1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Integr Plant Biol. Author manuscript; available in PMC 2023 August 29.

-, HHS Public Access
«

Published in final edited form as:
J Integr Plant Biol. 2022 November ; 64(11): 2187-2198. doi:10.1111/jipbh.13353.

BioClay™ prolongs RNA interference-mediated crop protection
against Botrytis cinerea

Jonatan Nifio-Sanchez12:3" Prabhakaran T. Sambasivam?, Anne Sawyer>®, Rachael
Hamby?!, Angela Chen?, Elizabeth Czislowski®’, Peng Li8, Narelle Manzie®, Donald M.
Gardiner®, Rebecca Ford®, Zhi Ping Xu8, Neena Mitter®”, Hailing Jinl"

1.Department of Microbiology & Plant Pathology, Center for Plant Cell Biology, Institute for
Integrative Genome Biology, University of California, RiversideCalifornia, 92521, USA

2Department of Plant Production and Forest Resources, University of Valladolid, Palencia 34004,
Spain

3juFOR- Sustainable Forest Management Research Institute, University of Valladolid—INIA,
Palencia 34004, Spain

4.Centre for Planetary Health and Food Security, Griffith University, Nathan, Queensland, 4111,
Australia

5.School of Chemistry and Molecular Biosciences, The University of Queensland, St Lucia,
Queensland, 4072, Australia

6-Queensland Alliance for Agriculture and Food Innovation, Centre for Horticultural Science, The
University of Queensland, St Lucia, Queensland, 4072, Australia

7School of Agriculture and Food Sciences, The University of Queensland, St Lucia, Queensland,
4072, Australia

8-Australian Institute for Bioengineering and Nanotechnology, The University of Queensland, St
Lucia, Queensland, 4072, Australia

Abstract

One of the most promising tools for the control of fungal plant diseases is spray-induced gene
silencing (SIGS). In SIGS, small interfering RNA (siRNA) or double-stranded RNA (dsRNA)
targeting essential or virulence-related pathogen genes are exogenously applied to plants and
postharvest products to trigger RNA interference (RNAI) of the targeted genes, inhibiting fungal
growth and disease. However, SIGS is limited by the unstable nature of RNA under environmental
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conditions. The use of layered double hydroxide or clay particles as carriers to deliver biologically
active dsRNA, a formulation termed BioClay™, can enhance RNA durability on plants, prolonging
its activity against pathogens. Here, we demonstrate that dSRNA delivered as BioClay can prolong
protection against Botrytis cinerea, a major plant fungal pathogen, on tomato leaves and fruit and
on mature chickpea plants. BioClay increased the protection window from 1 to 3 weeks on tomato
leaves and from 5 to 10 days on tomato fruits, when compared with naked dsRNA. In flowering
chickpea plants, BioClay provided prolonged protection for up to 4 weeks, covering the critical
period of poding, whereas naked dsRNA provided limited protection. This research represents

a major step forward for the adoption of SIGS as an eco-friendly alternative to traditional
fungicides.

Keywords

BioClay; double stranded RNA; layered double hydroxide; RNA interference; spray-induced gene
silencing

INTRODUCTION

Plant fungal pathogens are an ever-present threat to global food security and can cause
devastating yield losses both pre- and post-harvest (Savary et al., 2019). Current fungal
disease management strategies are largely reliant on the use of chemical fungicides, host
resistance and cultural practices such as crop rotation. However, fungicide usage can lead to
the target species developing resistance and synthetic fungicides can be harmful to humans,
beneficial organisms and the broader environment (Van de Wouw et al., 2021). Alarmingly,
fungicide-resistant fungal strains have been reported for every major class of antifungals
used in agriculture (Fisher et al., 2018). In addition, consumers are increasingly demanding
lower traces of fungicides and other chemicals on food, triggering policy changes around
the world. In June 2022, the European Commission published a proposal for new regulation
on the sustainable use of pesticides, which will set legally binding targets to reduce the use
and risk of chemical pesticides by 50% by 2030 (European Commission, 2022), as planned
under the European Green Deal (European Commission, 2019). However, European growers
are concerned about the limited effective and affordable alternatives to date, and regulatory
changes in the European Union could end up impacting agricultural exports around the
world (Matthews, 2022).

Therefore, to safeguard global food security, ecosystem health and to meet consumer
demand, novel, sustainable eco-friendly disease management strategies need to be developed
and adopted.

RNA interference (RNAIi)-mediated crop protection strategies are a sustainable alternative to
chemical pesticides and fungicides (Cai et al., 2018a; Niu et al., 2021). Two approaches
which have been successfully utilized against fungal pathogens are host-induced gene
silencing (HIGS), where host plants are genetically modified to produce double stranded
RNA (dsRNA\) targeting selected pathogen/pest genes (Koch and Kogel, 2014), and spray-
induced gene silencing (SIGS), where the dsRNA is exogenously applied to pre- or post-
harvest plant material (Koch et al., 2016; Wang et al., 2016; McLoughlin et al., 2018; Qiao
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et al., 2021). Both methods trigger RNAI against the targeted pest/pathogen genes albeit
via slightly different mechanisms. In HIGS, plant-produced pathogen targeting siRNAs are
thought to be taken up by fungal pathogens during infection through a mechanism known
as “Cross-Kingdom RNAI,” a natural process where small RNAs are transferred between
plants and pathogens (Wang et al., 2016; Huang et al., 2019; Cai et al., 2021) mainly by
extracellular vesicles (Cai et al., 2018b; He et al., 2021; Huang et al., 2021). In SIGS,
invading fungal pathogens can take up the dsSRNA directly, e.g., from the surfaces of leaves
or fruit to silence homologous genes (Wang et al., 2016; Qiao et al., 2021). Both HIGS

and SIGS have been tested under field conditions (De Schutter et al., 2022). The SIGS
technology developed by Greenlight Biosciences (Ledprona) was successfully tested in field
trials, where it provided protection against the Colorado Potato Beetle (Rodrigues et al.,
2021).

For SIGS approaches to be commercially feasible, it is imperative that dSRNA stability

and durability in the environment is enhanced. This can be facilitated by using carriers

such as layered double hydroxide (LDH) or clay particles, which have been extensively
used as carriers for several types of biomolecules for drug delivery and in other medical
applications (Zhang et al., 2021; Sun et al., 2022). LDH is a unique layered structure which
has ion exchange abilities; good biocompatibility; pH sensitivity; biodegradability and high
intracellular delivery efficacy (Li et al., 2021). In SIGS applications, spraying plants with
dsRNA bound to LDH in a formulation known as BioClay™, has already been shown to
afford protection against viruses (Mitter et al., 2017) and insects (Jain et al., 2022). BioClay
extended the window of protection against viruses for up to 20 d and improved protection
against whitefly eggs and nymphs, which was likely due to the stability and sustained
release of the dsSRNA when applied as BioClay (Mitter et al., 2017; Jain et al., 2022). LDH
conjugated with a construct simultaneously targeting an ergosterol biosynthesis pathway
gene, translation elongation factor 2 and chitin synthases 1 genes provided protection against
Fusarium oxysporum on tomatoes (Mosa and Youssef, 2021) suggesting fungal control may
also be possible with BioClay.

Here, we compared the longevity of BioClay and naked dsRNA-induced protection against
Botrytis cinerea, a necrotrophic fungal pathogen that can infect leaves, fruits and flowers of
more than 1,000 plant species (Weiberg et al., 2013; Elad et al., 2016; Petrasch et al., 2019)
resulting in annual global losses of up to $100 billion (Hua et al., 2018). We demonstrate
that BioClay prolongs RNAi-mediated protection against B. cinerea on tomato leaves and
fruit, as well as in mature chickpea plants. BioClay-mediated protection from B. cinereain
both pre- and post-harvest plant materials opens up the real-world application of BioClay in
the management of fungal diseases of both broad acre and horticultural crops.

Botrytis cinerea spores can efficiently take up dsRNA released from LDH

For SIGS approaches to be effective, RNA molecules need to enter fungal cells. To
determine whether B. cinerea spores can take up dsRNA associated with LDH, germinated
spores were incubated with BioClay containing fluorescently labeled dsRNA on PDA
medium and then examined by confocal microscopy for fluorescence. While dsRNA
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was rapidly taken up within 3 h, the spores were unable to take up the labeled BioClay-
associated dsRNA by 16 h (Figure 1). However, using a rapid dsRNA release protocol to
dissociate the LDH and dsRNA in BioClay, the spores were able to take up the labeled
RNA within 3 h, and at 16 h, similar levels of fluorescence were observed as with the naked
dsRNA (Figure 1).

BioClay provides extended protection against B. cinerea on tomato leaves

To determine whether BioClay can extend the protection window against B. cinerea, we
used a detached tomato leaf assay and two dsRNAs that had previously been shown to
provide protection against B. cinereain post-harvest fruit assays: BcDCL1/2and BcVDS
(Wang et al., 2016; Qiao et al., 2021). BcDCL 1/2targets both B. cinerea dicer-like (DCL)
genes, while BcVDS targets three genes involved in fungal vesicle trafficking, originally
identified as the targets of SRNAs shown to move from Arabidopsisto Botrytis (Cai et

al., 2018b). Leaves on intact plants were sprayed with naked dsRNA or BioClay and
subsequently detached for inoculation 1-21 d post treatment (dpt). Water, LDH and non-
specific dsRNA (cucumber mosaic virus 2b (CMV2b)) controls were also included.

In comparison to the control treatments, both naked dsRNA treatments (BcDCL1/2 and
BceVDS) were able to effectively reduce B. cinerea lesion sizes when applied either 1 or 7 d
prior to inoculation (Figure 2A, B). However, these treatments did not significantly decrease
lesion sizes when applied 14 or 21 d prior to inoculation. Treatments with BcDCL 1/2and
BcVDS dsRNA 1 d prior to inoculation resulted in a 62% and 61% reduction in lesion size
respectively, compared to the water control, and a 38% and 43% reduction, respectively,
when applied 7 d prior to inoculation (Figure 2A, B).

BceDCL 1/2BioClay application on the other hand significantly inhibited lesion development
on tomato leaflets at all pre-treatment time points, with a 41%, 33%, 35%, and 34%
reduction in lesion size compared to the water control for the 1, 7, 14, and 21 dpt,
respectively (Figure 2A, B). BcVDS BioClay treatments also led to a prolonged effect
compared to the naked BcVDS dsRNA. Lesion size reduction was 48%, 45%, 56%, and
30% compared to the water control at 1, 7, 14, and 21 dpt, respectively (Figure 2A, B).

To further investigate these findings, fungal biomass analysis was performed on the tomato
leaflets. Overall, the biomass estimates reflected fungal lesion measurements on the tomato
leaflets (Figure 2C). Specifically, there was an observable decrease in fungal biomass on the
leaflets treated with naked dsRNA (BcDCL1/2or BcVDS) at 1 dpt and 7 dpt compared to
the water control, while at both 14 dpt and 21 dpt there was no difference in fungal biomass
between the dsRNA and water-treated leaflets. Furthermore, the time between treatment and
inoculation was found to be inversely related to fungal biomass, (BcDCL1/2. r=-0.85; P=
0.0004 and BcVDS. r=-0.83, P=10.0009), i.e., the longer the time from treatment to fungal
inoculation, the lower the protection. However, in the BioClay treatments, a significant
decrease in fungal biomass (a < 0.05) in inoculated leaves was observed at all time points
(Figure 2C), which was not correlated with the time between treatment and inoculation
(BeDCL1/2Bio-Clay: r=-0.04, P=0.9 and BcVDSBioClay: r=-0.54, P=0.07). Taken
together, these results strongly suggest that BioClay provides protection with enhanced
durability compared to naked dsRNA in detached leaf assays.
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BioClay treatment reduces B. cinerea infection of mature chickpea plants

Thus far all BioClay formulations have been based on MgAIl LDH. However, we recently
showed that MgFe BioClay, which was developed as an alternative, is also an effective
carrier of dsRNA (Jain et al., 2022). To test whether MgFe-based BioClay could provide
similar protection against B. cinerea as MgAl-based BioClay, we looked at protection
against B. cinereain chickpea, a system of relevance to broadacre agriculture. Flowering

is the most susceptible period of growth for chickpeas (Saxena and Johansen, 1997),
therefore the assay was set up with mature plants. Six-week-old plants were treated 5 d
prior to inoculation with either water, BcDCL 1/2dsRNA, BeDCL 1/2 MgAl BioClay or
BeDCL 1/2 MgFe BioClay. Fourteen days after inoculation both the dsSRNA and BioClay-
treated plants were significantly protected from Botrytis infection (Figure 3). By 21 d, whilst
naked dsRNA still provided some protection, the MgAl Bio-Clay treatments gave increased
protection, with the MgFe BioClay trending towards being more protective than the naked
dsRNA. By 28 d post inoculation, only the BioClay formulations were providing protection.
Similar results were observed in an independent assay (Figure S1), with both MgAl and
MgFe BioClay formulations providing statistically significant protection against B. cinerea
at all time points after inoculation. Naked dsRNA was less effective in this repeated assay
even at the earlier time points, highlighting that BioClay could provide durable protection
for disease control well beyond what dsSRNA alone may achieve in chickpeas. Together

the observations made on detached tomato leaves and whole chickpea plants suggest that
both MgAl and MgFe BioClay can provide a longer lasting protection against Botrytis
infection than naked dsRNA, results consistent with previous findings in virus and insect
pathosystems (Mitter et al., 2017; Jain et al., 2022).

BioClay treatment reduces post-harvest Botrytis gray mold disease symptoms

Next, we tested the ability of MgAl and MgFe BioClay to enhance post-harvest disease
protection on tomato fruit. Similar to the leaf assays, treatment with BcDCL 1/2and

BcVDS MgAl BioClay led to effective and long-lasting protection against B. cinerea disease
development. Unlike previous experiments, treatments were applied as 20 uL drop-lets,

and fruits were inoculated with fungal spores at 1, 5, and 10 dpt. Results were consistent
with the assays conducted in tomato leaves. B. cinerea lesion size was only reduced in

the naked dsRNA (both BeDCL 1/2and BcVDS) treatments when inoculation occurred 1
dpt, with reductions of 82% for BcDCL 1/2and 57% for BcVDS (Figure 4A, B). Fungal
bio-mass assays revealed the same trend (BcDCL1/2. 87%; BcVDS. 90%) (Figure 4C). By
5 dpt there was no statistically significant reduction in B. cinerea lesion size, however, there
was still a statistically significant reduction in fungal biomass (BcDCL 1/2. 70%; BcVDS.
67%) (Figure 4C). The naked dsRNA treatments offered no protection against fungal disease
at 10 dpt, and fungal biomass was found to be dependent on the time elapsed between
treatment and application with naked dsRNA (BcDCL1/2: r=-0.90, P=0.0008; BcVDS:
r=-0.95, P=0.0001). Application of MgAIl LDH or BioClay containing a non-specific
dsRNA sequence had no effect on B. cinerea lesion size or biomass (Figure 4). In contrast,
treatment with BcDCL 1/2 or BeVDS BioClay significantly reduced fungal lesion size at all
three time points (BcDCL1/2BioClay: 57%, 64% and 49% at 1, 5, and 10 dpt, respectively;
BcVDS BioClay: 90%; 73% and 43%) (Figure 4A, B). The fungal biomass measurements
supported these results, with no statistically significant dependence on the time between
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treatment and inoculation (BcDCL1/2BioClay: r=-0.44, P=0.2337; BcVDS BioClay:
r=-0.53, P=0.1401). Further, fungal biomass in fruit treated with MgAl BioClay never
reached >25% of the fungal biomass of water treated fruit (Figure 4C).

As with the MgAl-based formulations, treatment with BcDCL 1/2 or BcVDS MgFe BioClay
also resulted in a statistically significant decrease in B. cinerea lesion size (Figure 5A).
BcDCL 1/2 MgFe BioClay treatment resulted in 2> 50% reduction in fungal growth at all
time points (1, 5, and 10 dpt) and the BcVDS MgFe BioClay treatment resulted in a 48%—
65% reduction (Figure 5B). Lesion size in MgFe BioClay treatments showed no statistically
significant dependence on the time between treatment and inoculation (BeDCL1/2 MgFe
BioClay: r=-0.51, £=0.66; BcVDS MgFe BioClay: r=0.9321, P=0.24).

DISCUSSION

SIGS constitutes an environmentally friendly approach for the control of fungal plant
diseases. However, its commercial application is still limited due to the instability of dsSRNA
under field conditions (Cagliari et al., 2019; Dalakouras et al., 2020; Nifio-Sanchez et al.,
2021). This work investigated using LDH as an RNA carrier, extending on previous studies
which have shown that LDH-bound dsRNA is protected from environmental degradation
(Mitter et al., 2017; Jain et al., 2022).

We have demonstrated that B. cinerea can take up dsRNA released from BioClay, which is
necessary for efficient SIGS (Qiao et al., 2021). Protection was observed in multiple systems
following BioClay application, suggesting that dsRNA release is also occurring on plant
surfaces. On plant surfaces, release of dsSRNA from BioClay is expected to occur slowly as
carbonic acid is formed from the dissolution of carbon dioxide in water films on the plant
surface (Mitter et al., 2017; Jain et al., 2022). The observation that uptake by a fungal cell is
dependent upon release suggests that BioClay sustains protection against fungal pathogens.

The application concentration of dSRNA is certainly an important factor for both the efficacy
and the economic cost of the product application (Bocos-Asenjo et al., 2022). In these
experiments, a 300 or 100 ng/uL concentration was used based on preliminary trials with
different concentrations of dsSRNA for the different Botrytis inoculations assays (data not
shown) and previous studies carried out with BioClay (Mitter et al., 2017; Jain et al., 2022).
This work reports the concentration which worked best, since excessive administration

of dsRNA can produce non-specific effects due to saturation of the RNAi pathway and
activation of the defense or immune pathways (Haller et al., 2019).

The extended protection afforded by BioClay compared to naked dsRNA indicates that

the dynamics of dsRNA release facilitate sustained protection against Botrytis gray mold
disease. Our results show that BioClay application not only hinders establishment of

the fungus on pre- and post-harvest materials, but also that when the fungus becomes
established in plant tissues, the development of the infection is much slower, which could
allow the plant hosts to mature sufficiently to minimize losses due to disease. In addition,
the observations made here with both MgAl- and MgFe-based BioClay suggest the extended
protection in post-harvest assays is independent of the cationic species in the BioClay,
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offering considerable flexibility in the formulation to provide durable protection against
Botrytis in tomato fruit and presumably against Botrytis in numerous other commodities
both pre- and post-harvest.

This work extends the potential of BioClay technology from viruses and whiteflies (Mitter
etal., 2017; Jain et al., 2022) to fungal pathogens. BioClay technology is currently being
field-tested to allow its commercialization, with endless possibilities in regard to target
genes (Rank and Koch, 2021).

MATERIALS AND METHODS

LDH synthesis and BioClay loading

MgAl and MgFe LDH were prepared as detailed in our previous work (Mitter et al., 2017;
Jain et al., 2022). To determine the ratio at which naked dsRNA was completely complexed
with the LDH, 300 ng of BeDCL 1/2or BeVDS dsRNA was combined with varying amounts
of LDH (dsRNA: LDH from 1:1 to 1.5 (w/w)) and incubated at room temperature for 30
min. Complete loading of dsRNA onto LDH was confirmed when the dsSRNA-LDH complex
was retained in the well and unable to migrate through a 1% agarose gel. Following loading,
sodium phosphate was added to the MgAl BioClay to a final concentration of 20 mM and
ammonium sulphate was added to the MgFe BioClay to a final concentration of 10 mM.

dsRNA material

For pathology assays two dsRNA sequences were used. The first was based upon the

B. cinerea dicer-like (DCL) genes, DCL1 (locus tag BCIN_12906230) and DCL2 (locus
tag BCIN_14903910), originally described by Wang et al. (2016). The second construct,
BcVDS, was based upon three genes originally identified as the targets of SRNAs shown to
move from Arabidopsisto Botrytis (Cai et al., 2018b). These were vacuolar protein sorting
51 (VPS51, BCIN 16904780), bilateral karyogamy defect 1 (bik1, BCIN_01g03260)
required for the full functioning of the dynactin complex Bc-DCTN1 and suppressor of
actin (SAC1, BCIN 14901900) (Cai et al., 2018b; Qiao et al., 2021). The sequences are
provided in Supplementary material. Both BcDCL1/2 and BcVVDS dsRNA were synthesized
by Genolutions (Korea) using their Agriculture Grade 2 service.

Fungal dsRNA uptake

Fluorescently-labeled YFPand DCL1/2 dsRNA was synthesized /n vitro using

the MEGAscript RNAI Kit (Life Technologies, Carlshad, CA, USA) following the
manufacturer’s instructions but with the addition of Fluorescein RNA labeling mix, a
nucleotide mixture containing fluorescein-12-uridin-triphosphate (Sigma-Aldrich, St. Louis,
MO, USA) for a final concentration of 1 mM NTP (including 0.35 mM fluorescein-12-
UTP). Fluorescein-labeled YFPor DCL1/2dsRNA (100 ng/pL) was added to germinated
fungal spores on a glass microscope slide with 3 mL of PDA medium. The rapid release
protocol used PDA media adjusted to pH 4 by addition of 10% citric buffer (50 mM, pH: 3),
from the original pH 5.8. The mix was incubated at room temperature in the dark for 3 and
16 h and then treated with 1 uL micrococcal nuclease (MNase) (Thermo Fisher Scientific,
Waltham, MA, USA) before analysis by confocal laser scanning microscopy (Leica TCS
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SP5, Lecia Microsystems, Wetzlar, Germany). Excitation was provided by an argon laser
(488 nm) and the emission signal of fluorescein was detected at 495-545 nm.

Tomato protection assays

B. cinerea strain BO5 was incubated on Malt Extract Agar (MEA) (Sigma-Aldrich, St. Louis,
MO, USA) plates from frozen glycerol stock vials (-80°C). The fungus was incubated at
22°C for 10 d before spores were isolated from the plate using a sterile loop and incubated
in 1% Difco™ Sabouraud Maltose Broth (BD Biosciences, Sparks, MD, USA). Spores

were counted using a hematocytometer and spore concentration was adjusted in 1% Difco ™
Sabouraud Maltose Broth.

For foliar inoculation of the tomato plants, commercial Money maker seeds were sown on
soil and maintained at a controlled temperature (25°C) and high relative humidity (>70%)
for 7-10 d until germination (relative humidity was stabilized at 70%). After 2 weeks, plants
were transferred to 1-gallon pots with a mix of soil:sand (3:1 ratio). Plants were grown

in a greenhouse with controlled temperature (25°C), and photoperiod (8-h night/16-h day)
conditions, and were manually bottom watered every 2—4 d as needed. Tomato plants were
incubated for another 3 weeks until three completely extended real leaves were present
(identified as the first leaf with at least five leaf-lets). Afterwards, three real leaves from each
plant were treated by spraying approximately 5 mL of a suspension of 100 ng/uL dsRNA or
BioClay. We established four time points (1, 7, 14 and 21 d post treatment (dpt)) to harvest
leaves and inoculate them with B. cinerea spores. Treated leaves were detached and placed
into plastic boxes that were previously disinfected with a 10% bleach solution. Two pieces
of wet filter paper were placed at the bottom of each box to maintain humidity. Each leaflet
(five per leaf) was inoculated with a 10 L drop of the B. cinerea spore suspension at 2x103
spores/mL.

On fresh local organic tomato fruits, the treatments were applied as 20 uL droplets of a
solution with 100 ng/uL of dsRNA. Subsequently, tomato fruit were inoculated at 1, 5, and
10 dpt with 10 pL droplets of a B. cinerea spore suspension (10° spores/mL).

After inoculation, the detached leaves and tomato fruits were incubated for 4 and 6

d, respectively, inside the plastic box at 22°C with continuous light. Then, lesions

were photographed to accurately determine size with the help of ImageJ software,

and/or were measured by two perpendicular diameter measurements using an electronic
calibrator OriginCal® Digital Caliper, (iIGAGING, San Clemente, CA, USA). The diameter
measurements were used to calculate the area of the ellipse contained in the lesion using the
formula A= (DL x 0.5) x (D2 x 0.5) x .

Chickpea protection assays

Highly susceptible Kyabra chickpeas were grown in 15 cm diameter pots containing
commercial grade potting mix (Richgro premium mix). Plants were grown and maintained
at 22 + 2°C under an 8-h night/16-h day photoperiod with a light that spans the wavelength
from UV to far red light of 350-700 nm (Supplied by Valoya LED grow lights, Finland)

at Griffith University, Nathan campus, Queensland, Australia. Bioassays were conducted
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in a completely randomized design in a controlled environment growth room with three
replicates for each treatment x host combination with three plants per pot/replication (n=9).

Simultaneously, a single-spored Australian B. cinerea isolate BC9653 was cultured on V8
juice agar plates and maintained at 22 + 2°C with 12-h dark/12-h light periods provided

by blue and cool white fluorescent lamps (400-700 nm) for 14 d. Subsequently, a spore
suspension was prepared by harvesting pycnidiospores with sterile water, filtering through
sterile cheesecloth (250 mm) and adjusting the final spore concentration to 1 x 10°
spores/mL using a hemocytometer. Two to three drops of Tween 20 (0.02% v/v) were added
per 100 mL of spore suspension as a surfactant. Six-weeks-old chickpea plants at flowering
stage, were each sprayed with 5-6 mL of water, dSRNA or BioClay at 300 ng/uL. Five days
later the plants were misted to run-off with a single spore inoculum and placed randomly in
dark and humid sealed 20 L plastic crates (one crate/treatment). After 24 h post inoculation
(hpi), crate lids were removed, and the plants were placed back into the 22 + 2°C and 8-h
night/16-h day growing conditions until disease assessment.

Each plant was assessed for disease severity by quantifying the percentage of plant infected
by B. cinerea infection and a disease score between 1 and 9 was assigned to each plant
using the scoring system of Anuradha et al. (2011) at 14, 21, and 28 d post inoculation

(dpi). The scoring system is repeated here verbatim for clarity. 1 = no infection; 2 =

minute water-soaked lesions on emerging tender leaves; 3 = minute water-soaked lesions

on 1%-5% of leaves; 4 = water soaked lesions on 6%-10% of leaves and tender shoots;

5 = water-soaked lesions; soft rotting of 11%-25% of leaves and shoots; 6 = water-soaked
lesions and soft rotting of 26%-40% of leaves and shoots; 7 = soft rotting and fungal growth
on 41%-55% of the leaves and branches; 8 = soft rotting, fungal growth on 56%-70% of the
leaves, branches, and stems; 9 = extensive soft rotting, fungal growth on above 70% of the
leaves, branches and stems.

Data were analyzed in Prism 9.0 using a Kruskal-Wallis test to determine if there was any
difference observed in the experiment based on treatments, which there were at all time
points. This was followed by pairwise Mann-Whitney tests to determine pairwise differences
between groups.

Total RNA extraction and reverse transcription quantitative polymerase chain reaction
(RT-gPCR) for fungal biomass quantification

Samples of plant material inoculated with B. cinereawere collected and frozen at
-80°C. Total RNA was extracted using TRIzol™ Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. RNA was eluted in
DEPC-treated water (Sigma-Aldrich, St. Louis, MO, USA), and treated with DNasel
according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA,
USA). RNA integrity was tested using 1.2% agarose gels and quantified using a
Nanodrop 2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The absence of DNA was confirmed by the lack of conventional PCR amplification of
tomato and Botrytis tubulin and actin genes, respectively. Then, cDNA was synthesized
using the Superscript™ 111 First-Strand Synthesis System (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s instructions. The SYBR Green mix
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(Bio-Rad Laboratories, Hercules, CA, USA) was using to carry out RT-qPCR reactions

in a CFX384 (Bio-Rad laboratories, Hercules, CA, USA) with the following thermal
profile: 95°C for 15 min, followed by 40 cycles of 94°C for 30 s, 50°C for 30 s, and

72°C for 30 s, and testing single amplification by a specific peak in the dissociation
melting curve (0.5°C increments every 10 s from 65°C to 95°C). Fungal biomass in the
inoculated samples was estimated as the relative quantity of actintranscript of B. cinerea
(using Be-actin-gRT-F: 5'-TGCTCCAGAAGCTTTGTTCCAA-3” and Be-actin-gRT-R:
5'-TCGGAGATACCTGGGTACATAG-3" primers) normalized to the tubulin transcript
(using Tomato-tubulin-F: 5'-GATTTGC-CCACTAACCTCTCGT-3" and Tomato-tubulin-R:
5-ACCT-CCTTTGTGCTCATCTTACCC-3" primers of S. lycopersicum calculated by the
270ACt method (Livak 2001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fungal cells can take up dsRNA from BioClay " after dsRNA release
The images show the confocal laser scanning microscopy (CLSM) analysis of germinated

spores 3 and 16 h after being treated with fluorescein-labeled dsRNA ( YFPor BecDCL1/2).
The top group of rows show that Botrytis cinerea can take up the labeled dsRNA on PDA
medium at pH ~5.8 after 3 and 16 h. The second group of rows show that dsRNA cannot

be taken up when the dsRNA is in the BioClay complex after 3 h. The third group of rows
show the rapid release protocol does not affect dsSRNA uptake when the dsRNA is in a naked
form. The fourth group of rows show that dsRNA can be taken up under conditions that
release the dsRNA from the BioClay complex. Micrococcal nuclease (MNase) was added
30 min before capturing the images to remove the external dsRNA, which was not taken

up by fungal cells. However, because BioClay provides protection against nucleases, traces
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of fluorescent signals are observed at the periphery of the fungal cells. White bar = 25 um,
yellow bar = 10 um.
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Figure 2. BioClay " application provides a steady inhibition of Botrytis cinerea infection on
tomato detached leaves

(A) Tomato detached leaves were pre-treated with water, naked dsRNA, LDH and BioClay
for 1,7, 14, and 21 d, then inoculated with B. cinerea spores. Pictures were taken at 4

d post inoculation. Representative inoculated detached leaves showed similar lesion sizes

in the water control treatment, LDH treatment, CMV treatment (naked or BioClay) and
both BeDCL 1/2- and BeVDS-targeting naked dsRNA treatments at the later time points (14
and 21 d post treatment (dpt)). Smaller lesion sizes were observed at all time points with
BioClay treatments (either BcDCL1/2or BeVDS) and at the earlier time points (1 and 7
dpt) for the naked dsRNA treatments. (B) Relative lesion size areas were measured 4 d post
inoculation on detached tomato leaves with the help of an electronic calibrator, assigning
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a value of 1.0 to the average lesion size area in the water treatment. (C) Relative fungal
biomass was quantified by reverse transcription quantitative polymerase chain reaction (RT-
gPCR) in detached leaves inoculated with B. cinerea. Fungal RNA relative to tomato RNA
was measured with the fungal actin gene and the tomato actin gene by RT-gPCR using total
RNA extracted from each time point (1, 7, 14, and 21 dpt). All measurements were referred
to the value 1.0 obtained for the water treatment. Error bars indicate standard deviations
(SD) obtained from four to seven biological replicates for the relative measurement of

the lesion size area (B) and three biological replicates for relative quantification of fungal
biomass (C). Levels of significant differences were determined by a one-way analysis of
variance followed by Tukey’s HSD test and are indicated above the bars by (°~< 0.10; *P<
0.05; **P< 0.01; ***P< 0.001).
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Figure 3. BioCIayTM provides protection against Botrytis on chickpea plants
(A) representative images of chickpea plants infected with Botrytis with and without dSRNA

or BioClay™ targeting BcDCL 1/2. (B) Plant disease was scored on an ordinal scale from

1 to 9 and data analyzed using a Kruskal-Wallis test followed by Mann-Whitney tests for
pairwise comparisons differences between treatments. Different letters indicate statistically
significant (P < 0.05) groupings. Each treatment group consisted of nine individual plants.
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Figure 4. BioCIayTM application provides a steady inhibition of Botrytis cinerea infection on
tomato fruit

(A) Tomato fruit were treated with water, naked dsRNA, LDH or BioClay and were then
inoculated with B. cinereaspores 1, 5, or 10 d post treatment (dpt). Pictures were taken
at 6 d post inoculation. Representative inoculated tomato fruit showed similar lesion sizes
in the water control treatment, LDH treatment, CMV/treatment (naked or BioClay) and
both BeDCL 1/2- and BeVDS naked dsRNA treatments at the last time point (10 dpt).
Smaller lesion sizes were observed at all time points with BioClay treatments (either
BcDCL1/20or BeVDS) and at 1 dpt in the naked dsRNA treatments. (B) Relative lesion
size areas were measured 6 d post inoculation on tomato fruits with the help of an
electronic calibrator, assigning a value of 1.0 to the average lesion size area in the water
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treatment. (C) Relative fungal biomass was quantified by reverse transcription quantitative
polymerase chain reaction (RT-gPCR) in tomato fruits inoculated with B. cinerea. Fungal
RNA relative to tomato RNA was measured with the fungal actin gene and the tomato
tubulin gene by RT-gPCR using total RNA extracted from each time point (1, 5, 10 dpt).

All measurements were referred to the value 1.0 obtained for the water treatment. Error
bars indicate standard deviations (SD) obtained of at least three biological replicates. Levels
of significant differences were determined by a one-way analysis of variance followed by
Tukey’s HSD test and are indicated above the bars by (°P< 0.10; *P< 0.05; **P< 0.01;
*** P < 0.001).
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Figure 5. MgFe BioCIayTM confers a steady inhibition of Botrytis cinerea infection on tomato fruit
(A) Tomato fruit were pre-treated with water, MgFe-based LDH and MgFe-based BioClay™

for 1, 5, and 10 d, then inoculated with B. cinerea spores. Pictures were taken at 6 dpi.
Representative inoculated tomato fruits showed similar lesion sizes in the water control
treatment, LDH treatment, and CMV/ BioClay. Smaller lesion sizes were observed at all
time points with BioClayTM treatments (either BeDCL1/2 or BcVDS). (B) Relative lesion
size areas were measured 6 dpi on tomato fruits with the help of an electronic calibrator,
assigning a value of 1.0 to the average lesion size area in the water treatment. Error bars
indicate standard deviations (SD) obtained of at least three biological replicates. Levels

of significant differences were determined by a one-way analysis of variance followed by
Tukey’s HSD test and are indicated above the bars by (*£< 0.05; **P < 0.01).
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