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limit disease. However, due to increased public concern for their possible side effects, there is a
need to develop new strategies to control postharvest fungal pathogens. Botrytis cinerea, a
common postharvest pathogen, was shown to uptake small double-stranded RNA (dsRNA)
molecules from the host plant. Such dsRNA can regulate gene expression through the RNA
interference system. This work aimed to develop a synthetic dsRNA simultaneously targeting
three essential transcripts active in the fungal ergosterol biosynthesis pathway (dsRNA-ERG). Our
results show initial uptake of dsRNA in the emergence zone of the germination tube that spreads
throughout the fungus and results in down-regulation of all three targeted transcripts.
Application of dsRNA-ERG decreased B. cinerea germination and growth in in vitro conditions
and various fruits, leading to reduce grey-mould decay. The inhibition of growth or decay was
reversed by the addition of ergosterol. While dual treatment with dsRNA-ERG and ergosterol-
inhibitor fungicide reduced by 100-fold the required amount of fungicide to achieve the same
protection rate. The application of dsRNA-ERG induced systemic protection as shown by
decreased decay development at inoculation points distant from the treatment point in tomato

Keywords: double-stranded RNA, and pepper fruits. Overall, this study suggests that dsSRNA-ERG can effectively control B. cinerea

ergosterol biosynthesis, Botrytis growth and grey-mould development suggesting its efficacy as a future method for postharvest
cinerea, grey mould, postharvest. control of fungal pathogens.
Introduction The most effective treatment to date against postharvest

diseases is the application of fungicides (Nerva et al., 2020; Rani
et al., 2020). However, fungicides hold disadvantages such as the
risk of the development of fungicide-resistant fungi (Elmer and
Reglinski, 2006). Furthermore, due to their lack of specificity, they
are a potential threat to beneficial micro-organisms in the
environment including their impact on human health (Rani
et al., 2020). Therefore, there is a need to develop eco-friendly
approaches to control fungal pathogen and postharvest diseases
(Wisniewski et al., 2016).

Recent progress in the control of pathogenic fungi takes
advantage of a natural RNA interference (RNAI) process that
occurs in eukaryotic cells (Mbengue et al., 2016; Mitter et al.,
2017; Nerva et al, 2020). RNAi is based on the cellular
recognition of double-stranded RNA (dsRNA) molecules that
leads to sequence-specific degradation or interference of

Globally, postharvest fruit and vegetable loss are estimated to
impact more than 40% of yield. Pathogenic fungi are responsible
for a major part of that loss (Abiad and Meho, 2018; Lipinski
et al., 2013). Botrytis cinerea represents one of the most
predominant and common necrotrophic fungal pathogen pro-
moting postharvest decay of fresh fruit and vegetables (Roma-
nazzi and Feliziani, 2014). B. cinerea has a wide range of hosts
and can infect over 200 plant species, causing grey mould disease
(Kumar et al., 2020; Schumacher, 2012). Infections by B. cinerea
usually occur in the field, where after initial colonization, the
fungi remain latent until harvest, storage and ripening. During
ripening, fruits lose their innate resistance and become suscep-
tible to the dormant fungal pathogens that switch from a latent
to an active necrotrophic stage and cause grey mould (Romanazzi
and Feliziani, 2014).
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translation of a target messenger RNA (mRNA; Hua et al., 2018;
Voinnet, 2008). In plants, dsRNA regulatory systems were found
to be involved in endogenous gene regulation as well as in plant—
pathogen interactions. Thus, plants control virus replication using
this mechanism, and can also transfer inhibitory RNA from the
host plant cell to fungal pathogens (Hua et al., 2018; Llave, 2010;
Weiberg et al., 2013), which provides new possibilities for plant
protection.

In a procedure called host-induced gene silencing, transgenic
plants produce small RNA molecules that induce post-
transcriptional gene silencing (Koch et al,, 2013; Nunes and
Dean, 2012). Despite its high potential, this method is limited by
regulatory restrictions for genetically modified organisms and by
difficulties in generating transgenic plants with stable expression.
Alternatively, spray-induced gene silencing (SIGS), where the
dsRNA is externally applied on the plant parts such as leaves,
branches or fruit was also shown to be effective (Koch et al.,
2016; Wang et al., 2016). SIGS also has the clear advantage of
being potentially rapidly adapted to a dynamic pathogenic
environment. Several studies have demonstrated how direct
application of dsRNA, using SIGS targeting virulence genes (e.g.
dcl1 and dcl2) or essential genes for fungal colonization (e.g.
erg11, chs1 and EF2), can offer plant protection (Nerva et al.,
2020; Wang et al., 2016).

Ergosterol is a C,g sterol found particularly in fungal cell
membranes (Lees et al., 1995). It has been shown that ergosterol
plays a vital role in the cell membrane structure and function of
fungi. Ergosterol is responsible for maintaining membrane fluidity
(Lees et al., 1979), regulates membrane permeability (Bard et al.,
1978), influences the activity of membrane-related enzymes
(Rottem et al., 1973) and alters fungal cell growth (Lees et al.,
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1980). Due to the importance of ergosterol for fungal growth and
survival, the ergosterol biosynthesis pathway was found to be a
good candidate for the development of antifungal agents (Bhat-
tacharya et al., 2018; Yan et al., 2011). Indeed, various fungicides
target the ergosterol biosynthesis of fungi (Ahmad et al., 2010).
Furthermore, a gene, erg717 that encodes for a crucial step in the
synthesis of ergosterol was shown to be effective when targeted
together with additional genes, for example chitinase, and
elongation factor (chs7 and EF2; Nerva et al., 2020).

The current study has the following aims. First, to test the
efficacy of multiple targeting of essential transcripts solely in the
ergosterol biosynthesis pathway. Second, to investigate the ability
of the designed dsRNA to decrease and control fungal germina-
tion, growth and decay development in postharvest products.
Third to evaluate a possible systemic mechanism. Fourth, to
explore the use of SIGS in combination with a commercially used
fungicide to reduce their needed concentrations.

Results

dsRNA penetrates the emergence zone of the hyphae
and inhibit B. cinerea germination and growth

Three different genes in the ergosterol biosynthesis pathway of
B. cinerea were chosen as targets. Sequences from erg13, erg11
and erg1 were joined to yield a construct in a total length of
751 bp (dsRNA-ERG; Figure 1, see Materials and methods). For
positive control, another construct targeting B. cinerea DCL1/
DCL2 dicer (dsRNA-Dicer) was cloned in a similar manner. To
verify that B. cinerea is capable of taking up external dsRNA from
the environment, a fluorescent dsRNA-ERG construct was pre-
pared by incorporation of Cy5-labelled nucleotides into the
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Figure 1 Map of the dsRNA-ERG template and penetration of labelled dsRNA into conidia germination of B. cinerea. (a) Map of dsRNA-ERG template
made up of three essential genes in the ergosterol pathway: erg13, erg11 and erg1, flanked by T7 promoter and unique restriction enzymes sites (total 751
bases). (b—d) Conidia of the B. cinerea were germinated in the presence of Cy5-labelled dsRNA-Dicer (c) or Cy5-labelled dsRNA-ERG (d). The spores were
germinated on a PDA substrate for 12 h. The germinating conidia were observed under a confocal microscope. (b) Germination of control after 12 h
without dsRNA. (c and d) Conidia germination after 12 h in the presence of fluorescent dsRNA-Dicer or dsRNA-ERG, respectively.
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Figure 2 dsRNA-ERG reduces
germination and hyphal growth in vitro and
in vivo. B. cinerea conidia were germinated
in 0.2% SMB on glass slides. dsRNA-ERG
was added to the growth media at time 0
or after 4 or 8 h of incubation. Conidia
germination was evaluated microscopically
after 20 h of incubation. (a) Germination
percentage. (b) Germ tube length. The
presented data are mean and standard
errors. Asterisks indicate statistically
significant differences (P < 0.05). ()
Microscopic images (40x magnification) of
B. cinerea conidia germination. (d)
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sequence of dsRNA-ERG or dsRNA-Dicer. The results showed that
the dsRNA was taken up and internalized near the emergence
zone of the hyphae from the conidia in a punctate manner
(Figure 1).

B. cinerea growth from conidia was monitored over 50 h in
the presence of different amounts of dsRNA-ERG and showed a
gradual decrease in fungal growth in a dose-dependent manner
in the concentration ranges of 200-800 ng (1-4 ng/ul) of
dsRNA-ERG (Figure S1). In vitro germination assay showed a
significant reduction in germination rate and germination tube
length compared to control when dsRNA-ERG was added to the
growth media at the beginning of the incubation (Figure 2a—).
The addition of dsRNA-ERG had a slight effect on the percent of
germination when the dsRNA was applied after 8 h of conidia
incubation (Figure 2a). However, the germination tube length
remained significantly lower (Figure 2b,c). To evaluate the effect
on germination in vivo, B. cinerea was inoculated on grapes
treated with water (control) or dsRNA-ERG and then stained with
lactophenol blue. B. cinerea treated with dsRNA-ERG on grapes
exhibited a shorter germination tube (Figure 2d) compared to
B. cinerea which grew on water-treated grapes. These results
suggest that dsRNA-ERG is more effective in inhibiting fungal
germination tube elongation than the percent of germination.

dsRNA targeting ergosterol biosynthesis inhibits grey
mould development on fruits

dsRNA-ERG was applied externally to various crops following
inoculation with B. cinerea conidia and monitored for decay
development. Treated tissue exhibited a slower decay develop-
ment rate compared to the control (water treated) as well as a
smaller decay diameter around the inoculation site (Figure 3).

Representative pictures of B. cinerea
conidia germination and growth on grapes
treated with water (control; upper picture)
or dsRNA-ERG (lower picture).

Calculation of the area under the disease progress curve (AUDPC)
showed a significant reduction in decay development of approx-
imately fivefold in onion scale, eightfold in rose petals and
ninefold in strawberries, compared to control (Figure 3). More-
over, dsRNA-ERG displayed a similar reduction or better efficacy
in the reduction in rot development as dsRNA targeting Dicer
encoding genes (dc/T and dcl22; dsRNA-Dicer; Figure 3), which
was shown previously to reduce B. cinerea decay development
(Wang et al., 2016).

The effect of dsSRNA-ERG on decay development was tested on
various fruits as well. Inoculation of various fruits including
tomato by B. cinerea without prior wounding led to very minor
decay development in the control (Figure S2). This was probably
due to poor penetration of B. cinerea through the waxy
epidermal layer. To achieve consistent wounding, the fruit
inoculation area was pre-treated by rubbing with hydrocarborun-
dum powder to establish micro-injuries. This facilitated conidia
inoculation and promoted uniform mould development on the
fruit. The fruit was then sprayed by dsRNA-ERG or water (control),
followed by spraying of B. cinerea conidia. In all tested fruits (bell-
pepper, cherry, mango and grape) there was a decrease in decay
development rate and decay area (Figure 4). AUDPC analysis
showed a significant reduction in mould development of
approximately fivefold in bell-pepper, mango and grapes, while
in cherry fruits the decrease in decay development was not
statistically significant (Figure 4b).

Systemic fruit protection by application of dsRNA-ERG

Next, we aimed to evaluate the capability of dsRNA-ERG to
disperse to other fruit parts and provide protection. Bell-peppers
and tomatoes were used to evaluate the systemic protection of
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Figure 3 dsRNA-ERG reduces decay development caused by Botrytis cinerea. Onion skin (a), rose petals (b) and strawberry (c) were treated with water
(control), Bc-DCL1/2-dsRNA (dsRNA-Dicer) or Bc-ERG1/13/11-dsRNA (dsRNA-ERG) following infection by B. cinerea. Decay diameter was measured and the
AUDPC was calculated for each experiment (7 dpi for onion skin, 6 dpi for rose petals and 5 dpi for strawberry). The top panel shows representative
pictures were taken 3 dpi. The data presented are mean and standard errors. Values followed by different letters are statistically significant (P < 0.05).

dsRNA-ERG by applying dsRNA-ERG at one point on the fruit and
inoculate along the horizontal and vertical axes (Figure S4). The
decayed area was measured every day and the AUDPC of the
disease curve was calculated. The AUDPC in dsRNA-ERG-treated
bell-peppers and tomatoes were surprisingly lower, albeit not
significantly, at all the inoculation points when inoculation was
conducted on the same day of dsRNA-ERG application (Figure 5a,
b). However, inoculation with B. cinerea 1-day post-treatment
resulted in a significant fourfold reduction in decay development
in both bell peppers and tomatoes compared to control fruits
(Figure 5¢,d). It is worth mentioning that the decrease in decay
development was similar at all inoculation points, close and far
from the dsRNA-ERG treatment point (Figure 5c,d).

The ability of dsRNA-ERG treatment to provide lasting systemic
protection was evaluated by inoculation of B. cinerea 3 days after
treatment. Bell-peppers that were infected 3 days after treatment
did not exhibit any differences between the dsRNA-ERG-treated
fruits and the control group (Figure 5e). Nonetheless, the
decayed area in both groups was markedly lower compared to
bell peppers that were inoculated at treatment day or 1 day after
treatment (Figure 5a,c,e). This might be due to the healing of the
micro-injuries on the bell pepper’s cuticle. In tomatoes that were

inoculated 3 days after dsRNA-ERG treatment, dsRNA-ERG-
treated fruits showed notably lower decay development at all
the inoculation points compared to control (Figure 5f). Further-
more, a significant reduction in decay development was observed
in the vicinity of the treatment point. These results suggest that
dsRNA-ERG can be systemically transferred in the fruit and reduce
decay development.

To evaluate penetration and action of the dsRNA-ERG, micro-
injuries were generated on the grape peel using hydrocarborun-
dum powder, then the grapes were sprayed with water (control)
or with dsRNA-ERG. Next, the fruits were spray-inoculated with
B. cinerea conidia, and peel (exocarp) or pulp (mesocarp) samples
were collected after 8, 24 and 48 h for RNA analysis (Figure 6).
The late time point was included as initial symptoms of decay
appear 48 h post-inoculation. Eight hours post-treatment of
dsRNA-ERG on the fruit peel, the dsRNA-ERG moved to the pulp
and was found in the grape pulp in lesser quantities (Figure 6a).
While the relative abundance of dsRNA-ERG on the peel
remained high during 48 h post-treatment, the relative quantity
in the pulp was reduced by 10-fold after 24 h and remained
almost unchanged after 48 h (Figure 6a). The effectiveness to
down-regulate erg?7 transcript over time was tested in both peel
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Figure 4 dsRNA-ERG reduces fruit decay caused by Botrytis cinerea. Hydrocarborundum powder was used to create micro-injuries in fruit cuticles of bell
pepper (a), cherry (b), mango (c) and grape (d). The fruits were sprayed with water (control) or Bc-ERG1/13/11-dsRNA (dsRNA-ERG) following spray
infection by B. cinerea. The decayed area was measured and the AUDPC was calculated for each experiment (10 dpi for bell-pepper, 4 dpi for cherry and
mango and 6 dpi for grape). The lower panel shows representative pictures taken 4 days post-inoculation (dpi). The presented data are mean and standard
errors. Values followed by an asterisk indicate statistically significant differences (P < 0.05).

and pulp, using primers from the transcript sequence region that
was not included in the dsRNA construct. In the grape peel,
down-regulation of erg77 transcript has been observed at all
tested time points (Figure 6b). In the grape pulp, at 8 and 24 h
post-infection, B. cinerea actin and erg71 were not detected in
dsRNA-ERG-treated grapes, while it was detected in the inocu-
lated control, probably due to fungal inhibition. These results
show that the chosen erg77 primers are specific to the transcript
and cannot detect the dsRNA-ERG construct. At 48 h, the
expression of erg?1 transcript levels was significantly reduced in
the pulp of dsRNA-ERG-treated grape compared to the control
(Figure 6b).

The dsRNA-ERG construct was designed to impact the post-
transcriptional expression of three transcripts in the ergosterol
biosynthesis pathway. Therefore, the expression of the three
targeted transcripts; erg13, erg11 and erg1 (Figure 6¢) were
quantified by gPCR as well as two non-targeted transcripts erg3
and erg9. The relative expression of the mRNA transcripts was
measured by gPCR and normalized to the expression of the
fungal actin. The relative expression of the three targeted
transcripts was reduced on average by more than 50% in the
dsRNA-ERG-treated fruit, 48 h post-inoculation, compared to
control (Figure 6c). However, the two non-targeted transcripts

were significantly up-regulated, 48 h post-inoculation, at the
treated grapes compared to control indicating an attempt of
compensation (Figure 6c).

dsRNA-ERG synergism with ergosterol-inhibitors and
complementation by ergosterol

In an attempt to complement the effect of dsRNA-ERG on the
growth of B. cinerea, external ergosterol was added to the
dsRNA-ERG treatments. Fungal growth kinetics in vitro was
determined using optical density (O.D) measurements correlating
to fungal biomass. The fungal growth curves showed a major
reduction when dsRNA-ERG was added to the media, compared
to control (Figure 7a). However, when B. cinerea conidia were
grown in media containing external ergosterol in addition to the
dsRNA-ERG, the fungal growth curve displayed a similar growth
pattern as the untreated B. cinerea conidia, reaching the same
final O.D levels (Figure 7a). Importantly, the addition of ergosterol
to control did not alter fungal growth (Figure S3). The effect of
the addition of external ergosterol on fruit decay development
in vivo was evaluated on infected grapes (Figure 7b,c). Micro-
injuries were generated on the grape peel using hydrocarborun-
dum powder, then the grapes were spray treated with water
(control), dsRNA-ERG or dsRNA-ERG combined with external
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pictures were taken 3 (for bell peppers) or 6 (for tomatoes) days post-inoculation (dpi). The presented data are mean and standard errors. Values followed
by different letters are statistically significantly different (P < 0.05).

(a) (b) ()

__1000 - m8h - Control 2.4 H Control *
4 m24h T, | + dsRNA-ERG m dsRNA-ERG
H Uk

< m48h 1.8

iz w S .

% 100 - = 2

© © %}

= 7 t

3 o S 12

= — x

(O & :.J)

2 10 - o 2

3 2 & 06

o & 2

= &

©

T 1 0

o

Control dsRNA- dsRNA-
Peel ERG Peel ERG Pulp

ergl|erglllerg13|erg3|erg9

dsRNA-ERG Non-
targeted genes targeted
genes

Figure 6 Penetration of dsRNA-ERG to fruit pulp and down-regulation of gene expression. Grapes were treated with water (control) or dsRNA-ERG
followed by spray inoculation with B. cinerea. Peel and pulp samples for RNA extraction were taken 8, 24 and 48 h post-inoculation. (a) Relative abundance
of the applied dsRNA-ERG construct was evaluated by gPCR and normalized to the actin gene of grape at 8, 24 and 48 h post-infection. (b) Relative
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three targeted genes by the dsSRNA-ERG and two non-targeted genes in the ergosterol biosynthesis pathway, 48 h post-inoculation in peel tissue. The data
shown are means and standard errors. Asterisks indicate statistically significant differences (P < 0.05).

ergosterol. The fruits were inoculated by spraying with B. cinerea severity by more than 50% during 6 days post-inoculation (dpi),
conidia and assessed daily for decay severity. dsRNA-ERG treat- compared to control (Figure 7b,c). Conversely, the addition of
ment reduced B. cinerea mould development rate and decay external ergosterol complemented the decay development and
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restored decay progression to a similar level to control (Figure 7b,
Q). The results of reduced mRNA accumulation and complemen-
tation by exogenous ergosterol suggest that the inhibition in rot
development is a result of the lack of ergosterol synthesis.

It was of interest to explore the use of SIGS in combination
with a commercially used fungicide. The fungicide, prochloraz is
an ergosterol-inhibitor of the enzyme lanosterol 14a-demethylase
(CYP51A1; encoded by erg?7), which is necessary for the
production of ergosterol. However, the fungicide also has
multiple targets in animal systems that indicate a need for
restricting its use (Vinggaard et al., 2006). Increasing concentra-
tions of ‘Prochloraz’ in the growth media (1-1000 ppb) resulted
in a dose-dependent reduction of fungal growth as measured by
O.D (Figure 7d). When 4 ng/uL dsRNA-ERG were added, the
inhibition of fungal growth was augmented (Figure 7d; Table S1).
The combination of dsRNA-ERG with multiple concentrations of
‘Prochloraz’ showed a synergistic decline in fungal growth
compared to each fungicide treatment or dsRNA-ERG treatment
alone (Figure 7d; Table S1). Another fungicide, Fludioxonil has
recently been shown to act on triosephosphate isomerase activity
to induce methylglyoxal stress that alters sensing in a histidine
kinase inducing fungal death (Brandhorst and Klein, 2019).
‘Fludioxonil’ reduced B. cinerea growth in a non-linear manner, a
greater and non-synergistic reduction in fungal growth was
achieved by the addition of 4 ng/uL dsRNA-ERG (Figure S5,
Table S1). These results indicate that the application of dsRNA-

ERG could significantly reduce the amount of fungicide needed to
inhibit fungal growth.

Discussion

Non-specific fungicidal toxic side effects have an impact on the
environment and human health. Public concerns have motivated
the need for the reduction or replacement of fungicides with eco-
friendly alternatives especially in harvested fresh produce (Rani
et al., 2020; Wisniewski et al., 2016). The RNAi method of fungal
control represents a promising alternative due to its specificity
(Koch et al., 2016; Nerva et al., 2020; Wang et al., 2016). The
current research was aimed to; test the efficacy of a dsRNA
construct targeting three essential genes in the ergosterol
biosynthesis pathway on harvested fresh produce, to examine
the systemic response and synergism with fungicides.

Uptake of dsRNA and small RNA molecules was shown to
occur through the hyphae of fungi (Koch et al., 2016; Morozov
et al., 2019; Wang and Dean, 2020a). While it was suggested
that the uptake of dsRNA is likely by clathrin-mediated endocy-
tosis (Wytinck et al, 2020), different fungi might possess
different dsRNA uptake mechanisms and more studies will need
to be conducted to better understand dsRNA uptake (Qiao et al.,
2021). In our work, the application of dsRNA to ungerminated
conidia arrested the elongation of the germination tube; how-
ever, the initial germination process was less inhibited (Figure 2).
This difference could result from the preferential uptake of
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dsRNA. As shown in Figure 1, dsRNA appears to accumulate near
the site of germ-tube emergence. This is also consistent with a
previous study showing the uptake of dsRNA in B. cinerea when
applied at the post-germination stage (Wang et al., 2016). The
punctate appearance in the accumulation of fluorescently
labelled dsRNA may imply that the dsRNA is less permeable to
vacuolar regions as has been noted in other fungal pathogens
(Qiao et al., 2021). Rapid uptake by germinating conidia might be
due to changes in the cell wall permeability and disruption of the
protective layer of the conidia (Beauvais and Latgé, 2018). Thus,
initial uptake of the dsRNA in the emergence zone or by hypha
may be limited by changes in the cell wall viscoelastic properties,
membrane endocytic capabilities or cell membrane transporters
(Qiao et al., 2021; Walker et al., 2018; Wang and Dean, 2020b).
Nonetheless as shown in Figure 2, the time sequence needed for
dsRNA manifest inhibition; or for endogenous ergosterol to
deplete to levels that limit growth, occurs only later during hyphal
elongation.

Application of dsRNA-ERG significantly decreased decay devel-
opment in various crops such as onion scale, rose petals,
strawberries, mango, cherry, bell pepper and grape (Figures 3
and 4). The reduction in rot development caused by B. cinerea by
application of dsRNA-ERG was similar or superior to the reduction
that was observed by dsRNA-Dicer designed to target different
virulence genes of B. cinerea (Nerva et al., 2020; Wang et al.,
2016). The infection method adopted to obtain coherent
infection of fruits necessitated pre-wounding the cuticle with
mild hydrocarborundum treatment. Abrasion by hydrocarborun-
dum powder that emulates natural environmental wounding
allowed for consistent inoculation by B. cinerea without releasing
cell sap. Thus, intact fruit peel serves as an effective barrier
against B. cinerea infection (Figure S2; Coertze et al., 2001). As
shown here, the abrasion-assisted infection by B. cinerea was
mitigated by dsRNA treatments (Figures 3 and 4).

The dsRNA-ERG was comprised of short sequences from the
coding regions of three transcripts in the ergosterol biosynthesis
pathway: erg71, erg1 and erg13. In the cell, it is expected to be
processed into short inhibitory RNA fragments by the Dicer-like
enzyme where inhibition is hypothesized to be achieved through
down-regulation of the targeted RNA or by inhibition of mRNA
translation (Morozov et al., 2019; Voinnet, 2008). Transcript
expression analysis showed significant down-regulation in all three
transcripts (Figure 6). A result that favours the former hypothesis.
This result is also consistent with observations made in Fusarium
graminearum inhibited by dsRNA application (Koch et al., 2016).
Interestingly, transcripts of other genes in the ergosterol biosyn-
thesis pathway, which are not targeted by dsRNA-ERG (such as
erg3 and erg9; Figure 6¢), were significantly enhanced. Our results
are consistent with a previous study that demonstrated the relation
between a deletion mutation or experimental interference with
erg11 and subsequent up-regulation in erg3 transcript expression
(Geber et al., 1995). In addition, erg9 encodes squalene synthase,
the first enzyme responsible for a specific step of ergosterol
biosynthesis (Malmierca et al., 2013). It is, therefore, possible that
erg9 up-regulation like erg3 may be due to activation of a futile
compensatory response in this highly regulated biosynthetic
pathway.

When the application of dsRNA-ERG and inoculation by
B. cinerea were collocated, it may be assumed that dsRNA was
taken up and processed to siRNA by the fungus. Here we show
that the application of dsRNA-ERG to a singular point on bell-
peppers or tomatoes was able to reduce decay development at
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other more distant points. A degree of systemic protection was
already observed even when B. cinerea inoculation was conducted
on the treatment day, suggesting rapid movement of either dsRNA
or likely processed RNAI to other parts of the fruit. In bell-pepper
and tomato, systemic protection was detected at least 2 and
3 days post-treatment respectively. When the level of the non-
processed dsRNA-ERG was monitored in the grape berry it was
detected in distal regions of the mesocarp pulp at 1/10 to 1/100 of
the amounts found at the point of inoculation. Presumably,
vascular bundles located below the epidermis participate in such
dsRNA transport. Interestingly, distal levels of the whole dsRNA-
ERG were far below the inhibitory concentrations that were found
in the application zone; yet, erg?1 transcript expression was
significantly down-regulated in the fruit pericarp (Figure 6). An
attractive possibility to explain this discrepancy is that alongside the
movement of dsRNA-ERG, cell-to-cell movement is facilitated by
dicer-processed dsRNA in the plant to siRNA (Melnyk et al., 2011).
The resultant potent siRNA, which also undergoes transport, is
taken up by the fungus as has been shown to occur in other plant—
fungal interactions (Hua et al., 2018; Llave, 2010; Weiberg et al.,
2013). Thus, resistance to infection may be achieved by siRNA
sourced from the fungus in co-localized infection and sourced from
the plant in distal resistance.

External ergosterol was shown here to abrogate the effect of
dsRNA-ERG treatment; restoring the severity level of grey mould to
the decay severity in water-treated control (Figure 7). Similarly,
when RNAi was used to inhibit the ergosterol pathway in
Trypanosoma brucei, growth was restored by exogenous ergos-
terol. Relatedly, exogenous co-application of ergosterol with
tebuconazole (inhibitor of ergosterol biosynthesis) alleviated the
fungicidal effects in B. cinerea (Dauchy et al., 2016; Zhang et al.,
2010). Taken together, these results show that dsRNA-ERG
induced rapid gene-specific RNA turnover, which impacted on
ergosterol biosynthesis needed for fungal growth and colonization.

A further aim of the study was to compare the dsRNA-ERG
treatment to commercially used fungicides and test for possible
synergism. Two fungicides were chosen due to their different
modes of action. 'Prochloraz’, an inhibitor of ergosterol biosyn-
thesis, specifically inhibits the cytochrome P450 sterol 14a-
demethylase, a critical enzyme in ergosterol biosynthesis,
encoded by erg77, that is one of the targeted genes in the
dsRNA-ERG construct (Zhang et al., 2020). However, as an
imidazole-based compound, it is of limited specificity and has
numerous off-targets. ‘Fludioxonil’, impacts indirectly on a class Ill
hybrid histidine kinase (Brandhorst and Klein, 2019; Diskin et al.,
2019). The growth inhibition of B. cinerea by ‘Prochloraz’ was
found to be dose-dependent (Figure 7d), while Fludioxonil was
toxic to the fungi in a non-linear manner (Figure S5). In both
cases, a combination of dsRNA-ERG and fungicide displayed a
greater reduction in fungal growth compared to the fungicide
alone. The required concentration of ‘Prochloraz’ to reach
B. cinerea growth inhibition decreased by more than 100-fold
in the combined treatment with dsRNA-ERG and exhibited a
synergistic effect (Table S1). Fludioxonil and dsRNA-ERG inhibited
B. cinerea growth better than the fungicide alone, yet the
combined inhibition was not synergistic (Table S1). Synergism
between 'Prochloraz’ and dsRNA-ERG can result from the
reduced flux of sterol biosynthesis due to RNAI that is further
exacerbated by the inhibition of the residual activity. The
combination could rapidly lower threshold levels of ergosterol
to critical levels. In all, dsRNA was found to significantly reduce
the needed fungicide concentration for controlling postharvest
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decay development. The synergistic effect of the combined
treatment indicates that both treatments can in the future be
applied together as they have a similar mode of action. The
chemical fungicide is a competitive inhibitor acting quickly to
inhibit cytochrome P-450 enzymes (Henry and Sisler, 1984). In
contrast, the maturation of dsRNA first reduces transcripts levels
and ultimately reduces enzyme levels. Based on those differences,
the impact of such fungicides may be enhanced if they were
applied following dsRNA applications. In contrast, prior applica-
tion of fungicide may enhance the levels of ergosterol transcripts
and interfere with dsRNA treatment. Hence, the development of
application procedures to further optimize synergy should be
sought.

The main advantages of SIGS are their eco-friendly nature and
high specificity making them potential alternatives to conven-
tional fungicides. Recent progress showed the pre-and posthar-
vest application of dsRNA to protect grapes from the pathogenic
fungi B. cinerea under conditions that mimic the vineyard (Nerva
et al., 2020). The work here shows the efficacy in targeting
multiple components of the same biosynthetic pathway that
results in systemic protection and potential synergy with fungi-
cides. SIGS can also obviate the need to focus only on pathogen-
specific metabolism in an effort to produce fungicidal agents that
have specificity (e.g. ergosterol pathway). Instead, many addi-
tional critical hubs of metabolism or development can be targeted
in the pathogen where specificity is achieved by the evolutionary
diversification in gene sequence between species. Thus, dsRNA
construct that comprises several genes could be more effective,
as it targets several essential genes. Due to novel gene junctions,
the hybrid siRNAs could potentially create off-target effects. To
evaluate possible off-targets in the designed dsRNA-ERG, the
whole dsRNA sequence was analysed against the genome data of
three fungi (B. cinerea (our model), Penicillium expansum and
Alternaria alternata), grape and human. While the software
identified the target genes in B. cinerea genome, no hits were
found to the other tested organisms. Nonetheless, several
problems need to be solved before commercial applications will
be affordable, such as cost-efficient dsRNAs production, modified
application tools and stabilizing agents for field conditions that
will maintain the potency of dsRNA (Nerva et al., 2020).

To summarize, the results of the current study suggest that a
combination of several main genes of an essential pathway, as
ergosterol biosynthesis, could be united into one construct and
serve as an efficient SIGS treatment that inhibits the expression of
all the targeted transcripts. We showed that the dsRNA
penetrates to the emergence zone of the hyphae and then
spreads throughout the fungi. In this manner, dsRNA-ERG could
inhibit fungal germ tube elongation and hyphal growth and
significantly inhibit the B. cinerea pathogenicity and colonization
in various crops and harvested fruits. We also show that dsRNA
moves systemically in the fruit peel and pulp to inhibit decay
development. Additionally, dsRNA-ERG treatments lowered by
100-fold the necessary effective concentration of commonly used
fungicides that have an ergosterol-related mode of action.

Experimental procedures

Construction and production of dsRNA

To silence the ergosterol pathway, dsRNA construct was designed
using SnapGene (SnapGene® software, GSL Biotech) for three
transcripts in the ergosterol biosynthesis pathway, erg11, erg1
and erg13 yielding 791 bp. Each sequence was chosen from an

expressed region of 250-300 bp (Supplemental Experimental
procedures). The full sequence including flanking EcoR1 restric-
tion sites and T7 transcriptional promoters was synthesized by
GeneScript Inc as shown in Supplemental M&M. The DCL1/DCL2
dicer using the sequence for DCL1 and DCL2 was cloned in a
similar manner as shown in the Supplemental M&M. For RNA
synthesis, a high yield transcription reaction was carried out based
on Ambion MEGAscript protocol (Thermo Fisher Scientific). The
plasmid templates were linearized by EcoR1 restriction where
complete linearization was monitored by gel fractionation and
purified by Wizard SV clean-up system (Promega). After RNA
synthesis to produce two self-hybridized complementary RNA
transcripts, DNA and single-stranded RNA were removed by
nuclease digestion. The remaining dsRNA was purified on a solid-
phase adsorption system to remove proteins and oligonu-
cleotides. The integrity and efficiency of duplex formation of
dsRNA were examined by agarose gel and spectrophotometry.
Pure dsRNA was stored at —20 °C until usage. The dsRNA
construct was tested for off-target sequences using siFi21
(Licensed by CC-BY-SA-4.0) as described previously by Lick
et al. (2019). Briefly, siFi software was used to analyse the whole
dsRNA-ERG sequence against all the genome sequences of
B. cinerea (RefSeq: GCF_000143535.2), Alternaria alternata
(RefSeq: GCF_001642055.1), Penicillium expansum (RefSeq:
GCF_000769745.1), Vitis venifera (RefSeq: GCF_000003745.3)
and human (RefSeq: GCF_000001405.39; all data were down-
loaded from NCBI database) using the default parameters to
achieve higher sensitivity for off-targets. Additional off-target
searches used the ERG construct from B. cinerea as a DNA gene
query for BLAST technique. Some fungal pathogens closely
related to Botrytis were detected at 90% identity and above.
These include ERG13, Monilinia and Botryotinia sp.; ERG11,
Botryotinia and Sclerotinia sp.; and ERG1, Botryotinia sp. No
significant homologies were detected to plant or animal DNA.

Fungal strains and growth media

Cultures of B. cinerea BO5-10 were routinely grown on potato
dextrose agar (PDA; Difco, New Jersey) medium for 14 days at
22 °C. Conidia were gently collected by suspension in sterile
distilled water, filtered through four layers of sterile cheesecloth
and diluted to a concentration of 10° conidia mL™" for in vitro
experiments or 10% conidia mL™" for in vivo experiments. Conidial
concentration in the suspension was microscopically determined
using a haemocytometer.

dsRNA uptake by B. cinerea

To evaluate dsRNA uptake by B. cinerea cells, fluorescent dsRNA
was prepared by incorporation of cy5-labelled nucleotides.
Aminoallyl-UTP-Cy5 (Jena Bioscience, cat. NU-821-X-CY5) 4 ul
of a 5 mm solution was added directly to the Ambion MEGA-
script transcription assay to yield a final volume of 20 ulL. The
incorporation of UTP-Cy5 was monitored by the NanoDrop One
(Thermo Fisher Scientific) spectrophotometer. B. cinerea conidia
suspension (10 uL of 10° conidia mL™") was seeded on a PDA
glass slide with water (control) or 800 ng cy5-labelled dsRNA, and
incubated in the dark in a humid petri dish for 12-16 h at room
temperature. The conidia were examined under a confocal laser
scanning microscope (CLSM; Olympus I1X81, Center Valley, PA).

Effect of dsRNA on decay development

All fruit and crops were purchased from a local grower. For non-
wounding inoculation assays, yellow onion (Allium cepa) scale, a
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cultivated pink rose (Rosa) petals and strawberries (Fragaria
ananassa) cv. Gilli was treated with water (control) or dsSRNA-ERG
(15 ng/pL) following inoculation by a 7 pL drop of B. cinerea at a
concentration of 10% conidia mL™". The scales, petals and fruit
were incubated at 25 °C for 5-7 days. Decay diameter was
measured daily. To measure the irregular shape of the decay, for
each rot, the decay diameter was determined as the average of
three diameters in different directions. Each experiment was
conducted using at least 10 repeats for treatment, the experiment
was repeated twice.

For wound inoculation assays red bell-peppers (Capsicum
annuum), cherry cv. Sweet-Hart (Prunus cerasus), mango cv.
Shelly (Mangiferae indica) or grapes cv. Autumn Royal and
Scarlotta (Vitis vinifera) were pre-treated with hydrocarborundum
powder (Fisher Scientific, Loughborough, UK) by gentle abrasing
the fruit until the fruit peel lost its smooth texture without
releasing cell sap, to create micro-injuries on the fruit cuticle
which mimic natural wounding. Without such uniform infection,
one cannot get reliable quantitative measurements of protection.
Spray treatment of water (control) or dsRNA (15 ng/ul) was
applied up to drainage following spray inoculation of B. cinerea
conidia suspension at a concentration of 10% conidia mL™". Fruits
were stored at 25 °C for 6 days in humid chambers and either
decay area or severity (index 0-5; 0-no decay, 1-mild decay, 5-
severe decay) were measured.

Evaluation of systemic protection

Red bell peppers (Capsicum annuum) and tomatoes (Solanum
lycopersicum) were pre-treated with hydrocarborundum powder
to create micro-injuries. 10 plL drop of water (control) or dsRNA-
ERG (15 ng/ulL) was placed on the top-left point of the fruit (T;
Figure S5). Inoculation was conducted at three time points:
treatment day, 1 day after treatment, or 3 days after treatment
using a 7 pl drop of B. cinerea at a concentration of 10* conidia
mL~". B. cinerea conidia were seeded at five inoculation points:
the treatment point (T) and four additional points in a distance of
2 and 4 cm for bell-peppers or 1.5 and 3 cm for tomatoes,
positioned vertically (D1, D2) and horizontally (51, S2; Figure S5).
Fruits were stored at 25 °C for 7 days post-inoculation, in humid
chambers and the decayed area was measured.

Effect of dsRNA on conidia germination

The effect of dsRNA-ERG on B. cinerea conidia germination was
tested using an in vitro micro-assay (Galsurker et al., 2020; Gatto
et al., 2011). Conidia suspension (10 plL) was seeded on a glass
slide, containing 0.2% Sabouraud maltose broth (SMB; 10 g
Peptone (Difco), 40 g Maltose (Caisson labs, Smithfield, Utah,
United States) per 1 L) and incubated in a humid petri dish for
24 h at room temperature. dsRNA-ERG (40 uL dsRNA at a
concentration of 20 ng/ul) was added at time zero, after 4 h or
8 h of incubation. To test the effect of dsSRNA-ERG on B. cinerea
conidia germination in vivo, B. cinerea was inoculated on Vitis
vinifera cv. Superior with water (control) or dsRNA-ERG as
described above. The inoculated fruits were incubated in a humid
chamber at 25 °C for 24 h, then a thin layer of the inoculated
grape peel was subjected to lactophenol blue staining. The
conidia were examined under a microscope (Leica DM500
equipped with a Leica ICC50 HD camera) to assess both
germination percentage and germ tube elongation. Conidia
germination was scored when the germ tube’s length was equal
to, or exceeded, the conidia diameter. The germ tube length was
evaluated using Imagel) software (http://rsb.info.nih.gov/ij) in
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three microscopic fields in each droplet, six droplets for each
treatment. In each field examined, at least 80 conidia were
counted.

RNA extraction and transcript expression (quantitative
PCR; gPCR)

Vitis vinifera cv. Superior or Scarlota inoculated with B. cinerea
and treated with water (control) or dsRNA-ERG as described
above. The fruit peels or pulps were collected 8, 24 and 48 h
post-inoculation to liquid nitrogen. For RNA extraction, the peels
or pulps were grounded to a fine powder using mortar and pestle
and total RNA was extracted using Spectrum™ plant total RNA kit
(Sigma-Aldrich, St. Louis, Missouri) according to the manufac-
turer’s instructions, following DNase treatment (TURBO DNA-free
Kit, Ambion Life Technologies). Total RNA (1 ug) was used for
¢DNA construction using the RevertAid First-Strand ¢cDNA Syn-
thesis kit (Thermo Scientific) according to the manufacturer’s
instructions. cDNA samples were diluted at 1 : 10 and used for
gRT-PCR. The relative expression of the three ergosterol targeted
genes (erg11, erg1 and erg13) and two ergosterol non-targeted
genes (erg3 and erg9) was evaluated by a gRT-PCR analysis
conducted with a Step One Plus Real-Time PCR (Applied
Biosystems, Waltham, Massachusetts, US). PCR amplification
was performed with 3 pL of diluted cDNA template in a 10 pL
reaction mixture containing 5 pL Syber Green (Applied Biosys-
tems) and 250 nm primers. The gRT-PCR analysis was conducted
with the corresponding primer sets of the selected genes. All the
primers were chosen from the transcript sequence region that
was not part of the dsRNA-ERG construct to avoid cross-
contamination. The primers that were used in the current study
are as follows: forward, 5-GCTGATCTCCCTGCTCTCAAGTA-3’
and reverse, 5'-TGTGGAGGCGTAGAGTTTCCTT-3" for ergil.
Forward, 5-GAGGAAAGCGTGTGCAAGCT-3' and reverse, 5'-
TTCGCCCGTAGATGGATTGG-3' for ergl. Forward, 5'-AAGAA
GCGTTTCAACGAGCG-3' and  reverse, 5-AGGGCGGCA
CTATCAACATT-3" for erg13, forward, 5-TGGAAGTGACC
GACAAATAC-3" and reverse, 5-GAGGGTTGTGCCATTGAT-3’
for erg3, forward, 5'-TCACCCATTTCACCCAGTTT-3' and reverse,
5'-GTTGATCCGAGTCCGTCTATTG-3' for erg9. And to evaluate
the dsRNA-ERG construct we used forward 5-TACCTC
CTTTGCCTCTCTACC-3' located on erg13 sequence and reverse
5'-GTATTGCTTGCGGAATTTGGAG-3'  located on erg 11
sequence. PCR cycling program included: 10 min at 94 °C,
followed by 40 cycles of 94 °C for 10 s, 60 °C for 15 sand 72 °C
for 20 s. The expression of the selected genes was normalized
using Ct values of B. cinerea actin (forward, 5-TGCTCC
AGAAGCTTTGTTCCAA-3" and reverse, 5-TCGGAGATACC
TGGGTACATAG-3') or grape actin (forward, 5-CTTGCATC
CCTCAGCACCTT-3' and reverse, 5-TCCTGTGGACAATGGA
TGGA-3') as reference gene, and expression values were calcu-
lated relatively to control sample (water treated) using Step One
software v2.2.2 (Applied Biosystems). Each treatment consisted
of three biological repeats and three technical replicates.

In vitro fungal growth

To evaluate fungal growth, 6 pL conidia suspension was seeded
in a 96-well plate (Bar-Naor Ltd., Petah Tikva, Israel), containing
200 puL of 1% SMB. For dsRNA-ERG treatment, 4 ng/uL of
dsRNA-ERG (total 800 ng) was added to each treatment well.
Ergosterol complementation assay wells contained 50 pm ergos-
terol (Sigma-Aldrich), which was initially dissolved in chloroform
to obtain a 125 mwm stock solution (Dauchy et al., 2016). To test
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the effect of commonly used fungicide on B. cinerea growth,
'Procloraz’ (Sportak, Bayer Cropscience LLC, Monheim am Rhein,
Germany) or ‘fludioxonil’ (scholar, Hod-Hasharon, Israel) fungi-
cide were diluted in 1% SMB to final concentrations of 1-
1000 ppb or 0.01-1000 ppb respectively.

The plates were incubated at room temperature and O.D
measurement at 600 nm was taken every hour during 48-72 h
using Synergy LX plate reader (BioTek, Winooski, Vermont). The
absorbance of three wells of repeats was averaged together and
was background-corrected by subtracting the average absor-
bance of media alone at time zero (Galsurker et al., 2020;
Langvad, 1999). Growth inhibition percentage was calculated
(O.D in control well — O.D in treatment well)/O.D in control
well x 100) (Meletiadis et al., 2003). Coefficient treatment
interaction (CTI) was calculated as follows: CTI = AB/A x B).
AB is the ratio of the treatment combination to control; A, or B is
the ratio of the single treatment to control. CTl is considered as
synergistic when CTI < 1 (Chen et al., 2014).

Statistical analysis

The data presented are averages and standard errors. A T-test
was performed to compare two treatments. One-way ANOVA
analysis was performed by Tukey—Kramer HSD test using JMP Pro
15 software (SAS Institute, Cary, NC). Different letters or asterisks
indicate significant differences (P < 0.05).
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