‘HoneySweet’ plum
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FIGURE 3 | Distribution of mutations in the PPV-REC genome after 10 years of exposure and the distribution of sSRNAs related to the CP gene after 9 years of growth.
(A) Sequence variation of the viral PPV-REC genome found in four different grafts of ‘Emma Lepperman’ on ‘HoneySweet’ for over 10 years. Variant analysis was
performed by aligning viral sSRNA reads (vsRNA) to the whole genome of PPV-REC strain of PPV including 5" and 3’ UTRs. Genes and their positions on the genome
are marked on the top with a green bar while variants are marked with blue bars for the individual tree. (B) Fruit SRNAs were mapped to the PPV-CP and promoter
sequence of the transgene in ‘HoneySweet’ or the PPV CP in ‘Stanley.” Each block represents the sRNAs from European-grown ‘HoneySweet’ (HS EU),

United States-grown ‘HoneySweet’ (HS US), and ‘Stanley’ naturally infected by PPV. Each color represents a different length of sRNA (yellow-20 nt, red-21 nt,
green-22 nt, black-23 nt, blue-24 nt, gray-25 nt). Dots above the bar represent the number of positive-strand sSRNAs and those below represent the number of
negative strand sRNAs. There are several regions of sequence that have larger numbers of related sRNAs, so-called hotspots. These can be seen in all three
conditions, including the naturally infected ‘Stanley,” and are indicated by an arrow at the bottom of the figure.

(HS5% or HS15% of diet) along with two doses of non-transgenic ~ control diet (CD) lacking plum. The body weights of all mice
uninfected ‘Stanley’ fruit (ST5% or ST15%), and an AIN-93  were recorded on a weekly basis, and no effects of either ‘Stanley’
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FIGURE 4 | Comparison of weight gain of mice fed either transgenic
‘HoneySweet’ dried fruit, ‘Stanley’ dried fruit or a control diet. (A) Body weight
of male (n = 75), CD-1 mice. (B) Body weight of female (n = 75), CD-1 mice.
No significant differences were observed in body weight across the 90-day
study duration. Error bars reflect SE. Control = standard mouse diet; ST5,
standard mouse diet with 5% by weight ‘Stanley’ dried plum included; ST15,
standard mouse diet with 15% by weight ‘Stanley’ dried plum included; HS5,
standard mouse diet with 5% by weight ‘HoneySweet’ dried plum included,
and ST15, standard mouse diet with 15% by weight ‘HoneySweet’ dried plum
included.

or ‘HoneySweet’ plum consumption at either dose were observed
in either the male (Figure 4A) or female (Figure 4B) mice at any
time point throughout the 90-day study period. Likewise, neither
change in body weight nor percent change in body weight were
affected by the sample type or the dose over the study period (data
not shown). Food intake was recorded throughout the study,
and no differences in food intake were documented between
treatment groups in either gender nor were any noticeable
clinical alterations in animal behavior observed in terms of
grooming and physical activity (data not shown).

Effects of Consumption of Plum on White Blood
Cells, Clinical Chemistries, and Pathology

To assess the general physiological functions in the mice,
blood chemistries were performed on sera collected at the end
of the study. Of the analytes assessed, only the triglycerides,
total protein, and BUN revealed significant differences between
treatment groups, but only in the male cohort (Table 1). The
‘Stanley’ plum 15% dose (ST15%) exhibited the greatest increase
in serum triglycerides compared to the CD and ST5% groups.
Triglycerides were also elevated in the HS15% and HS5% groups,
but no dose-dependent effects were observed. Serum total protein

was reduced in the HS5% group compared with the controls,
but all values remained within the normal range. Likewise,
differences existed between groups in terms of BUN, with the
groups consuming ST5%, HS5%, and HS15% exhibiting a lower
serum BUN compared with the CD group. However, all values
were within the normal range. Within the female cohort of mice,
no alterations in any blood chemistries were observed in response
to the ‘HoneySweet’ plum or ‘Stanley’ plum and all values were
within the normal limits (Supplementary Table 4).

Total WBC counts and differentials were assessed as
general indicators of the immune response to plum. In
the male animals, there were no differences in total WBC,
mean percent or absolute neutrophils, monocytes, eosinophils,
and basophils counts (Supplementary Table 5). Statistically
significant differences were detected in the percent lymphocytes
between the two cultivars of plum at the 5% dose (ie.,
ST5% and HS5%) and the percent of lymphocytes in the
HS5% was significantly higher than the CD group, but
they were still within the normal range of values. Among
the female cohort, the percent neutrophils were lower in
the ST5% and ST15% treatment groups compared with the
HS15% group, but again, total WBC and the percent and
absolute differential counts were within the normal range
(Supplementary Table 6). These findings indicate that no
negative effects of plum on circulating leukocyte populations
were detected.

An evaluation of the 38 different organs and tissues
commonly evaluated in toxicology studies was performed
representing all major physiological systems. The team of
pathologists performing the evaluations were blinded to
treatments throughout the course of reading and scoring the
slides. In the male cohort, there were no differences between
the groups in terms of the pathology scores for any of the
organs and tissues assessed, indicating no negative effects of
the ‘HoneySweet’ plum at either dose (Table 2). Mild salivary
gland sialadenitis and the peripelvic nephritis of the kidney
were noted in all groups including the CD mice, but there
were no specific effects associated with ‘HoneySweet' plum
consumption. For the female cohort, similar observations
were made with no apparent differences in pathology scores
among any of the groups, including the HS5% and HS15%
groups (Supplementary Table 7). The female animals exhibited
a similar mild inflammation within the salivary glands and
kidneys, but there was also a mild hepatic inflammation and
vacuolation within the adrenal glands that was present to
some degree in all groups. In summary, these data show
that no detrimental effects of ‘HoneySweet’ plum consumption
were detected.

Potential for Animal Off-Targeting by
‘HoneySweet’ sRNA Species

To predict the potential off-target effects of the most
abundant sRNA species, we BLAST-searched individual
sRNA sequences (most abundant 240 sRNAs) related to
the transgenes in ‘HoneySweet against the mouse genome
(Table 3; Supplementary Data Sheet 5). Among the mouse
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TABLE 1 | ‘HoneySweet’ study blood chemistry for males.

Parameter Control ST 5% ST 15%?2 HS 5%32 HS 15%* P value Normal range®
Chol® (mg/dL) 142.64 £ 9.53 147.09 £+ 4.62 162.50 + 7.34 149.83 + 9.90 146.00 + 8.12 0.4778 -
TRIG (mg/dL) 113.82 4 9.24°d 127.18 4 10.42 167.08 + 14.132 154.83 + 14.852° 150.25 + 13.62%¢ 0.0351 -
ALT (UL 27.42 £5.30 45.82 + 13.46 74.67 £ 51.52 40.92 £6.13 38.50 +£ 6.74 0.7177 17-77
AST (UL 86.75 + 18.31 104.64 £ 21.63 103.08 £+ 33.78 114.67 £ 23.15 86.75 + 8.66 0.8813 54-298
GLU (mg/dL) 276.45 + 24.24 228.45 + 25.42 256.83 + 30.71 194.33 £+ 16.50 220.67 + 30.93 0.2193 62-300
PHOS (mg/dL) 9.36 + 0.39 9.94+£0.6 10.56 + 1.02 10.82 £ 1.562 8.12 +0.25 0.2427 5.7-9.2
Ca (mg/dL) 9.08 + 0.11 9.06 £ 0.12 9.31 £ 0.05 8.99 + 0.11 8.97 + 0.06 0.0893 7.1-10.1
TBIL (mg/dL) 0.24 £ 0.03 0.20 + 0.01 0.20 + 0.01 0.18 £ 0.01 0.20 £ 0.02 0.2464 0-0.9
TP (g/dL) 4.60 + 0.067° 4.58 + 0.080¢¢ 4.64 + 0.03% 4.41 + 0.05¢ 4.43 + 0.10% 0.0470 3.5-7.2
ALB (g/dL) 2.57 £0.10 2.62 £0.07 2.69 £ 0.08 2.39 +£0.08 2.48 +0.08 0.1080 2.5-3.0
GLOB (g/dL) 1.94 £ 0.05 1.97 £ 0.08 1.89 £ 0.08 1.90 £ 0.04 1.86 £ 0.05 0.3713 1.0-4.2
AG ratio 1.39 £ 0.04 1.37 £ 0.08 1.46 £ 0.04 1.33 £ 0.04 1.36 £ 0.04 0.2695 -
BUN (ng/dL) 26.64 + 1.712 19.91 + 1.01b¢ 25.08 + 0.65° 17.25 + 0.46° 21.00 + 1.40P 0.0001 8-33
CREAT (mg/dL) 0.22 + 0.01 0.21 £ 0.01 0.20 + 0.00 0.20 + 0.00 0.20 + 0.00 0.2833 0.2-0.9
Na (mEg/L) 144.82 £ 0.48 145.90 £ 0.84 145.18 £ 1.08 144.10 £ 0.62 145.82 £ 0.92 0.5359 140-160
K (mEa/L) 5.22+0.21 5.06 +0.12 5.05+0.12 5.98 + 1.04 4.67 £0.17 0.3836 5-7.5
CL (mEg/L) 110.27 £ 0.56 110.70 £ 0.94 110.09 £ 1.14 109.40 £+ 1.18 110.91 £ 0.55 0.7986 88-110
Na/K 28.21 £ 113 28.00 £ 0.72 28.90 £ 0.78 2747 £2.28 31.65 + 1.27 0.2381 -

Treatments were compared using an ANOVA and Fisher's least significant difference (LSD).
Only three measurements had a p-value of 0.05 or lower and these are highlighted in bold.

Those values are then grouped as statistically different classes by the small superscript letters, abcde. Where classes overlap, they have two or more letters.

TStanley’ was added at 5% of the total weight of the diet.
2'HoneySweet’ was added at 5% of the total weight of the diet.
3Stanley’ was added at 15% of the total weight of the diet.
4‘HoneySweet’ was added at 5% of the total weight of the diet.

5\Where known, the normal range of components found in the blood. Where blank, there is no consensus level.
SALT, alanine aminotransferase; ALB, albumin; ALP, alkaline phosphatase; AST, aspartate aminotransferase; TBIL, bilirubin; BUN, blood urea nitrogen; CHOL, cholesterol; CREAT,
creatinine; GLU, glucose; GLOB, globulin; TR, total protein; TRIG, triglycerides; PHOS, phosphorus; Ca, calcium; Na, sodium; K, potassium; Cl, chloride.

genes identified as potential matches were myoferlin (Myof),
5’nucleotidase ecto (Nt5e), and low-density lipoprotein receptor-
related protein 6 (Lrp6). In particular, Myof encodes for a
member of the ferlin family of proteins, which functions in
muscle tubules and has been implicated in myoblast fusions
within muscle tissue (Davis et al., 2002). Mice were deficient
in this protein exhibit defects in muscle regeneration and
angiogenesis. The Nt5e gene, also known as CD73, encodes
for the membrane-bound nucleotidase, which hydrolyzes
extracellular nucleoside monophosphates. Mice that lack this
protein exhibit the calcification of joints and arteries, and
alterations in the dendritic cell infiltration in tissues (Rashdan
et al.,, 2016). Furthermore, Lrp6 encoded protein functions as the
receptor or in conjunction with frizzled as a co-receptor for Wnt,
thereby activating the canonical Wnt/beta-catenin signaling
pathway (He et al, 2004). Through the Wnt/beta-catenin
signaling cascade, this gene is involved in the regulation of
cell differentiation, proliferation, and migration. Mutations in
Lrp6 have been associated with diseases such as Alzheimer’s,
cancer, and osteoporosis (van Meurs et al., 2008; Liu et al,
2010, 2014). Potential pathologies associated with the altered
expression of the off-target genes MYOF, NT5E, or LRP6
were also assessed. No evidence of muscle dysfunction or
histological anomalies was reported in the skeletal muscles
of any of the animals in the study. Likewise, there were no

alterations in lesions consistent with Alzheimer’s in brain
tissue sections, and no increased incidence of neoplasm
or abnormal bone phenotypes were noted in any of the
pathological reports.

DISCUSSION

The recent decision by the EU to regulate gene-edited crops
has prompted a renewed urgency to provide sound evidence to
support science-based regulatory decisions. Interfering RNA is
one of the oldest biotechnology strategies in crops available and
has a long track record of successful use. In this study, we carried
out a comprehensive, field-based study to assess the stability,
efficacy, and risks associated with RNAi technology.

Stable Resistance and sRNA Populations

in ‘HoneySweet’

‘HoneySweet’ trees subject to intense virus infection pressure
via grafted limbs remained virus-free even after more than
a decade of virus exposure (Figurel). The sRNA profiles
of both inoculated and uninoculated ‘HoneySweet’ trees were
relatively constant even when the graft inoculum was removed
(Supplementary Data Sheet 1: Individual Tree sRNAs Graft
Challenged). While the levels of CP derived sRNA from
‘HoneySweet’ were only slightly lower than that derived from
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TABLE 2 | The pathology report for male mice fed normal mouse chow or chow supplemented with either ‘Stanley’ plum at 5 and 15% or ‘HoneySweet’ plum at 5 and

15%.

Tissue Control ST25% ST15% HSP5% HS15% Chi Sq (P value)
Heart 0/12° (0%) 0/12 (0%) 1/12 (8.3%) 0/12 (0%) 0/12 (0%) 0.397
Aorta 0/12 (0%) 0/11 (0/5) 1/12 (8.3%) 0/11 (0/5) 0/11 (0/5) 0.431
Lung 1/12 (8.3%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0.397
Trachea 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/8 (0%) 0/12 (0%) -
Thyroid 0/7 (0%) 2/10 (20%) 0/10 (0%) 0/5 (0%) 0/8 (0%) 0177
Thymus 0/11 (0/5) 0/12 (0%) 0/12 (0%) 0/11 (0/5) 0/10 (0%) -
Lymph node 0/10 (0%) 0/7 (0%) 0/10 (0%) 0/9 (0%) 0/11 (0/5) -
Bone 0/12 (0%) 1/12 (8.3%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0.397
Bone marrow 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Skeletal muscle 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Cerebrum-Gray 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Cerebrum-White 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Cerebellum 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Meninges 1 and 2 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
spinal Cord 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Peripheral Nerve 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Eye-LENS 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/11 (0/5) -
Eye-UVEA 0/12 (0%) 0/12 (0%) 0/11 (0/5) 0/12 (0%) 0/12 (0%) -
Eye-Retina 0/12 (0%) 0/12 (0%) 0/10 (0%) 0/11 (0/5) 0/12 (0%) -
Eye-Cornea 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Testis 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Acc. Sex Gland 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Skin 2/12 (16.7%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0.082
Liver 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Kidney? 3/12 (25%) 1/12 (8.3%) 2/12 (16.7%) 3/11 (27.3%) 3/12 (25%) 0.77
Urinary bladder 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Spleen 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Salivary glands® 3/12 (25%) 1/12 (8.3%) 3/12 (25%) 1/12 (8.3%) 2/12 (16.7%) 0.581
Esophagus 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Stomach 1/12 (8.3%) 1/12 (8.3%) 2/12 (16.7%) 1/12 (8.3%) 2/12 (16.7%) 0.914
Pancreas 0/12 (0%) 0/12 (0%) 0/12 (0%) 1/12 (8.3%) 1/12 (8.3%) 0.541
Duodenum 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Jejunum 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
lleum 0/12 (0%) 1/12 (8.3%) 1/12 (8.3%) 0/12 (0%) 0/12 (0%) 0.541
Cecum 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Colon 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Rectum 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%) -
Adrenal glands 0/11 (0/5) 0/9 (0%) 0/12 (0%) 0/11 (0/5) 0/10 (0%) -

There were no negative effects seen that could be attributed to the presence of the ‘HoneySweet’ plum.

agT, ‘Stanley.’

bHS, ‘HoneySweet.’

¢Data presented as the number of animals with any abnormal pathology per tissue read.
dSa//‘vary glands have mild sialadenitis.

eKidneys have mild peripelvic nephritis.

the CP of virus-infected leaf material in susceptible control
trees, overall levels of viral SRNA were nearly 25-fold higher in
PPV infected controls, thereby spanning the entire PPV genome
(Supplementary Data Sheet 2: Individual sRNAs for Multi-
location; Supplementary Table 2, Figure 3B). The composition

of the sRNA derived from transgene CP and viral CP were
similar with the exception of an increase in the 24-nt sRNA
species in ‘HoneySweet' and a higher proportion of 22-nt
species in virus-infected controls (Supplementary Figure 3).
Surprisingly, the overlapping regions of the CP ORF produced
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TABLE 3 | PPV-CP sRNAs best match Mus musculus.

Raw Normalized TPM Match Bases
Rank® Reads® HSF® STF¢ HSL® STL" Length Accession# Matched Gap Start Stop Identity
AGAGGACACAGAGAGACACACC 17 1219 22.43 9.45 26.81 - 22 gi|315075272| 20 1 1 20 Low density lipoprotein
receptor-related protein
6 Lrp6
ref[NM_008514.4|
AGAGGACACAGAGAGACACAC 27 799 17.15 - 18.47 - 21 gil315075272 20 1 1 20 Low density lipoprotein
receptor-related protein
6 Lrp6
[refNM_008514.4|
AGGGGAGTGTAGTGGTCTCGG 89 293 3.06 0.89 8.77 - 21 gi|153791795| 19 1 3 21 Myoferlin Myof
ref[NM_001099634.1|
GGGGAGTGTAGTGGTCTCGGT 149 170 6.65 1.52 1.05 - 21 gil153791795 20 1 2 21 Myoferlin Myof
[ref[NM_001099634.1]|
AGGGGAGTGTAGTGGTCTCGGT 150 169 1.37 - 5.57 - 22 gi|153791795| 20 1 3 22 Myoferlin Myof
ref[NM_001099634.1|
GGTGTGTCTCTCTGTGTCCT 211 103 4.27 1.07 0.39 - 20 gi|284004882| 18 0 1 18 Tripartite
motif-containing 66
Trim66
ref[NM_001170913.1|
GGTGTGTCTCTCTGTGTCCT 211 103 4.27 1.07 0.39 - 20 gil284004880 18 0 1 18 Tripartite
motif-containing 66
Trim66 variant 1
refNM_001170912.1]
GGTGTGTCTCTCTGTGTCCT 211 103 4.27 1.07 0.39 - 20 0i|284004878| 18 0 1 18 Tripartite
motif-containing 66
Trim66 variant 2
ref[NM_181853.4|
TAAAAATCAAAGGCATATCTG 139 187 0.63 1.96 5.96 - 21 gi|118130656|ref[NM_029775.2| 19 0 3 21 DCN1 defective in cullin
neddylation 1 domain
containing 5 Dcun1d5
AGAGCTCCGCAGTCTTGTTT 184 129 - 5.08 2.81 - 20 gi|158341626| 18 1 1 18 Phospholipase B
domain containing 2
(Plbd2)
ref[NM_023625.4]
AAATGACTTCAACGACACCCG 193 119 0.90 0.98 3.55 - 21 gi|22208851| 19 1 1 19 Olfactory receptor142
OOiIfr142
ref[NM_146984.1|
GCAACCTGACAGACTACAGCC 223 93 0.63 2.05 2.26 - 21 gil118150646| 19 1 1 19 RNAexonuclease 1

ref[NM_025852.3|

homolog
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TABLE 3 | Continued

Normalized TPM Match
Rank?® Reads® HSF° STF¢ HSL® STL Length Accession# Matched Stop Identity
GTTCCATTCTCTATGCACCAA 114 227 0.42 - 8.53 - 21 gi[142349713| 19 20 Member RAS
oncogene RAB9B
refINM_176971.2|
CTTTTAGACAAATTATGGCAC 155 161 - 2.85 5.03 - 21 gil256985127] 19 20 CCR-4-NOT
transcription complex,
subunit4 (Cnot4)
variant 3
ref[NM_001164411.1|
C AGACAAATTATGGCAC 155 161 - 2.85 5.03 - 21 gi|256985125| 19 20 CCR-4-NOT
transcription complex,
subunit4 (Cnot4)
variant 2
ref[NM_016877.4|
CATTTCTCAATGCTGCTGCCT 225 92 - - 3.58 - 21 gi|291045287| 19 19 5/ nucleotidase ecto
(Nt5e)
ref[NM_011851.4]
CATTTCTCAATGCTGCTGCCT 225 92 - - 3.58 - 21 gi|141802310| 19 19 Coiled-coil domain

ref[NM_201362.2|

containing 68 Ccdc68

The most abundant CP-specific SRNAs were matched to all cDNA sequences from the mice to determine if there were significant homologies.

@Rank ordered by most abundant sRNA related to CP

b Total reads for 16 ‘HoneySweet’ libraries.

¢‘HoneySweet’ fruit.
d‘Stanley’ fruit.
€ ‘HoneySweet’ leaf
"Stanley’ leaf.
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most of the sRNA in both the transgene and virus-infected
conditions, although the specific sRNA species within the
regions varied according to location, tissue, and sample
(Supplementary Table 3). Collectively these data show that PPV
infection pressure has little to no influence on the overall
levels and composition of transgene-derived sRNA. And that
hairpin transgene expression of CP sequence produces sRNAs
that are lower in abundance than that found in virus-infected
samples, but the sequences are consistent with that produced
under natural infection except with respect to sSRNA length -
with 24-nt species being proportionally higher in ‘HoneySweet’
while 22-nt species were proportionally higher in virus-infected
‘Stanley’ trees.

No Long-Term Effect on Virus Populations
It is currently unknown if viruses exposed to RNAi-protected
plants are subject to adaptive evolutionary pressures that could
potentially break down virus resistance over time (Tepfer
et al, 2015). To assess this possibility, virus-infected limbs
grafted to ‘HoneySweet’ trees for over 10 years were analyzed
for potential influences on viral populations. The viral CP,
that is the target of ‘HoneySweet transgene-derived sRNA,
displayed relatively few nucleotide changes (2-6), suggesting
that there was little to no accumulation of variants that could
potentially evade sRNA targeting by ‘HoneySweet’ (Figure 3,
Supplementary Data Sheet 4: Base changes in PPV-REC viral
genome). There were, likewise, no consistent impacts on the
sequences of viral ORFs known to play a role in silencing
suppression including HCPro and CI (Ivanov et al., 2016; Cheng
and Wang, 2017; Rodamilans et al., 2018). The results show that
long-term exposure to RNAi-expressing plants does not appear
to impose any clear viral selection pressure. It is important to
note that these findings do not exclude the potential mechanisms
associated with the proliferation of naturally occuring viral
strains or isolates that could potentially evade RNAi resistance
due to naturally occurring low levels of target sequence similarity.
To date, this is not known to occur for PPV strains that have
highly conserved CP sequences.

Safe Consumption of ‘HoneySweet’

Potential risks associated with the consumption of SRNA have
been recently raised. A handful of studies have provided evidence
that sSRNAs may have off-target effects when consumed (Zhang
Y. et al,, 2012; Liu et al., 2017). These mechanisms presumably
involve the silencing of genes that have sufficient levels of
homology to plant-derived sRNA sequences. Here, we evaluated
the health risks associated with ‘HoneySweet’ consumption and
the potential for specific off-target effects in mice. First, we
characterized the sRNA profiles of both leaves and ripe fruits
and compared them to leaves and fruits of susceptible infected
control plums (Supplementary Table 2). The results showed that
the levels of viral CP-specific SRNA derived from transgene
expression were lower than that produced by natural virus
infection and were proportionally lower than many endogenous
plant sRNAs. However, the overall levels of sRNA generated
from PPV infection were significantly higher than ‘HoneySweet’
due to sRNA production across the entire length of the viral

genome. In the ripe fruit of susceptible trees, the viral sSRNA
accounted for approximately 35% of all sSRNA produced in
the fruit (Figure 2; Supplementary Table 2). These data imply
that the sRNA produced via the ‘HoneySweet’ transgene are
proportionally lower than that produced by natural virus
infection and make up a relatively low proportion of the total
pool of sRNA in the plant. Next, we performed a comprehensive
90-day feeding study in mice that included physical and
behavioral records, blood chemistries, and detailed pathological
assessments of 38 different organs and tissues (Figure 3, Tables 1,
2; Supplementary Tables 4-7). We found no evidence of any
negative health impacts associated with ‘HoneySweet’ plum
consumption in male or female mice. Likewise, we found
no evidence for any pathologies associated with predicted
off-target effects based on the similarity between the most
abundant ‘HoneySweet’ SRNA species and the mouse genome
(Table 3). Collectively, the data did not reveal any evidence of
specific health or environmental risks and demonstrated the
long-term efficacy of RNAI strategies to protect plants against
virus infection.
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Applications — How Far Are We?
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The drastic loss of biodiversity has alarmed the public and raised sociopolitical demand
for chemical pesticide-free plant production, which is now treated by governments
worldwide as a top priority. Given this global challenge, RNAi-based technologies are
rapidly evolving as a promising substitute to conventional chemical pesticides. Primarily,
genetically modified (GM) crops expressing double-stranded (ds)RNA-mediating gene
silencing of foreign transcripts have been developed. However, since the cultivation
of GM RNAI crops is viewed negatively in numerous countries, GM-free exogenous
RNA spray applications attract tremendous scientific and political interest. The sudden
rise in demand for pesticide alternatives has boosted research on sprayable RNA
biopesticides, generating significant technological developments and advancing the
potential for field applications in the near future. Here we review the latest advances
that could pave the way for a quick lab-to-field transition for RNA sprays, which,
as safe, selective, broadly applicable, and cost-effective biopesticides, represent an
innovation in sustainable crop production. Given these latest advances, we further
discuss technological limitations, knowledge gaps in the research, safety concerns and
regulatory requirements that need to be considered and addressed before RNA sprays
can become a reliable and realistic agricultural approach.

Keywords: RNAi-based plant protection, RNA biopesticides, dsRNA, siRNA, nanomaterial-based siRNA delivery,
spray-induced gene silencing (SIGS)

INTRODUCTION

Modern agriculture faces diverse challenges related to the fact that the world population is expected
to rise by 26% by 2050. Given this projection, agriculturists must boost productivity to meet
emerging food needs (United Nations Department of Economics and Social Affairs, 2019). Major
challenges to these production levels arise due to agricultural pests. Pests contribute estimated
losses of up to 40% of crops worldwide, with insects serving as causal agents of damage and
disease transmission (Douglas, 2018). So far, plant protection primarily relies on the use of chemical
pesticides. However, the use of conventional pesticides contributes to soil, water, and air pollution
and is predicted to be a major driver of an alarming loss of biodiversity worldwide (Wagner
et al., 2021). In addition, improper and controlled chemical treatments detrimentally affect the
environment, consumers, and users. Moreover, perennial applications result in the development
of pesticide resistance in pathogens and pests (Fotoukkiaii et al., 2021).

Intergovernmental initiatives such as the EU’s farm-to-fork strategy (part of the European
green deal) aim to rethink and redesign food systems, for example by developing frameworks
for sustainable food production. A central goal is to reduce the overall use and risk of chemical
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pesticides by 50% by 2030 (European Commission, 2021).
Given the social-political demand for an ideally pesticide-free
agriculture, safe “green” alternatives are urgently desired to
facilitate sustainability in crop protection. Thus, RNAi-based
technologies are discussed as low risk pesticides that may
enable reaching pesticide reduction and sustainability goals
(Taning et al., 2021).

A promising alternative to chemical pesticides relies on
harnessing the mechanistic of RNA interference (RNAI). Briefly,
RNAI is a conserved cellular mechanism that regulates and
protects eukaryotic cells against harmful nucleic acids. In
this natural phenomenon, double-stranded RNAs (dsRNAs)
are processed by Dicer enzymes into 21-24 nucleotide (nt)
small interfering RNAs (siRNAs). These siRNAs either mediate
transcriptional gene silencing (TGS) by ensuring inhibitory DNA
and histone modifications as well as chromatin remodeling,
or they facilitate post-transcriptional gene silencing (PTGS)
by preventing translation of targeted mRNA transcripts. Both
TGS and PTGS served as blueprints for the development and
continuous improvement of RNAi toolkits. In agriculture, RNAi
has proven to be an effective strategy in controlling pathogens
such as viruses, bacteria, and fungi, as well as insect pests, mites,
and nematodes (Fire et al., 1998; Baum et al., 2007; Zotti et al.,
2018; Mezzetti et al., 2020; Koch and Wassenegger, 2021).

A decade ago, studies focused on the transgene-based
endogenous expression and formation of dsRNA in host plants,
termed host-induced gene silencing (HIGS) (Nowara et al., 2010).
Nowadays, transgenic approaches are clouded by some major
drawbacks. First, these approaches are laborious, complicated,
and time-consuming, and their applicability is restricted by the
transformability of the host plant. They are also very expensive;
for example, the commercialization of a transgenic crop is
estimated to reach 140 million dollars (Rosa et al., 2018). Finally,
they are weakly accepted, as public distrust of GM plants
persists, with an ongoing upward trend (Herman et al., 2021).
Additionally, orders and species present completely different
and variable demands, raising concerns about whether this
technology is effective under field conditions (Scott et al., 2013;
Yu et al., 2016; Cooper et al., 2019). Given this assessment, there
is not only a need for alternatives that avoid the use of chemical
pesticides but also increasing interest in finding alternatives to
GM-based measures (Dalakouras et al., 2020; Das and Sherif,
2020). A breakthrough was achieved by demonstrating that
dsRNAs effectively induce PTGS and confer disease resistance
upon foliar spray (Nature, 2016), termed spray-induced gene
silencing (SIGS) (Table 1; Koch et al., 2016; Wang et al., 2016).
Compared to HIGS, SIGS is much faster, cheaper and easier to
handle, and it might reach a broader range of hosts. Interestingly,
a direct comparison of HIGS and SIGS revealed SIGS to be
more efficient under lab conditions (Koch et al., 2019; Hofle
et al,, 2020). However, the lab-to-field transition will require
optimization and further development of SIGS technology to
increase stability (UV, rain) and specificity (off-target risks)
under environmental conditions. In this review, we will highlight
the most promising attempts to further develop SIGS for
its lab-to-field transition and discuss significant achievements
in improving stability and reducing environmental risks. In

addition, we provide an overview of RNA spray approaches
and their particularities, including nanomaterial-based delivery,
efficiencies and durability.

MAJOR CHALLENGES AND RECENT
ACHIEVEMENTS IN TRANSFERRING
RNA SPRAY TO FIELD ENVIRONMENTS

The immense potential of sprayable RNA biopesticides for
meeting current agro-economic challenges has prompted the
development of RNAIi technology. Initial euphoria was a major
driver leading to a rapid increase of reports, resulting in 54 studies
over the last 3 years (PubMed, August 2021) demonstrating
academic proof-of-concept for several pathosystems (Table 1).
However, at the same time, it became obvious that the molecular
mechanism for uptake, processing and transport of sprayed RNA
biopesticides was inadequately understood.

Initially, only the GM-based HIGS approach was considered
because transgene-derived dsRNA was thought to be robust
and reliable in the delivery of PTGS inducers. Naked dsRNA
showed effectiveness under lab conditions but had the potential
for instability when sprayed in fields, where it could be degraded
by UV radiation or washed off by rain. To circumvent this, several
studies, inspired by human RNAI therapy research (Swaminathan
et al.,, 2021), attempted to increase stability and durability by
establishing protective envelops around dsRNAs and siRNAs
(Pugsley et al., 2021; Yan et al,, 2021). In mammals, the delivery
of siRNA therapeutics is mediated by liposome encapsulation
(Liu and Huang, 2021; Zabel et al, 2021). Nanoparticle-
and other carrier-based delivery of dsRNA/siRNA has been
widely used, with remarkable success, in start-up companies
such as “RNAissance’” which focus on broad, cost-efficient
topical RNAI uses in agriculture. Their final dsRNA products
are advertised as safe, ready to use and stabler than naked
dsRNAs. This advancement represents a step toward lowering
the amount of applied RNA biopesticides since it is estimated
that 2-10 g of dsRNA are required to protect 1 ha (Das and
Sherif, 2020). However, the application amount and frequency
depend on several largely unknown factors that determine
dsRNA persistence, distribution and dilutional and degradational
processes in host plants as well as target species. Moreover,
it is indisputable that mechanistic insights, which determine
strength and limitations in a pathosystem-specific manner, will
be required to optimize and further develop RNA sprays, as well
as to anticipate obstacles that will appear when transferring RNA
sprays to field environments.

SIGNIFICANT ADVANCES OF RNA
SPRAY CONTROLLING: VIRUSES

Given that the RNAi originally evolved as a primary antiviral
defense in plants, it is not surprising that most studies
have shown that RNAi is most effective at controlling viral

'https://www.rnaissanceag.net

Frontiers in Plant Science | www.frontiersin.org

October 2021 | Volume 12 | Article 755203


https://www.rnaissanceag.net
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

B0 UISIBNUOL MMM | 8OUBIOS JUBId Ul SIORUOI

£02GGZ BIoIMY | 21 8Wn|oA | 1202 1990300

TABLE 1 | Summary of RNA spray studies in plants.

Target Target gene Plant species Nanoformulation Applied dsRNA (i g) Application Efficacies Durability References
organism (dsRNA length) method

Viruses  Sugarcane Coat protein Zea mays Escherichia coli 3 g/l Spray of Total inhibition of virus 30 days post Ganetal.,
Mosaic Virus (~150 bp) HT115 (DE3) bacteria- infection inoculation (dpi) 2010
(SCMV) produced

dsRNA
Pepper mild PMMoV Replicase Vigna Layered double 1.25 pg of dsRNA Sprayed with Total inhibition of virus Up to 20 days after Mitter et al.,
mottle virus (977 bp) unguiculata hydroxide (LDH) and/or 3.75 pg of LDH an atomizer infection (systemic a single spray 2017
(PMMoV) CMV Replicase (2b)  Nicotiana clay nanosheets protection)
Cucumber (330 bp) tabacum
mosaic virus
M)
Bean common Nuclear inclusion b Nicotiana 100 ng Mechanical Reduction in infection to Analyzed for up to Worrall et al.,
mosaic virus protein (480 bp) benthamiana inoculation with 45% and to 8.3% 10 days 2019
(BCMV) Coat protein Vigna carborundum

(461 bp) unguiculata as an abrasive

and sprayed

with an

atomizer
Tomato yellow Coat protein (CP) Nicotiana 1.25 pg of pDNA, Sprayed using Delivered systemically. Up to 35 days Liuetal.,
leaf curl virus (680-700 bp) benthamiana 3.75 g of LDH an atomizer at Lower incidence and 2020
(TYLCV) Solanum ~125 pl/cm? severity. Symptom

lycopersicum expression rate reduced to
41.7%

Insects  Sitobeon Salivary sheath Hordeum Naked dsRNA 20 ng/pl Foliar spray on Reduced transcript level of Monitored up to Biedenkopf
avenae protein (491bp) vulgare leaves 60% 5 days et al., 2020
Leptinotarsa Inhibitor of Solanum Escherichia coli 15 wlof 0.85 pg/pl dsRNA spread ~100% larval mortality Mortality recorded Maximo
decemlineata apoptosis, tuberosum HT115 (DE3) (larvae) and 2.5 pug/pl on each disk (dslAP or dsActin); 80% until 11th day and et al., 2020

Actin; HSP70; (adults) dsRNA spread surface and adult mortality (dsActin) up to 6th for the
Dynamin on each disk surface. dried for 10 min  Feeding CPB with bacteria expressed
(800-600 bp) Expressed by bacteria heat—killed bacteria assay
heat—killed in 4ml induced significantly higher
sprayed mortality (70-90%)
Actin (297bp) Solanum naked dsRNA 12wl (100, 30, 10, 3, Purpose-built German strain and Spanish Monitored up Mehlhorn
tuberosum 1, and 0.3 ng) spraying device  field strain EO2 almost 5 days et al., 2020
on potato leaf 100% mortality (30 ng
disks dsActin). Spanish strain
(@=2cm) EO1 showed only 30%
mortality. By day
four > 95% of the exposed
larvae were dead
(Continued)
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TABLE 1 | (Continued)

Target organism Target gene (dsRNA Plant species Nanoformulation Applied dsRNA (1 g) Application method Efficacies Durability References
length)
Mesh gene (417 bp) Solanum Naked dsRNA 10 pg/ml. 25 m? plots of potato ~ Observed field mortality Monitored up 13 Petek et al.,
tuberosum plants were sprayed was slightly lower day 2020
under field conditions ~ compared to
laboratory trials
Phaedon Cactus, srpb4k, rop, Brassica oleracea  Naked dsRNA 0.3 1g (9.6 g/ha), 1 g Custom-built spraying  Suppression of transcript Monitored over Mehlhorn
cochleariae a-SNAP (82 g/ha) to 3 ng device, multi-well plate  level rpt3 (94.5%), srp54k 10 days et al., 2021
Shibire, PP-a,, hsc70-3, (96 g/ha) foliar RNAI screening (94.1%), rpn7 (93.9%),
rpn7, rpt3; (317 and procedure a-SNAP (84.9%), shibire
599 bp) (81.3%), PP-a (80.5%)
hsc70-3 (75.9%)
Helicoverpa Juvenile hormone Chickpea Chitosan One milliliter of Sprayed over the plant  100% insect mortality Monitored up to Kolge et al.,
armigera methyltransferase, nanoparticles CNPs-dsRNA canopy with a 5 days 2021
Acetylcholine esterase; (CNPs) (200 jg:1,000 ng hand-held mist sprayer
(21 nt) wt/wt)
Henosepilachna Ecdysone receptor (EcR) Solanum Escherichia coli 0.5 png/mL dsEcR-immersed Only 40% of the treated Monitored for up to  Wu et al.,
vigintioctopunctata tuberosum HT115 (DE3) foliage and larvae formed 10 days 2021
dsEcR-E. coli directly Pupae (6-8 days). Of them,
sprayed to the foliage ~ 60% exhibited a defective
of greenhouse-growing phenotype
potato plants
Fungi Fusarium Cytochrome P450 Hordeum vulgare Naked dsRNA dsRNA was diluted in ~ Detached barley leaves Reduction of transcript Analyzed forup to  Koch et al.,
graminearum lanosterol 500 pL water to a final  were sprayed usinga  level: 72% (CYP51A), 90% 8 days 2016
C-14a-demethylases concentration of spray flask (CYP51B), and 71%
(CYP51A, CYP51B, 20 ng/pL (CYP51C); inhibition of
CYP51C) (CYP3RNA) fungal growth
(791 nt; 21-24 nt)
Botrytis cinerea Dicer-like (DCL)1 Arabidopsis naked dsRNA 20 ng/pL dsRNA were dropped  Reduced fungal growth Analyzed forupto  Wang et al.,
Verticillium spp. DCL2 thaliana onto the surface of 8-10 days after 2016
(815 bp) Nicotiana tabacum fruits, vegetables and
Solanum rose petals and
lycopersicum B. cinerea
Fragaria rosales Inoculum was applied
Vitis vinifera on the same spot
Lactuta sativa
Allium cepa
Rosaceae
(Continued)
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TABLE 1 | (Continued)

Target Target gene (dsRNA Plant species Nanoformulation Applied dsRNA (n g) Application Efficacies Durability References
organism length) method
Fusarium Myosin5 (Myo5) Triticum Naked dsRNA 400 ng of Sprayed using Inhibition of mycelial growth 9 h unless the Song et al.,
asiaticum (~500 bp) aestivum fluorescein-Myo5-8 a spray flask (81-70%), interference in dsRNA was 2018
dsRNA life cycle and virulence, cell continuously
wall defects, life cycle supplied
disruption and virulence
reduction
Fusarium 294 nt (FQCYP51A) Hordeum Naked dsRNA dsRNA was diluted in Barley leaves Reduced fungal growth and ~ Monitored up to Koch et al.,
graminearum 220 nt (FgCYP51B) vulgare 500 pL water to a final were detached transcript level to less than 5 days 2019
238 nt (FgCYP51C) concentration of and sprayed 10%
514 nt 20 ng/pl using a spray
(FgCYP51A/CYP51B) flask
458 nt
(FgCYP51B/CYP51C)
532 nt
(FgCYP51A/CYP51C)
DICER-like1 and 2; Central role in different Gaffar and
ARGONAUTE1 and 2; steps of sexual and asexual Koch, 2019
AGO-interacting protein reproduction, in fungal
FgQIP; RecQ pathogenicity and DON
Helicase;RNA-dependent production
RNA polymerases
(~1,000 bp)
500-, 800—, 1,518 nt Inhibition of fungal infection Hofle et al.,
(FgCYP51A) symptoms up to 82% 2020
400-, 800, 1,575 nt
(FgCYP51B)
400-, 800-, 1,548 nt
(FgCYP51C)
365 nt, 1,529 nt Inhibition of fungal infection Werner et al.,
(FGAGO1/AGO2) up to 60%; reduced 2020
355 nt, 1,570 nt transcript level up to 79%
(FGAGO1/DCL1)
366 nt, 1,528 nt
(FGAGO1/DCL2)
374 nt, 1,783 nt
(FGAGO2/DCL1)
1,741 nt (FgAGO2/DCL2)
1,782 nt (FgDCL1/DCL2)
(Continued)
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TABLE 1 | (Continued)

Target organism  Target gene (dsRNA Plant species Nanoformulation Applied dsRNA (i g) Application Efficacies Durability References
length) method
Phakopsora Acetyl-CoA acyltransferase Glycine max Diethyl- 1 ml of diluted dsRNA  Each box (six Average of over 73% Monitored up to Hu et al.,
pachyrhizi 40S ribosomal protein S16, pyrocarbonate (20 ng dsRNA) detached reduction of pustule 2 weeks 2020
Glycine cleavage system H individual numbers 75% reduction in
protein; (200-400 bp) leaflets) was biomass accumulation
evenly sprayed
Phytophthora Sorbitol dehydrogenase, Solanum Escherichia coli 100-, 150—, 250-and  Sprayed with Reduction in growth, 15 days Sundaresha
infestans Translation elongation factor  tuberosum HT115 (DE3) 500 ng and 1 pg dsRNA-nano sporulation and symptom et al.,, 2021
1-a, 0.5% Nanoclay dsRNA clay formulation  expression,
Phospholipase-D like 3, solution (5, 10, and using automizer 15 days, control collapsed
Glycosylphosphatidylinositol- 20 ppm) and wilted while dsRNA
anchored acidic nano clay sprayed plants
serine-threonine rich were erect and healthy

HAMB34-like protein, Heat
shock protein-90;
(402bp-536bp)

Botryotinia Chitin synthase class Ill and Fragaria ananassa  Escherichia 125-1,000 ng/ml Topical spray Selectively knocked-down 12 days Islam et al.,
fuckeliana DCL1 and DCL2 coli-derived application the target genes and led to 2021
anucleated significant fungal growth
minicells inhibition in vitro.

Compensatory relationship
between DCL1 and DCL2
gene transcripts

Fusarium CYP51, chitin synthase 1, Solanum Layered double 300 g of dsRNAs in Spraying on Reduced fungal growth Monitored up to Mohamed
oxysporum Elongation factor 2 (732bp) lycopersicum hydroxide 3 mL of gyH20 per plant leaves dsCYP51showed 93% 8 days and Youssef,
nanosheets plant avoiding stems  reduction in transcript 2021
abundance
Phytophthora Guanine-nucleotide binding Solanum Naked dsRNA 20 ng/pl dsRNA sprayed Decreased disease 5 days Kalyandurg
infestans protein B-subunit, haustorial ~ tuberosum on potato progression, smaller and etal., 2021
membrane protein, cutinase, leaves in a aberrant
endo-1,3(4)-B-glucanase detached leaf Mycelial phenotype
(436 bp) assay
Plants Nicotiana Green fluorescence protein Nicotiana Naked dsRNA High-pressure  Local and systemic 20 days post Dalakouras
benthamiana (GFP), (21—, 22—, and 24 nt)  benthamiana spraying silencing application etal, 2016
procedure exception of siR24, delayed
(HPSP) and weak local silencing

(10 dpa), other GFP siRNAs
induced local silencing
2 dpa

(Continued)
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TABLE 1 | (Continued)

Target Target gene Plant species Nanoformulation Applied dsRNA (. g) Application method Efficacies Durability References
organism (dsRNA length)

GFP (322, 139 bp) 200 pl of dsRNA None of the samples - Uslu et al.,
midGFP (10, 20, 200, sprayed with 2020
and 240 ng/pl) dsRNA-midGFP (0/15),

200 ! of dsRNA-5’GFP (0/9) or

dsRNA-5'GFP (24, 48, water (0/9) showed

and 240 ng/l) silencing up to 3 weeks
after spraying

(CaMV) 35S Naked dsRNA 50 pgin 500 pl High-pressure spraying Methylation of the 35S 10 days post Dalakouras

promotor (333bp) (carborundum was promotor was observed spraying and

added) 10 days after spraying Ganopoulos,
2021
GFP (124 bp) Carbon dots (CD) 12 ng/nl Spray application was MgCheH transcript levels Monitored up to Schwartz
surfactant (3.8 pl/om?, done with Iwata HP-M1 showed a 79% reduction in 12 days etal., 2020
BreakThru S279 45 ng/cm?) handheld airbrush the phenotypic tissues at
was added to the sprayer with air five days after treatment.
CD-dsRNA pressure set to 82 kPA Reduction of 88% in GFP
complexes at a final (~12 PSI) protein levels was observed
concentration of
0.4% (v/Vv)

GFP (22 nt) 60 I of solution/plant No difference was Up to 14 days Hendrix et al.,
(3-4-leaf transgenic observed in the extent or 2021
seedling) frequency of systemic

silencing comparing the
events containing or not the
partial transposase.
Expression was reduced to
48 and 72%.

GFP (siRNA DNA 100 nM for both the Infiltrating 40-59% (varies with Internalization into Zhang et al.,

loading) nanostructures nanostructure and the nanostructures with a DNA structures) in both plant cells 12h 2020
siRNA duplex 1-ml needleless syringe mRNA and protein level post-infiltration;

and without using any gene silencing
surfactant. disappears 7days
post-infiltration
Gold nanoclusters 25 ng siRNA per 1 png 32-35% reduction in GFP Internalization into Zhang et al.,
(AUNCs) AuNCs 3 days postinfiltration plant cells 0,5-1 h 2021
post-infiltration
Single-walled 100 nM siRNAs 95-92% (mRNA level) Internalization into Demirer et al.,
carbon nanotubes ~40% (protein level) plant cells 4 h 2020

post-infiltration
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pathogens. For example, across 75 studies, HIGS-based RNAi
showed an average viral resistance of 90% (Gaffar and Koch,
2019; Koch and Wassenegger, 2021). Notably, similar efficacies
were demonstrated when dsRNAs were applied exogenously
(Table 1). Conclusive RNAi-based effects were reported in 2016
by Konakalla et al, who demonstrated that the exogenous
application of dsRNA targeting the viral silencing suppressor
p126 gene and the CP gene of TMV conferred virus resistance
in tobacco (Table 1). The authors further showed systemic
spreading of dsRNA from local to systemic tissues within an
hour of dsRNA application using semi-quantitative RT-PCR
(Konakalla et al., 2016). They found that p126 dsRNA levels
continuously decreased in the local treated tissue, from 3 to
9 dpi, until dsRNA was no longer detectable. Another study
supported these findings, showing that exogenously applied
dsRNA derived from the HC-Pro and CP genes of ZYMYV protects
watermelon and cucumber against ZYMV and that it spread
systemically over long distances in cucurbits (Kaldis et al., 2018).
Further emphasizing the systemic spread of RNA biopesticides,
the movement of sprayed dsRNA from barley leaves to stems
and root tissues was demonstrated within 3 days after spray
treatment (Biedenkopf et al, 2020). Systemic distribution is
of key importance because it indicates that RNA biopesticides
could be promising substitutes for systemic pesticides. Moreover,
translocation from leaves (application sites) to roots suggests that
foliar sprays may be able to target soil-borne infections, thus
circumventing the need to develop soil-specific RNA treatments.

Interestingly, the induction of virus resistance by exogenous
application had already been achieved 20 years ago (Tenllado
and Difaz-Ruiz, 2001). However, “exogenous” does not necessarily
imply a spray application. Thus, we must distinguish between
different application strategies, as most of them work on
a lab scale but are unsuitable and unpracticable for field
applications (Table 1).

As already indicated, numerous exogenous application
strategies rely on preparatory treatments, such as the mechanical
inoculation of leaves, to guarantee efficient dsRNA uptake
(Table 1). The rubbing or dusting of leaf surfaces with
Carborundum (silicon carbide) as an abrasive is widely used
as a pretreatment (Tenllado and Diaz-Ruiz, 2001; Tenllado
et al., 2003; Yin et al., 2009; Konakalla et al., 2016; Necira
et al, 2021). Given the unsuitability of such pretreatments
on the field scale, subsequent research, inspired by human
RNAI therapeutics where nanotechnology is unavoidable, has
attempted to formulate dsRNA for efficient and targeted RNA
delivery. Such formulations can help to increase cellular uptake,
improve stability (and thus overcome environmental degradation
by UV radiation or surface wash-off) and provide long-term
protection against the targeted pathogen. Toward this, the
first breakthrough was achieved by Mitter et al. (2017) by
using positively charged layered double hydroxide (LDH) clay
nanosheets as a dsRNA carrier (BioClay). This technology was
originally developed for the delivery of siRNA therapeutics to
mammalian cells (Ladewig et al., 2009, 2010). The authors found
that loading dsRNA on LDH prolonged durability on the leaf
surface for 30 days and increased stability through protection
from nuclease degradation (Mitter et al., 2017). Moreover, they

showed the uptake of dsRNA into plant cells and induction of
endogenous RNA silencing, which mediated systemic protection
against the targeted VSR 2b gene of CMV on cowpea and tobacco.
In field BioClay allows sustained release of dsRNA on the leaf
surface under ambient conditions (Ram Reddy et al., 2006; Xu
et al., 2006; Reddy et al., 2008; Mitter et al., 2017). Notably,
this study proved that the LDH nanocarrier can be completely
degraded over time, thus resulting in a slow and sustained release
of dsRNA under environmental conditions (Mitter et al., 2017).
After this pioneering work on the biodegradability of clay-based
nanomaterials, dSRNA-BioClay has been used to target the bean
common mosaic virus (BCMV) to protect N. benthamiana and
Vigna unguiculata (Worrall et al., 2019).

While this study provides a significant step forward in making
RNA spray an applicable and sustainable approach for pathogen
and pest control in agriculture, questions remain about how to
produce efficient amounts of dsRNA for spray applications in
field trials. Initially, Escherichia coli-based dsRNA production
was used (Tenllado and Diaz-Ruiz, 2001; Tenllado et al., 2003;
Yin et al.,, 2009; Gan et al., 2010) due to financial constraints
and to the poor availability of suitable dsRNA synthesis Kkits.
Interestingly, the latest studies showed that E. coli cannot only
be used as a dsRNA factory but also provides adequate properties
for dsRNA encapsulation (Islam et al., 2021; Necira et al., 2021).
The authors of these studies concluded that the effects of E. coli-
encapsulated dsRNA did not differ from the topical application of
naked dsRNAs (Necira et al., 2021; Table 1). E. coli-encapsulation
may nevertheless prove superior to naked dsRNA, as it provides
a protective envelope conferring higher stability under field
conditions, though host species are limited.

Numerous studies have addressed the question of how to
reduce the production costs of dsRNA. Some have synthesized
dsRNA wusing in vitro transcription Kits, suitable for lab
experiments but inconceivable for large-scale applications given
their bad price-performance ratio ($700/mg). Thus, subsequent
attempts have focused on large-scale production and on the
purification of sprayable RNAs to make them commercially
competitive and economically achievable, with great success. For
example, recent research efforts have rapidly produced cost-
effective, large-scale microbial-based dsRNA production using
bacteria, such as E. coli (Voloudakis et al., 2015; Ahn et al., 2019;
Bento et al., 2020; Nifno-Sanchez et al., 2021) and Pseudomonas
syringae (Niehl et al., 2018) and the yeast Yarrowia lipolytica
(Timmons et al., 2001; Palli, 2014). Given these significant
achievements, dsRNA costs per gram have dropped from $12,500
in 2008 to $100 in 2016, $60 in 2020 and finally $2 in 2021
(de Andrade and Hunter, 2016; Zotti et al., 2018; Dalakouras
etal., 2020). Recently, large-scale cell-free production has further
lowered the price to less than $0.50 per gram, making RNAi
competitive in the market.”

Based on the plethora of proof-of-concept studies and
recent achievements in nanomaterial-based dsRNA and
siRNA delivery, which allow for highly effective virus control
even under field conditions, fundamental knowledge on the
molecular mechanisms and factors that determine uptake (over

Zhttp://www.globalengage.co.uk/pgc/docs/PosterMaxwell.pdf
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cuticle and cellular barriers), processing and translocation has
begun to emerge.

SIGNIFICANT ADVANCES OF RNA
SPRAY CONTROLLING: FUNGI

Since 2010 the number of HIGS-based studies demonstrating
fungal disease control has continued to increase (Nowara et al.,
2010; Koch and Wassenegger, 2021). The first reports that
showed that RNA spray can fight fungus were directed against
two necrotrophic ascomycetes Fusarium graminearum (Koch
et al., 2016) and Botrytis cinerea (Wang et al., 2016). These case
studies further energized the debate on whether RNA spray is
a realistic approach for future field applications. Beyond cost
concerns, the obvious question was how to enhance uptake of
RNA biopesticides by plants, thus avoiding degradation under
environmental conditions. The uptake of dsSRNA depends on leaf
surface stability, and efficient and subsequent uptake can prevent
premature degradation or wash-off by rain. Notably, sprayed
RNAs must overcome several physical and cellular barriers to
reach their cognate mRNA targets. First, they must overcome
the “outside-inside” or cuticle barrier at the leaf surface, which
is especially relevant when targeting pathogens that replicate
and grow intra- or intercellularly, such as viruses and fungi,
or sap-sucking insects like aphids or whiteflies. Like viral
pathogens, fungi maintain an intimate relationship with their
hosts, acquiring nutrients in a biotrophic, hemibiotrophic, or
necrotrophic manner. Given their different lifestyles, fungi may
take up sprayed RNAs from extra-, inter- as well as intracellular
space. Passing through this barrier was assumed to be passively
facilitated by stomata opening (Koch et al., 2016). Given this
assumption, one could ask whether stomata density and leaf
architecture represent limiting factors in RNA uptake. This would
explain why SIGS works well for some plant species and not for
others. Considering this, formulations that facilitate the opening
of stomata or increase leaf permeability may help to increase
dsRNA uptake from foliar sprays.

However, before sprayed dsRNA can enter plant cells for
processing and translocation, they reach another barrier, the
“apoplast-symplast” interface. Entering plant cells is necessary for
processing into siRNAs by plant DCLs. However, in particular
cases, the uptake of unprocessed dsRNA may also occur,
depending on the lifestyle of the targeted pathogen. For example,
SIGS of the necrotroph F. graminearum require the uptake of
unprocessed dsRNA precursors and their subsequent processing
by the fungal RNAi machinery (Koch et al., 2016; Gaffar et al.,
2019). Based on these findings, it has been hypothesized that the
uptake of long, unprocessed dsRNA and its processing into many
different inhibitory siRNAs by the target organism might lead to
higher gene silencing efficiencies and increased disease resistance
(Koch et al., 2019). However, there is some controversy about
the uptake of dsRNA versus siRNA, for instance in terms of the
relative efficacies and off-target risks (Koch and Wassenegger,
2021). Interestingly, preliminary data suggest that if sprayed
dsRNA is too long, the length might interfere with sufficient
cellular uptake (Hofle et al., 2019). To prove whether uptake

of unprocessed dsRNA really confers stronger effects, it will be
helpful to compare SIGS efficacies of biotrophic and necrotrophic
pathogens. So far, the disease resistance level achieved by SIGS
has been comparable (Hu et al., 2020) or even superior (Hofle
et al,, 2019; Koch et al., 2019) to HIGS-based efficiencies
under lab conditions.

Interestingly, a recent study that assessed the dsRNA uptake
ability of different fungi revealed that dsRNA uptake efficiencies
varied across the tested fungal and oomycete species (Qiao et al.,
2021). For example, the authors demonstrated efficient dsSRNA
uptake for Botrytis cinerea, Sclerotinia sclerotiorum, Rhizoctonia
solani, Aspergillus niger, and Verticillium dahliae. They found no
uptake for Colleotrichium gloeosporioides, modest uptake for the
non-pathogenic fungus Trichoderma virens and limited uptake
for the oomycete Phytophthora infestans (Qiao et al., 2021). This
study is of great significance, as it confirms and extends previous
findings (Koch et al., 2016; Wang et al,, 2016; McLoughlin
et al,, 2018) and further supports the idea that necrotrophic
fungi exhibit a stronger response to exogenous RNA applications.
Whether this is because they can take up unprocessed dsRNA,
which may lead to higher gene silencing efficiencies - based on
the finding that F. graminearum DCLs are required for SIGS
(Koch et al., 2016; Gaffar et al., 2019) — or whether the overall
amount of dsRNA absorbed in less time correlates with their
necrotrophic lifestyle needs further verification. Supporting this
idea, Hailing Jin and her team observed dsRNA uptake as early
as 6 h after YFP-dsRNA in vitro treatment of the necrotrophs
B. cinerea, S. sclerotinia, and R. solani, suggesting faster dsRNA
uptake compared to A. niger (10 hpt) and V. dahliae (12 hpt).
In addition, they demonstrated the antifungal activity of topically
applied dsRNAs targeting fungal vesicle pathway genes or DCL
genes in B. cinerea, S. sclerotinia, R. solani, and A. niger (Qiao
et al., 2021). However, as the dsRNAs were dropped onto the
surface of each plant or fruit sample and the fungi were applied
directly to the dsRNA-treated area, we do not know from this
study whether the uptake of plant DCL-processed siRNA would
have made a difference. In other words, the type of RNA offered
for uptake was limited to dsRNA, bringing us back to the initial
question of whether the uptake of unprocessed dsRNA is a crucial
determinant of SIGS efficacy, and thus whether the uptake of
dsRNA by the plant represents a limiting factor regarding the
durability of protective RNA spray effects.

Regarding this question, we need to differentiate between
sprayed RNAs that stick to the plant (or fruit or vegetable)
surface and those that enter plant cells. We predict that surface
interaction of dsRNA or siRNA with microbial targets will
require intense stabilization formulas, with potential risks for
environmental accumulation and pollution. Cellular uptake, on
the other hand, may have a protective effect, but promoting
fast processing or even bearing the risk of enzymatic and lytic
degradation together with dilution over distance. Although we
seek RNA-stabilizing formulas, at the same time we question
RNA degradability as a selling point. Recently, dsRNA spray
effects against B. cinerea infection were found to last for 7 days
after spraying onto tomato plants in a greenhouse, indicating
a quite rapid degradation. Notably, the authors of this study
concluded that dsRNA gets degraded by the environment,
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suggesting no cellular uptake by the plant (Qiao et al., 2021).
Although short longevity can be determined by degradation, it
remains unknown whether this degradation occurs outside or
inside the sprayed plant.

So far, most SIGS studies demonstrating the control of
fungal pathogens were conducted with naked, un-formulated
dsRNA (Table 1). However, formulations that increase cellular
uptake (especially for plants that showed no absorption of naked
dsRNA from their surfaces) or surface stability (especially for
post-harvest products such as fruits and vegetables) will boost
broad applicability and the lab-to-field transition. A recent study
showed that E. coli-derived anucleated minicells can be used as a
cost-effective platform for dsRNA production and encapsulation,
shielding dsRNA from RNase degradation (Islam et al., 2021).
The authors demonstrated that the protection of strawberries
from Botryotinia fuckeliana infection was prolonged to 12 days
under greenhouse conditions, further emphasizing the added
value of encapsulation for dsRNA stability. Although extending
protection against the gray mold of tomatoes by 7 days (naked
dsRNA) (Qiao et al., 2021) and strawberries by 12 days (Minicell-
based) (Islam et al., 2021) already represent positive results,
there is still room for further improvement. Thus, data on
durability and persistence together with systemic distribution are
highly desired for “lab-to-field” technology transfers. Moreover,
we need to know which parameters promote or restrict dsSRNA
and siRNA uptake in a plant species-specific context at the
“outside-inside” barrier and the “apoplast-symplast” interface, as
well as in a pathosystem specific manner at the “plant-fungus”
interface. However, the mechanism by which sprayed RNA
overcomes the apoplast-symplast barrier is largely unknown. It
is hypothesized that endocytosis and extracellular vesicles (EVs)
play a crucial role in the uptake and translocation of HIGS-
and SIGS-associated RNAs (Wytinck et al.,, 2020a; Koch and
Wassenegger, 2021; Santos et al., 2021). Notably, recent data
suggest that SIGS, in contrast to HIGS, might not involve EVs for
siRNA delivery and uptake, at least in the F. graminearum-barley
pathosystem (Schlemmer et al., 2021a,b). Based on insights into
the mode of uptake, we have the chance to optimize and develop
dsRNA and siRNA delivery and cellular uptake in the future.

SIGNIFICANT ADVANCES OF RNA
SPRAY CONTROLLING: INSECTS

Host-induced gene silencing-mediated control of insect pests
has been proven effective with an average of 50% conferred
resistance (Koch and Wassenegger, 2021). Exogenous dsRNA and
siRNA applications (e.g., feeding, injection, and oral delivery)
to various insect pests and mites is routinely conducted to
study gene function or identify RNAI targets (Lii et al., 2020;
Mehlhorn et al., 2020, 2021; Maximo et al., 2020). In line with
the above discussion about RNAs that remain on sprayed surfaces
and those that enter plant cells, insect pests and mites can
ingest dsRNA and siRNAs by chewing-biting or piercing-sucking
feeding behaviors. In addition to the control of viruses and fungi,
insect pests are also generally accessible to RNA sprays (Table 1).
For example, a recent report demonstrated the efficiency of RNA

sprays against Henosepilachna vigintioctopunctata (28-spotted
ladybird) in the greenhouse (Wu et al., 2021). Spraying E. coli-
expressed dsRNAs targeting the ecdysone receptor (EcR) gene
onto the foliage of greenhouse-growing potato plants provoked
the death of third and fourth instar larvae and reduced leaf
damage (Wu et al,, 2021). Confirming these results, another study
showed exogenous dsRNA application as a promising alternative
to chemical pesticides for controlling H. vigintioctopunctata (Lii
et al., 2021). RNA sprays have also been shown to be effective in
controlling the Colorado potato beetle, Leptinotarsa decemlineata
(Mehlhorn et al.,, 2020). Even more importantly, the authors
investigated geographical variation in RNAi sensitivity in the
second instar larvae of 14 different European populations of
field-collected L. decemlineata and found only minor variability
in RNAI sensitivity between populations. This baseline study
provides the first valuable insights on the broad applicability
and transferability of RNA sprays over a geographic range
in Europe (Mehlhorn et al, 2020). While the accessibility
of phyllophagous pests by RNA sprays may seem trivial, a
breakthrough was achieved by providing the first laboratory
evidence that feeding dsRNA-coated oilseed rape buds to the
pollen beetle Brassicogethes aeneus diminishes pollen beetle
survival rate (Willow et al, 2021). This study is significant
because many pathogens and pests that tremendously impact
agriculture infect ears and buds rather than leaves.

Given the fact that we lack reliable results from field trials, or
even from data generated under simulated field test conditions,
lab-to-field transfer will require improvements of stability and
adherence of dsRNA and siRNA to resist UV radiation and
rain wash-off. For these purposes, encapsulation is pursued to
guarantee and prolong the longevity of RNA sprays in the field.
For example, E. coli is not only utilized for cost-effective dsSRNA
production but also represents a protective envelope for efficient
dsRNA delivery (Lii et al., 2020; Maximo et al., 2020; Wang et al.,
2021; Wu et al,, 2021). Interestingly, encapsulation of dsRNA,
if large enough, may prevent cellular uptake (plant intake) and
thus shield dsRNA from plant DCL processing, as indicated by
previous breakthroughs demonstrating that the expression of
dsRNA in chloroplasts (DCL-free organelles) targeting the f-
actin gene of L. decemlineata (Colorado potato beetle) caused
larval lethality (Zhang et al., 2015).

Targeting piercing-sucking insects by RNA spray requires
cellular uptake and systemic distribution via the phloem. Thus,
knowledge of the paths used by dsRNA and siRNA as SIGS
inducers is a prerequisite for further developing and applying
RNA sprays to the field. Given this assumption, previous reports
revealed the systemic spread of sprayed RNAs (Koch et al.,
2016; Konakalla et al, 2016; Kaldis et al., 2018; Biedenkopf
et al., 2020). Spraying a fluorescent-labeled dsRNA onto barley
leaves and subsequently examining longitudinal leaf sections
revealed that the fluorescence was not confined to the apoplast
but also was present in the symplast of phloem parenchyma
cells, companion cells and mesophyll cells, as well as in
trichomes and stomata (Koch et al, 2016). The finding that
RNA biopesticides systemically spread through the phloem was
confirmed by spraying fluorescent-labeled dsRNA followed by
phloem sampling by stylectomy (excision of a stylet, typically
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that of an aphid) of the distal, non-sprayed leaf parts. Using
CLSM, a green fluorescent signal was detected after cutting off
the stylet tip of feeding aphids (Biedenkopf et al., 2020). Even
more importantly, it was shown that sprayed dsRNA moved
from barley leaves over stems to the root tissue within 3 days
of spray treatment (Biedenkopf et al., 2020). This finding is
especially interesting for the control of root pathogens because so
far dsRNA applied to soil has immediately degraded (Dubelman
et al., 2014; Parker et al., 2019; Bachman et al., 2020; Qiao
et al, 2021). However, systemic distribution may result in
dilution of SIGS signals; thus, further research is needed to
prove the activity of dsRNA and siRNA in systemic tissues
and to address the question of how much or how often RNA
biopesticides need to be applied to confer robust and durable
SIGS-based disease resistance. Given these challenges, previous
studies have proposed utilizing the symbiosis of plants with
bacteria, for example by engineering symbionts that serve as
dsRNA vectors to maintain long-lasting dsRNA production
in planta (Whitten et al., 2016; Whitten and Dyson, 2017).
However, emerging data suggest that pest control via RNA
sprays does not necessarily require plant passage for uptake
and SIGS induction (Thairu et al., 2017; Niu et al., 2019;
Linyu et al, 2021). Due to the limited uptake of dsRNA
in hemiptera insects (Niu et al, 2019) originally developed
and described gene silencing induction in aphids upon foliar
spray on pea aphids themselves to verify potent RNAIi targets
in aphids. More recently, another confirmatory report used
nanocarrier SPc (star polycation) transdermal delivery systems
to verify gene silencing efficiency of selected RNAi targets in
Aphis gossypii (Linyu et al., 2021). However, both studies imply
sensitivity of RNA aphid sprays, which may circumvent plant
passage and uptake from the phloem when applied in the
field. Moreover, the development of formulations that allow
transdermal delivery in a species-specific context is very valuable,
especially in light of risk assessment and regulations (avoiding
off-target effects).

We predict that nanomaterial-based formulations can
solve major challenges regarding lab-to-field transitions by
increasing stability and warranting specificity and selectivity.
Not only surface stability, but also rather the ability to resist
enzymatic degradation by RNase or extreme pH-values, which
are prominent in saliva and gut of insects (Christiaens et al,
2014; Peng et al., 2020a,b). Given these challenges, a recent
breakthrough was achieved, demonstrating that chitosan
nanoparticles-mediated dsRNA delivery in Helicoverpa armigera
protects from degradation by nucleases and insect gut pH (Kolge
et al,, 2021). Beyond shielding dsRNA from RNase degradation,
the silencing of a dsRNA ribonuclease improved oral RNAi
efficacy in the southern green stinkbug (Sharma et al., 2021). This
finding indicates that the simultaneous application of protective
agents such as RNase inhibitors or the silencing of dsRNases
might encourage targeted detoxification mediated by P450s,
ABC transporters and others (Wang et al., 2021). Notably, a
nanomaterial-based formulation may help to increase selectivity
not only by shielding dsRNA from the environment but also by
providing target-site-specific RNA release (e.g., pH-dependent
release kinetics), or selectivity facilitated by attractants that are

incorporated in the envelope of (nano)-capsules following the
proven attract and kill principle.

SIGNIFICANT ADVANCES OF RNA
SPRAY SILENCING PLANT GENES

Overcoming cuticle and cellular barriers is a prerequisite if RNA
sprays are to substitute for conventional chemical herbicides or be
used to study the gene function of plants. This is fundamentally
different from RNA biopesticides that lay on plant, fruit or
vegetable surfaces, in which cases sprays of naked dsRNA
exhibit strong effects, for example, in controlling B. cinerea
and Botryotinia fuckeliana (Wang et al, 2016; Islam et al,
2021; Qiao et al,, 2021). However, previous attempts at spraying
naked dsRNA to silence the expression of transgenes gave
contrasting results, starting a controversial debate on the future
herbicide uses of RNA sprays (Uslu and Wassenegger, 2020). For
example, uptake of naked dsRNA and transgene silencing was
demonstrated for the model plant Arabidopsis thaliana (Mitter
et al., 2017; Dubrovina and Kiselev, 2019). However, attempts
to silence transgene-expressed green fluorescence protein (GFP)
in Nicotiana benthamiana by a high-pressure spray of naked
dsRNA failed (Uslu et al., 2020). Notably, high-pressure sprays
were specifically developed for RNAi applications and usage in
N. benthamiana, resulting in transgene silencing (Dalakouras
et al., 2016, 2018). Remarkably, based on their RNA-seq
results the authors concluded that failure in transgene silencing
correlates with the absence of dsRNA-derived specific siRNAs
(Uslu et al., 2020). This finding raises the question of whether
there was cellular uptake of high-pressure sprayed dsRNA, which
is required for processing by plant DCLs. Notably, the spraying
of 22 nt synthetic siRNA (matching the GFP sequence, position
164-187) as a positive control induced transgene silencing, as
previously described (Dalakouras et al., 2016). Regarding this,
another recent report showed induced methylation of the 35S
promotor (which controls GFP transgene expression) upon 35S-
dsRNA high pressure spray indicating cellular uptake of dsRNA
(Dalakouras and Ganopoulos, 2021). Nevertheless, in contrast
to siRNA spraying, cellular uptake of sprayed long dsRNAs
seems to be less efficient, especially entering the nucleus to
trigger RNA-directed DNA methylation is challenging. Moreover,
another previous study demonstrated cellular uptake and plant
DCL-mediated siRNA generation of a naked dsRNA sprayed
onto barley leaves; however, this did not target a transgene
(Koch et al., 2016). Nevertheless, these findings clearly illustrate
how different plant species respond to RNA sprays, thus
exemplifying the importance and urgency of research into the
mechanistic basis (uptake, processing, and translocation) of RNA
spray applications.

As much as spraying naked dsRNA highlights the simplicity
of this technology, there are limits and restrictions that
we have just begun to unravel. Given that sufficient RNA
delivery is a continuing challenge in RNA spray applications,
significant advances in nanomaterial-based formulations and
the development of other smart delivery platforms have
boosted technological development. Utilizing different biological,
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physical, and chemical-assisted delivery methods such as
Bacterium-mediated RNAi (Goodfellow et al, 2019), high-
pressure sprays (Dalakouras et al., 2016, 2018; Uslu et al., 2020),
lipid nanoparticles, cationic polymers, cell-penetrating peptides
and clay nanosheets has been shown to provide protection from
nucleases and pH and to improve cellular uptake increasing
plant resistance to pathogens and pests (Table 1). Recent studies
have demonstrated efficient siRNA delivery into intact plants
facilitated by nanomaterials such as carbon dots (Schwartz et al.,
2020), single-walled carbon nanotubes (Demirer et al., 2019,
2020), DNA nanostructure carriers (Zhang et al., 2019, 2020)
and gold-nanoclusters (Zhang et al., 2021; Table 1). Based on
their small size (3.9 nm) carbon dots can pass through the
cell wall (size exclusion limit 3-10 nm) (Carpita et al., 1979)
mediating siRNA delivery into plant cells (Schwartz et al,
2020). Notably, passing through a plant cell wall is not the
only prerequisite for efficient silencing. As discussed above,
RNAI effectors face several barriers in reaching their mRNA
cognates. Thus, cellular uptake requires overcoming the apoplast-
symplast barrier mediated by endocytosis through the plasma
membrane and subsequent release from endomembrane vesicles
(Wytinck et al., 2020b). Given these later barriers, the properties
of carbon dots are found to be suboptimal (Schwartz et al,
2020). Although carbon-dots-mediated siRNA delivery needs
further improvement for efficient endogenous gene silencing, the
delivery of dsRNAs over plant cell walls that reach the apoplast
might be sufficient for controlling pathogens that require the
uptake of unprocessed dsRNAs for SIGS induction (Koch et al.,
2016; Gaffar et al., 2019). Due to their ultrasmall size (2 nm)
and easier and faster synthesis, gold-nanoclusters (AuNCs) have
been adapted for the delivery of siRNAs in mature plants,
inducing efficient transgene as well as endogenous gene silencing
in N. benthamiana (Zhang et al., 2021).

However, as naked dsRNA/siRNA delivery is restricted
by largely unknown parameters that prevent RNA sprays
from reaching their full potential, usage of different delivery
methods, as advantageous and promising they may be, have
limitations, as indicated above (for a detailed comparison of
delivery platforms, see also: Zhang et al, 2021). Regarding
this, identification of chemicals (e.g., Sortinl) that increased
RNAIi potency by enhancing siRNA accumulation and loading
into AGOs may boost the development of powerful RNA
biopesticide formulations (Jay et al., 2019). Moreover, while all
of these studies provided proof-of-concept, the suitability of
nanomaterial-based RNAi effector delivery as well as application
of chemical enhancers of PTGS needs to be approved under field
conditions. In addition, toxicity and biodegradability, together
with applicability to other plant species and transferability for
delivering dsRNA targeting foreign genes, needs further research
in order to be verified.

CONCLUSION AND FUTURE
PERSPECTIVES

Despite the numerous proof-of-concept studies demonstrating
the great potential underlying RNAi-based plant protection,

especially GMO-free RNA sprays, we are still far from field
applications or even product launches. Currently, we are facing
complex and multi-layered challenges comprising technical-
biological prospects (stability, selectivity, and broad applicability)
as well as social-political demands (acceptance and regulations).
To meet these challenges, significant advances in developing
RNA sprays that guarantee stability in the field and minimize
off-target risks for non-target organisms have been made,
for example, by using nanomaterial-based formulations and
the fusion of different technologies. However, we lack a
sufficient data basis for understanding how nano-formulated
RNA biopesticides will behave under field conditions. Moreover,
we urgently require knowledge on durability, persistence and
systemic effects of RNA sprays to develop recommendations
for handling in the field. For example, when and how often
do RNA biopesticides need to be applied or renewed to confer
maximum protection? Based on the answer, we could calculate
real costs for each pathosystem. To achieve broad applicability,
which is often used as a selling point over GMO-based RNAi
strategies (HIGS), we need to clarify the question of why
RNA sprays work well for some pathosystems and not for
others. If we know what determines SIGS efficiencies, we may
have a starting point for developing solutions that demonstrate
broad transferability. Elucidating the molecular mechanisms of
uptake, processing and translocation of spray-delivered RNAs
is crucial for making RNA sprays realistic and achievable
in future field applications. In addition, emerging data that
suggest extending RNA sprays to exploit the mechanisms of
TGS that will allow epigenetic modifications of plant genes
(Dalakouras and Vlachostergios, 2021) should be considered
and discussed regarding the potential risk of introducing
unintended off-target effects by modifying the plant’s epigenome
(Dalakouras and Papadopoulou, 2020).

In contrast to lab experiments, where dsRNA and siRNA
effects are tested in isolation and on small scales, field
environments are unpredictable and highly dynamic. For
example, the occurrence of pathogens and pests, as well as
their coincidences, represents a major challenge for determining
application time and frequencies. Moreover, plants grown under
environmental conditions develop differently from plants grown
in greenhouses, especially in terms of cuticle properties, which
may impact adherence, stability, and cellular uptake. Thus, we
need smart application and formulation strategies, such as multi-
targeting and site-directed targeting, to ensure high efficacies on
the species level. For example, combining RNA biopesticides with
distinct molecular targets may not only confer stronger effects
but also allow high efficiencies on a species-specific scale. In other
words, the majority of highly effective dsRNAs and siRNAs target
highly conserved genes, which bear high off-target risks. They are
suitable candidates when conducting proof-of-concept studies
but are inappropriate for field trials. Thus, identifying molecular
targets on species level and their simultaneous combinatory
(multi-targeting) applications may exhibit strong effects and at
the same time minimize off-target risks. However, lab-to-field
transitions require further precision and accuracy in off-target
predictions and their controllability for adequate risk assessment.
Currently, data requirements specific for RNA spray-based plant
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protection products are not yet in place under the regulatory
frameworks for pesticides and plant protection products in the
United States and EU (Dietz-Pfeilstetter et al., 2021). The OECD
(Organization for Economic Cooperation and Development)
organized a meeting on this question, which represented a
major step forward in terms of testing regulation and research
direction for future external dsRNA products (OECD, 2020). It
is important to note that siRNAs display small gene regulatory
units, which needs to be considered when developing directives
that ensure appropriate risk assessment. Consistent with this,
a recent report reviewed the evidence for and against the
transfer of diet-derived miRNAs from plants, meat, milk and
exosome and their putative molecular regulator roles as well as
pharmacological opportunities for cross-kingdom regulation in
the consuming organism (Mar-Aguilar et al., 2020; del Pozo-
Acebo et al., 2021). The authors concluded that the transfer of
miRNAs from the diet to the blood is still inconclusive and
that the main source of controversy in plant studies is the lack
of reproducibility of the findings. Currently, a risk assessment
by the European Food Safety Authority (EFSA) classified RNA
biopesticides as safe regarding low risks that sprayable RNAs pose
for animals/humans (Olivier et al., 2018). The decisive argument
was that oral uptake of RNAi products by consumers bears a low
risk for interference with gene expression in humans, as too many
biological and physical barriers have to be overcome (Schiemann
et al., 2019; Kleter, 2020). However, so far, the available scientific
data on environmental, consumer and user safety evaluations
of RNA spray applications are still scarce. Preliminary data on
the environmental fate (persistence and degradability) of sprayed
dsRNA suggest a short shelf-life after application and absorption
to soil (Parker et al., 2019; Bachman et al., 2020). However,
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ongoing nanomaterial-based attempts to increase stability may
prolong environmental persistence and increase the risk to local
ecosystems. In addition, it is still unclear whether and to what
extent sprayed dsRNAs and siRNAs can accumulate along the
food chain and how nanomaterials affect this accumulation.
Thus, the environmental risk assessment of RNA biopesticides
needs to be reinforced in order to facilitate their future placement
on the market. Moreover, the length of the pesticide authorization
process should be reduced to support a just transition. Given
this, it is just a matter of time since first RNA biopesticides
(e.g., Monsanto’s/Bayer’s BioDirect™ technology) will access
the market. Finally, we need to develop educational work and
information campaigns for public outreach and transparency as
early as possible.
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