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(57) ABSTRACT

Cowpea mosaic virus capsid nanoparticles devoid of genetic
material, as such or loaded with agricultural drugs of natural
origin, is used for the treatment of a disease of the aerial part
of a plant, such as the leaf. The disease treated is caused by
a microorganism that attacks the aerial part of the plant, such
as a fungus, an oomycete, a bacterium, a phytoplasma or a
virus.
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CAPSIDIC NANOPARTICLES OF COWPEA
MOSAIC VIRUS WITHOUT GENETIC
MATERIAL FOR THE TREATMENT OF A
DISEASE OF THE AERIAL PART OF A
PLANT

[0001] The present invention relates to cowpea mosaic
virus capsid nanoparticles devoid of genetic material for the
treatment of a disease of the aerial part of a plant. In greater
detail, the present invention relates to cowpea mosaic virus
capsid nanoparticles devoid of genetic material, as such or
loaded with agricultural drugs, for the treatment of a disease
of the aerial part of a plant, e.g. the leaf, said disease being
caused by a phytopathogenic microorganism that attacks
said aerial part, e.g. a fungus, a bacterium or a virus.
[0002] Increasing agricultural productivity is essential in
order to confront the progressive, constant growth of the
world population. However, achieving this objective is hin-
dered by factors of an abiotic nature (water stress, climate
changes, lack of nutrients) and biotic nature (microorgan-
isms, insects, weeds, terricolous animals) which negatively
impact the agricultural yield. In particular, the diseases
caused by fungi, viruses and bacteria cause a significant loss
of agricultural production, which can be of a quantitative
nature, if one is talking about a decrease in the yield in the
field, or a qualitative nature if a reduction occurs in the
content of nutritive substances or in the quality of the
product, due to aesthetic alterations (e.g. pigmentation) or
contaminations of the food by microorganisms and/or toxic
substances of a microbial nature (e.g. mycotoxins).

[0003] All over the world, agricultural crops are thus
extensively treated with plant protection products to control
diseases, with a consequent severe economic and environ-
mental impact. Recently, many research groups and com-
panies, also at an international level, have developed alter-
native strategies to combat diseases, which can be used both
to supplement traditional control practices and as a starting
point for the development of new plant protection strategies
in agriculture. In fact, the development actions in the frame-
work of a sustainable approach to agriculture include
improving integrated pest control to reduce the intensive use
of chemical products and synthetic plant protection products
in order to ensure the sustainability of production systems.
Research in the field of plant pathology has thus focused in
recent years on developing alternative products to pesti-
cides. In this regard, European Council Regulation (EEC)
No. 2092/91 lists the substances that can be used for the
treatment of the plants; among them, the most effective is
copper, which is however subject to use limitations (Com-
mission Regulation (EC) No. 889/2008), given its potential
accumulation in soils and the consequent long-term effect on
the soil microbiome (Dagostin et al., 2011). Taking into
consideration the above-mentioned regulations, many coun-
tries have banned various pesticides, making plant disease
management more complex and thus leading to the devel-
opment of integrated pest control strategies. An important
aspect of environmentally sustainable defence is biocontror,
which classically referred to the use of living organisms in
the fight against parasites and pathogens but was subse-
quently extended to the use of biomolecules with a low
environmental impact to control diseases. In recent times
there has been an increase in the number of publications in
this sector and a 230% increase in the global market
(Naranjo et al., 2015). Consequently, since 2014 the Euro-
pean Union has pursued a policy initiative for the adoption
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of integrated pest control strategies, thus providing a greater
impetus to the market for biocontrol products for the years
to come (Lefebvre et al., 2015).

[0004] The use of natural molecules in the fight against
plant diseases is hindered, however, by their short persis-
tence in the field or low penetration into plant tissue. In this
context, nanobiotechnologies, already broadly exploited in
the medical realm and in some recent applications in the
food sector, represent a true innovative key for the devel-
opment of alternative solutions to pesticides for crop pro-
tection. Nanotechnologies are based on the development of
particles of small dimensions, defined nanoparticles, char-
acterised by a diameter ranging from 1 to 100 nm. Over the
years nanotechnologies have been applied in many fields of
research, such as medicine, materials engineering and elec-
tronics, but only recently have some begun to evaluate their
potential in the agricultural field (Perez-de-Luque and Rubi-
ales, 2009), where they can be applied to develop delivery
systems for substances such as pesticides, fertilisers or
growth hormones, to increase their effectiveness and make
the delivery system “smart”, i.e. systems enabling a con-
trolled, targeted delivery. For this purpose, nanopesticides
based on synthetic or natural polymers, metal compounds or
liposomes, which tend to persist in the environment, have
been evaluated (Nuruzzaman et al., 2016).

[0005] Nanomaterials can potentially increase bioavail-
ability, the dissemination and duration of a chemical com-
pound and could consequently increase its effectiveness and
decrease the cost of application. However, the nanoparticles
of'a polymeric, metallic or lipidic nature used in agriculture,
though effective, tend to accumulate in the soil. A biode-
gradable alternative to nanoparticles is represented by plant
viruses which, moreover, possess the interesting character-
istic of being uniform, naturally monodisperse particles
(Chariou et al., 2019). Their application for defending crops
against pathogens is potentially very interesting, since plant
protection compounds are generally effective at very low
concentrations, but at the same time require repeated appli-
cations in order to be effective (Chariou et al., 2020). The
use of viral nanoparticles as carriers for conventional crop
protection products or new natural antimicrobial substances
has the potential to provide a biodegradable product and
increase the effectiveness of the substances themselves.

[0006] Itis well known that CPMV (cowpea mosaic virus)
is a virus belonging to the genus Comovirus and the family
Comoviridae. CPMV mainly infects legumes; in particular,
its natural host is the cowpea (Vigna unguiculata), from
which it takes its name. The possibility of it being geneti-
cally and chemically modified, its resistance to high tem-
peratures (up to 60° C. for 1 hour) and to different pH values
(values comprised between 4 and 9) and the availability of
purification protocols that ensure high yields (Montague et
al., 2011) make CPMV an ideal candidate as a delivery
system. In addition, thanks to genetic engineering, there is
the possibility of obtaining CPMV empty virus-like particles
(eVLPs), i.e. capsid particles devoid of genetic material and
consequently non-infectious, stable and structurally identi-
cal to CPMYV viral particles (Huynh et al., 2016). The CPMV
capsid also exhibits an extraordinary resistance to extreme
physicochemical conditions, such as those of gastrointesti-
nal fluids (Berardi et al., 2018), and at the same time is
innocuous for human cells (Wang et al., 2019). Encapsula-
tion, or alternatively loading of molecules inside the CPMV
capsid, is made possible thanks to the structure of the capsid
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itself, since in the area of junction of the small capsid
proteins (small CPs) a pore is formed which is small in size,
but sufficiently large to permit the passage of compounds
into it. The mechanism requires that the molecules be able
to passively disseminate inside the capsid while at the same
time remaining weakly retained by the ionic forces that
arise. This encapsulation process has been reported in the
literature for both the whole virus and the viral particles
devoid of genetic material for the delivery of fluorophores
(feasibility tests), molecules applied in the medical realm
(imaging or therapeutics), or the delivery of nematicides that
act at level of the soil (Yildiz et al., 2013, Chariou et al.,
2019).

[0007] In particular, with the objective of producing bio-
degradable nanopesticides, new nanopesticides produced
from plant viruses, such as TMGMV (Tobacco Mild Green
Mosaic Virus), CPMV (Cowpea Mosaic Virus), PhMV
(Physalis Mosaic Virus) or RCNMV (Red Clover Necrotic
Mosaic Virus), have been evaluated for the transport and
delivery of nematocides into the soil (Cao et al., 2015;
Chariou et al., 2017; Chariou et al., 2019). Also known is
patent application W02020154739, which concerns the use
of nanopesticides produced from plant viruses, such as
TMGMYV and CPMYV, for the transport and delivery of
agrochemical agents into the soil, in particular at certain soil
depths. The agrochemical agents can thus act in the soil
against harmful microorganisms or organisms, such as
nematodes, or against weeds, or they can be soil fertilising
agents.

[0008] However, no study to date has suggested or shown
the possibility of applying CPMV viral nanoparticles (de-
void of genetic material) to treat diseases caused by phy-
topathogenic microorganisms that affect the aerial parts of
the plant, or phyllosphere, and which require the dissemi-
nation of the active ingredient at the level of the apoplast. In
fact, the delivery experiments reported in the literature or in
patent application W02020154739 were conducted at a
neutral pH (between 7.0 and 7.8), very different from the
subacid pH of the apoplast.

[0009] In the light of the foregoing, there appears to be an
evident need to be able to have new methods for treating and
preventing diseases of the plant phyllosphere that overcome
the disadvantages of the known products.

[0010] The solution according to the present invention fits
into this context; it aims to provide a new product or method,
which acts at the level of the phyllosphere, for the treatment
and prevention of plant diseases.

[0011] According to the present invention, it has now been
found that CPMV-eVLPs as such or loaded with natural
molecules, of various structures, with antimicrobial activity
or an activity of inhibiting the virulence of microorganisms,
e.g. bacteria, are effective in controlling plant diseases
caused by microorganisms that strike at the level of the
phyllosphere.

[0012] In particular, the invention shows for the first time
that 1) molecules of varying nature (for example an antibiotic
of the aminoglycoside family, an organic dye, stilbene,
flavone, coumarin derivative) can be effectively encapsu-
lated in CPMV-eVLPs and ii) CPMV-eVLPs are applicable
as a nanocarrier system for the delivery of active substances
at the level of the apoplast, where many phytopathogenic
microorganisms can be found and which is characterised by
a subacid pH. Furthermore, it has surprisingly been found
that CPMV-eVLPs as such, ie. not loaded with active
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molecules, have an antifungal effect (more specifically one
of deregulating fungal growth) against fungi that attack the
phyllosphere. The nanoparticles according to the present
invention can be advantageously applied on the leaf so as to
act against the development of pathogens both outside and
inside the leaf itself] in the latter case it being necessary for
the active ingredient to be delivered into the apoplast.
[0013] The experimental results reported below show that
CPMV-eVLP nanoparticles can carry and deliver chemical
compounds under conditions which mimic natural condi-
tions, i.e. in a subacid pH environment like the one found in
the apoplast. At the same time, the process of encapsulating
the molecules within the viral nanoparticles has been
improved by means of some simple, economical steps, such
as cleaving the C-terminal portion of the small subunit, as
described in the scientific literature (Sainsbury et al., 2011).
The nanoparticles according to the present invention, thus
rendered more homogeneous by the enzymatic cleavage
compared to the nanoparticles of patent application
W02020154739, can be applied to, or rather loaded with,
any type of molecule, thus making the CPMV-eVLP nan-
oparticles a highly versatile tool for various purposes. These
considerations open the way for an applicative development
of such nanoparticles in the agricultural field, with particular
regard to the development of specific tools for different
pathosystems. Furthermore, the high capacity of the CPMV
capsid, and hence of the CPMV-eVLP nanoparticles, to
withstand adverse physicochemical conditions makes the
CPMV-crop protection product combination particularly
interesting for application in the agricultural realm.

[0014] It is therefore specific object of the present inven-
tion the use of cowpea mosaic virus capsid nanoparticles
devoid of genetic material belonging to said virus, as such
or loaded with one or more agricultural drugs, for the
treatment of a disease of the aerial part of a plant, e.g. the
leaf, said disease being caused by a phytopathogenic micro-
organism that attacks said aerial part. For the treatment of
this type of disease, a dissemination of the agricultural drug
in the apoplast is required. According to the present inven-
tion, the particles are applied directly onto the aerial part of
the plant, in particular onto the leaf, where penetration of the
agricultural drug or of the particle into the leaf tissue takes
place. Therefore, the present invention does not relate to
products or agricultural drugs that are administered to the
soil to act against soil organisms, such as nematodes, or
against microorganisms of the rhizosphere or else against
weeds, or to act as fertilisers that can be absorbed by the
plant through the roots.

[0015] According to one embodiment of the invention, the
cowpea mosaic virus capsid nanoparticles devoid of genetic
material are also devoid of the C-terminal portion of the
small subunit of the capsid protein of the virus. This part
may approximately be identified as the portion comprised
between Leul89 and Ala213, or more specifically from the
K191 residue to Ala213 and/or from the R193 residue to the
Ala213 residue and/or from the R195 residue to the Ala 213
residue of said subunit (Sainsbury, 2011, https://www.rcsb.
org/structure/SFMO Entity 1D:2).

[0016] According to the present invention, said microor-
ganism can be selected from among a fungus, an oomycete,
a bacterium, a phytoplasma or a virus.

[0017] According to the present invention, when said
nanoparticles are used as such, said microorganism can be a
fungus, i.e. the disease can be a fungal disease. Therefore,
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the nanoparticles according to the present invention can be
used as such against fungal diseases of the aerial part of the
plant, for example against Botrytis cinerea.

[0018] According to the present invention, said one or
more agricultural drugs can be molecules of natural origin
with antimicrobial activity or an activity of inhibiting the
virulence of microorganisms. For example, a molecule that
inhibits the virulence of phytopathogenic microorganisms
can be any molecule capable of blocking the infection
process of the microorganism by compromising the micro-
bial virulence and/or inducing resistance in the plants. These
molecules block the growth of the microorganism without
killing it or act on the ability of the microorganism to infect
the plant and the aggressiveness of the microorganism or
induce active defence mechanisms of the plant.

[0019] According to the present invention, therefore, said
one or more agricultural drugs can be selected from among
a fungistat, a bacteriostat and/or a virustat.

[0020] By way of example, said one or more agricultural
drugs that may be used according to the present invention
can be selected from among inhibitors of bacterial virulence
such as dicumarol, luteolin, quercetin, antifungals like res-
veratrol, and/or molecules with a broad-spectrum antimicro-
bial action such as copper sulphate.

[0021] It is a further object of the present invention a
method for treating a disease of the aerial part of a plant, e.g.
the leaf, caused by a phytopathogenic microorganism that
attacks said aerial part, said method comprising or consist-
ing of placing said aerial part of the plant in contact with
cowpea mosaic virus capsid nanoparticles devoid of genetic
material belonging to said virus, as such or loaded with one
or more agricultural drugs.

[0022] As mentioned above, according to the method of
the present invention, said microorganism can be selected
from among a fungus, an oomycete, a bacterium, a phyto-
plasma or a virus.

[0023] According to the method of the present invention,
when said nanoparticles are used as such, said microorgan-
ism can be a fungus, i.e. the disease can be a fungal disease.
Therefore, the method according to the present invention
can comprise the use of the nanoparticles according to the
present invention as such against fungal diseases of the
aerial part of the plant, for example against Botrytis cinerea.

[0024] According to the method of the present invention,
said one or more agricultural drugs can be molecules of
natural origin with antimicrobial activity or an activity of
inhibiting the virulence of microorganisms, as indicated
above. For example, said one or more agricultural drugs can
be selected from among a fungistat, a bacteriostat and/or a
virustat.

[0025] According to some embodiments, said one or more
agricultural drugs can be selected from among dicumarol,
luteolin, resveratrol, quercetin and/or copper sulphate.

[0026] The present invention further relates to cowpea
mosaic virus capsid nanoparticles devoid of genetic material
belonging to said virus, loaded with one or more plant
protection products selected from among dicumarol, luteo-
lin, quercetin, resveratrol and/or copper sulphate or an
agricultural composition comprising said nanoparticles. As
mentioned above, the nanoparticles can be devoid of the
C-terminal portion of the small subunit of the capsid protein
of the virus, for example said portion can consist in the
amino acid sequence from the K191 residue to the Ala213
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residue and/or from the R193 residue to the Ala213 residue
and/or from the R195 residue to the Ala 213 residue of said
subunit.

[0027] The present invention will now be described by an
illustrative, but not limitative, way, with particular reference
to some illustrative examples and the figures in the appended
drawings, wherein:

[0028] FIG. 1 shows that the distinction between the forms
of CPMV through agarose gel electrophoresis makes it
possible to visualise the particles that have the C-terminal
part of the small capsid protein as a band that migrates more
slowly compared to that of the particles in which the C-term
was removed (left). An analysis of the integrity of the
particles was performed by dynamic light scattering (right)
and shows that the particles themselves appear with an
average diameter of about 30 nm, similar to the size of the
CPMYV capsid.

[0029] FIG. 2 shows that agarose gel electrophoresis
makes it possible to visualise in some cases the delay in
migration due to the presence of the cargo inside the CPMV.
DAPI, 4',6-diamidino-2-phenylindole, super. supernatant.
[0030] FIG. 3 shows the interference in the absorbance
reading at 420 nm in the presence of pure resveratrol (at tO
and t24) or eCPMV-resveratrol (a t24).

[0031] FIG. 4 shows that the delivery of kanamycin by
CPMYV is visualised as inhibition of bacterial growth. The
top panel shows the result of the experiment performed in an
optimal medium (KB) and it can be observed that delivery
of the antibiotic by CPMV takes place from the earliest
hours. In the bottom panel, by contrast, the graph shows the
inhibition of bacterial growth in the medium that reproduces
the conditions of the apoplast (HIM). In this case as well,
one observes a reduction in bacterial growth in the presence
of CPMV loaded with kanamycin, which indicates the
delivery thereof into the culture medium. eCPMV, non-
loaded nanoparticle, eCPMV-Kan, nanoparticle loaded with
kanamycin, Y10, nanoparticles used at a %10 concentration.
[0032] FIG. 5 shows the alteration in the growth of Botry-
tis cinerea in vitro in the presence of CPMV-eVLP nanopar-
ticles (not loaded).

EXAMPLE 1: PREPARATION OF THE
NANOPARTICLES ACCORDING TO THE
PRESENT INVENTION, LOADING THEREOF
WITH ACTIVE INGREDIENTS AND STUDY
ON THE DELIVERY OF THE ACTIVE
INGREDIENTS TO THE APOPLAST

[0033] Materials and Methods

[0034] 1. Production and Purification of Particles

[0035] 1.1 Transient Transformation of Nicotiana bentha-
miana

[0036] The two strains of Agrobacterium tumefaciens

L.BA4404 transformed respectively with the pEAQ-HT-24K
vector and with the pEAQ-HT-VP60 vector (Peyret, 2013)
were cultured in 4 mL of YEB (Yeast Extract Beef) con-
taining rifampicin 50 ng/ml., streptomycin 300 pg/ml. and
kanamycin 50 pg/ml for 24 hours at 28° C. under stirring.
200 pL of each bacterial culture and 50 mL of fresh medium
(LB) were transferred into flasks autoclaved beforehand and
were cultured for 24 hours at 28° C. under stirring. The next
day the bacterial cultures were transferred into 50 mL
centrifuge tubes and subjected to centrifugation at 4000 g for
20 minutes at room temperature. The supernatant was dis-
carded and the pellet was resuspended in MMA buffer
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(sterile MgCl, 10 mM, MES 10 mM, acetosyringone 100
uM) to obtain an OD,, nm of 0.4 for every culture. After 2
hours of incubation equal volumes of the two bacterial
cultures were mixed and used to infiltrate, with a needleless
syringe, 24 plants of Nicotiana benthamiana (Italy), 4-5
weeks old (4 upper expanded leaves per plant), grown under
controlled conditions (constant 24° C., 10 h of light/14 h of
darkness). The infiltrated leaves were sampled in liquid
nitrogen 6 days post-infection (dpi).

[0037]

[0038] The sample leaves were ground in liquid nitrogen
until obtaining a fine powder. 100 mg of the sample were
transferred into a test tube and 3 volumes of 0.1 M sodium
phosphate buffer pH 7.0 were added. The sample was mixed
for 1 minute with a vortex mixer and subjected to centrifu-
gation at 10,000xg at 4° C. for 30 minutes. The protein
extracts thus obtained were analysed by SDS-PAGE and
subsequent staining with Coomassie blue or western blot
analysis. The excess samples were stored at -80° C.

[0039] 1.3 Purification of CPMV-eVLP Particles

[0040] At least 30 g of infiltrated leaves were homoge-
nised in a beaker, kept in ice, with 3 volumes of 0.1 M
sodium phosphate bufter pH 7.0 supplemented with 2% w/v
of polyvinylpolypyrrolidone and an EDTA-free protease
inhibitor tablet (Roche). The extract was filtered through 3
layers of Miracloth (Merck Millipore) and centrifuged at 4°
C. for 20 minutes at 13,000 g (rotor JA-14). PEG 6000 was
added to the supernatant at a concentration of 4% and
sodium chloride (NaCl) at a concentration of 0.2 M. The
supernatant was then left under stirring overnight at 4° C.
The next day, by centrifugation at 13000 g for 20 minutes at
4° C. it was possible to recover what had precipitated
together with the PEG. The pellet was then resuspended in
avolume, equal to 0.5 ml/g of fresh tissue, of 0.01 M sodium
phosphate buffer pH 7.0 for at least one hour at 4° C. The
resuspended pellet was subjected to centrifugation at 27,000
g for 20 minutes at 4° C. and, subsequently, the supernatant
was subjected to ultracentrifugation at 118,700 g for 2 hours
and 30 minutes at 4° C. Finally, the pellet obtained was
resuspended overnight in 0.1 M sodium phosphate pH 7.0.
The next day the remaining plant contaminants were
removed by centrifugation at 10,000 g for 15 minutes at 4°
C. The supernatant was then subjected to anion exchange
chromatography with DEAE Sephadex A-50 resin (GE
Healthcare), with a sample-resin ratio of 4:1. The flow-
through was collected and the concentration of purified
particles was measured by means of a NanoDrop One
spectrophotometer (Thermo Scientific), measuring at A280
and A260 nm.

1.2 Protein Extraction

[0041] 2. Analysis of the Particles

[0042] 2.1. Visualisation of the Nanoparticles on Agarose
Gel

[0043] In order to visualise the forms of CPMV, 10 pg of

particles were loaded into an agarose gel at 0.7% (w/v).
Separation was achieved by means of electrophoresis at 70
V for 90 minutes. The particles were then visualised by
means of the staining solution (Coomassie G-250 0.007%)
and decoloured in 10% acetic acid.

[0044] 2.2 Dynamic Light Scattering (DLS)

[0045] The dynamic light scattering (DLS) analysis was
performed using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). The CPMV particles (0.5 mg/ml.) were left
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at room temperature for 5 minutes before the analysis.
Measurements were made every 10 seconds at 25° C., for a
total of 5 measurements.

[0046] 3. Enzymatic Cleavage of the Nanoparticles
[0047] The removal of the terminal portion of the small
subunit of the capsid protein was achieved by chymotrypsin-
mediated enzymatic cleavage (EC 3.4.21.1) performed at
room temperature in 50 mM ammonium bicarbonate buffer
pH 8.0 overnight with a CPMV:enzyme ratio of 1:50.
[0048] 4. Loading of the eVLP Nanoparticles

[0049] The loading of the particles was carried out by
placing the CPMV and the molecule to be loaded in sodium
phosphate buffer (0.1 M, pH 7.8) with a CPMV:molecule
molar ratio of 1:10000 where possible, otherwise 1:5000.
The reaction was continued overnight at room temperature
under light stirring.

[0050] 5. Bacterial Growth Curves

[0051] Pseudomonas syringae pv. actinidiae CRAFRU
10.22 and Pseudomonas syringae pv. tomato DC3000 were
cultured in 4 mL of King’s B medium (KB; glycerol 10 mL,
peptone 20 g/1., MgSO,, 0.725 ¢/L., K,HPO, 1.5 ¢/ pH 7.2)
(Pseudomonas) containing 50 pg/ml. of rifampicin
(Pseudomonas syringae pv. tomato DC3000) for 24 hours at
28° C. under stirring. The pre-inoculum was washed with
KB medium or HIM medium (hrp-inducing medium, Rico
and Preston, 2008) and for each strain the ODg,, was
brought to a value of 0.01. The bacterial cells in the various
media were inoculated (180 uL) into a 96-well microplate
(Sarsted 96 Flat Bottom Transparent Polystyrene) and 20 pl.
of nanoparticles, loaded or empty (negative control), or
kanamycin solution (final 50 pg/ml., positive control) were
added. Bacterial growth was monitored for 24 hours, fol-
lowing the OD,,, nm with a Tecan Infinite 200 Pro.
[0052] Results

[0053] 1. Enzymatic Cleavage of the Nanoparticles and
Loading with Molecules of Interest

[0054] The loading of the CPMV took place following the
indications given in the literature (Yildiz, 2013) and adapted
according to the characteristics of the selected molecules.
The feasibility demonstration was carried out with an anti-
biotic, kanamycin in this specific case, as it is easy to detect
its activity by monitoring the growth of the treated bacterial
cells. The particles were loaded with kanamycin for 16 hours
at room temperature in sodium phosphate buffer (0.1 M, pH
7.8).

[0055] However, the loading was not always reproducible;
this is most likely due to the presence of a short amino acid
sequence in the terminal part of the small capsid protein.
Indeed, it appears that this portion “regulates” the access of
molecules to the inside of the CPMV; to remedy this
problem, it is possible to remove that portion by using a
proteolytic enzyme (Sainsbury et al. 2010). This enzymatic
reaction does not alter the structure of the capsid, which thus
remains intact, and it is possible to detect it by means of
native agarose gel electrophoresis and by means of the
dynamic light scattering spectroscopy technique (FIG. 1).
[0056] Rendering the inner surface of the CPMV more
accessible to molecules makes the encapsulation more
reproducible and further enables the capsids extracted dur-
ing different purification processes, and by extension the
entire process from the plant to the loaded particle, to be
rendered uniform.

[0057] The cleaved nanoparticles were then loaded with
different molecules, kanamycin and DAPI in this specific
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case, used to demonstrate the feasibility of the application,
as well as dicumarol and luteolin, molecules of applicative
interest, as they are inhibitors of bacterial virulence (dem-
onstrated for Pseudomonas syringae pv. actinidiae, patent
no. 102017000119674 of 11/02/2020) and resveratrol, with
proven antifungal activity (Vestergaard and Hanne, 2019).
That loading of the various molecules took place was then
checked by means of agarose gel (FIG. 2).

[0058] The presence of a shift in migration indicates a
slower migration of particles loaded with kanamycin, DAPI
and dicumarol (left panel), thus demonstrating the loading
with the molecules of interest. This delay in migration is not
equally evident for the other molecules (resveratrol and
luteolin), probably because of their different chemical
nature, but it is nonetheless significant. This result demon-
strates the possibility of loading molecules of varying
nature, in particular secondary plant metabolites (dicumarol,
luteolin, resveratrol), which have been amply evaluated for
their antimicrobial activity and possible application in the
agricultural realm for sustainable control of plant diseases.

[0059] 2. Evaluation of the Delivery of the Molecules of
Interest
[0060] In order to evaluate the delivery of resveratrol by

the nanoparticles and its effectiveness on fungal growth, as
reported in the literature (Vestergaard and Hanne, 2019), the
CPMV-eVLP particles-resveratrol were used to treat conidia
of Botrytis cinerea in vitro. The germination of the conidia
and consequent growth of the mycelium were evaluated
after 24 h of incubation by measuring absorbance at 420 nm.
The non-loaded particles were used as a negative control,
whilst as a positive control the fungal conidia were treated
with pure resveratrol.

[0061] Unfortunately, the method proved not to be suitable
for this purpose, since at time 0 the wells containing the pure
resveratrol already showed a higher absorbance compared to
the other wells treated with loaded and non-loaded particles
or untreated, thus demonstrating an interference with the
technique used. However, it was observed that, after 24
hours of treatment, the wells treated with CPMV-eVLP-
resveratrol in turn showed a level of absorbance comparable
to that of pure resveratrol, thus demonstrating the delivery of
the secondary metabolites by the particles at a subacid pH
(pH 6 in this experiment).

[0062] In contrast, kanamycin, used to demonstrate the
feasibility of the approach, kills the bacterial strains taken
into consideration; therefore, the delivery thereof by the
capsid can be estimated by measuring the inhibition of
bacterial growth under controlled conditions. In this context
it is worth noting the ability to deliver molecules at a pH
other than the neutral one, used up to now in the experiments
reported in the literature. In particular, the application of
loaded CPMV-eVLPs for the protection of plants requires
that the particles be able to reach the apoplast of the plant
cells so as to enter into contact with the pathogenic micro-
organisms and then deliver the loaded substances into this
environment characterised by a subacid pH (about 5.5).
Therefore, for the purpose of evaluating the delivery of
molecules under natural conditions, the ability to inhibit
bacterial growth was also tested in a culture medium that
reproduces the conditions of the apoplast (HIM medium)
(FIG. 4). The control experiment was carried out in KB
medium, which has an optimal pH for the delivery of the
molecules (pH 7.2).
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[0063] As expected, at a neutral pH one observes a com-
plete inhibition of bacterial growth, comparable to that of the
positive control (i.e. pure kanamycin), thus demonstrating
the optimal delivery of the substances under these condi-
tions. Furthermore, the first feasibility tests revealed the
ability to deliver the molecules also at a subacid pH with a
complete inhibition of bacterial growth in HIM with par-
ticles loaded with kanamycin. At the same time, a slower
delivery compared to neutral pH conditions was observed,
which can be explained by the change in size of the viral
capsid in relation to the physicochemical forces it is exposed
to. In fact, it is well known that viral capsids can swell or
shrink as a consequence of the ionic forces they respond to
and thus of the pH to which they are exposed.

Example 2: Study on the Antifungal Effectiveness
of the Nanoparticles According to the Present
Invention when Used as Such

[0064] Materials and Methods
[0065] 1. Production and Purification of the Particles
[0066] The particles according to the present invention

were prepared with the method described in example 1.
[0067] 2. Monitoring of Fungal Growth In Vitro

[0068] Conidia were drawn in MilliQ water from a plate
containing recently sporulated Botrytis cinerea; Tween-20
was added thereto at a final concentration of 0.05%. The
conidia were counted by means of a Fast-Read102® count-
ing chamber (Biosigma) and diluted at a concentration of
1x10° conidia/m] in the liquid culture medium PDB (Potato
Dextrose Broth). One hundred eighty pl of the suspension
were aliquoted into every well of a 96-well plate. 15 nug of
CPMV-eVLPs or, as a control, MilliQ water and 10 mM
sodium phosphate pH 7.0 used to resuspend the nanopar-
ticles, were added to each well. The plates were photo-
graphed one week after the inoculation of the conidia.

[0069] Results

[0070] Alteration of the Growth of Botrytis cinerea In
Vitro

[0071] In the presence of sodium phosphate (negative

control), a normal growth of the mycelium of Borrytis
cinerea was observed, with the development of a grey mould
at the centre, where the conidia were inoculated, and a
discontinuous growth towards the walls of the well (FIG. 5).
The addition of CPMV-eVLP nanoparticles, by contrast,
significantly modifies the growth of the fungus, which is
more homogeneous, with the formation of a continuous
coating that covers the well, losing the expected grey mould
appearance. This result suggests a deregulation of the
mechanisms governing the formation and development of
the growth structures of the fungus, elements that are
fundamental for its process of infecting plants.
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1. A method for treatment of a disease of an aerial part of

a plant, said disease being caused by a microorganism which

attacks said aerial part of the plant, said method comprising

administering cowpea mosaic virus capsid nanoparticles
devoid of genetic material to the plant.

2. The method according to claim 1, wherein said nan-
oparticles are devoid of C-terminal portion of a small
subunit of the capsid protein of the virus.

3. The method according to claim 1, wherein said micro-
organism is selected from the group consisting of a fungus,
an oomycete, a bacterium, a phytoplasma, and a virus.

4. The method according to claim 1, wherein when said
nanoparticles are used in a form not loaded with any
agricultural drugs.

5. The method according to claim 1, wherein said cowpea
mosaic virus capsid nanoparticles devoid of genetic material
is loaded with one or more agricultural drugs.

6. The method according to claim 5, wherein said one or
more agricultural drugs are selected from the group consist-
ing of a fungistat, a bacteriostat, and a virustat.

7. The method according to claim 5, wherein said one or
more agricultural drugs are selected from the group consist-
ing of dicumarol, luteolin, quercetin, resveratrol, and copper
sulphate.

8. The method according to claim 1, wherein administer-
ing cowpea mosaic virus capsid nanoparticles devoid of
genetic material to the plant is carried out by placing said
aerial part of the plant in contact with cowpea mosaic virus
capsid nanoparticles devoid of genetic material.

9.-13. (canceled)

14. An agricultural composition comprising cowpea
mosaic virus capsid nanoparticles devoid of genetic material
loaded with one or more plant protection agents selected
from the group consisting of dicumarol, luteolin, quercetin,
resveratrol, and/or copper sulphate.

15. The method according to claim 4, wherein said
microorganism is a fungus.

16. The method according to claim 5, wherein said one or
more agricultural drugs are molecules of natural origin with
antimicrobial activity.

17. The method according to claim 16, wherein the
antimicrobial activity is antibacterial, antifungal or antiviral
activity, or an activity of inhibiting a virulence of microor-
ganisms.

18. The method according to claim 1, wherein the aerial
part of the plant is a leaf.

19. The method according to claim 2, wherein said
C-terminal portion consists of the amino acid sequence from
the K191 residue to the Ala213 residue and/or from the R193
residue to the Ala213 residue and/or from the R195 residue
to the Ala 213 residue of said subunit.
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