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Antiviral activity of chitosan nanoparticles for
controlling plant-infecting viruses

Chitosan nanoparticles (ChiNPs) are a potentially effective means for controlling numerous plant diseases.
This study firstly describes the antiviral capabilities of ChiNPs to control plant viral diseases compared
to its bulk form. Bean yellow mosaic virus (BYMV) was used as a model plant virus affecting faba bean
plants and many other legumes. The antiviral effectiveness of ChiNPs and chitosan were evaluated as
a curative application method, using six dosage rates (50, 100, 200, 250, 300 and 400 mg/L). Results
indicated that ChiNPs curatively applied 48 h post virus inoculation entirely inhibit the disease infectivity
and viral accumulation content at 300 mg/L and 400 mg/L. The virus titre was greatly alleviated within
the plant tissues by 7.71% up t0100% depending on ChiNP dosage rates. However, chitosan used in
its bulk-based material form revealed a relatively low to an intermediate reduction in virus infectivity by
6.67% up to 48.86%. Interestingly, ChiNPs affect the virus particle’s integrity by producing defective and
incomplete BYMV viral particles, defeating their replication and accumulation content within the plant
tissues. Simultaneously, ChiNP applications were appreciably shown to promote the pathogenesis-related
(PR-1) gene and other defence-related factors. The mRNA of the PR-1 gene was markedly accumulated
in treated plants, reaching its maximum at 400 mg/L with 16.22-fold relative expression change over
the untreated control. Further, the total phenol dynamic curve was remarkably promoted for 30 days in
response to ChiNP application, as compared to the untreated control. Our results provide the first report
that chitosan-based nanomaterials have a superior effect in controlling plant viruses as an antiviral curing
agent, suggesting that they may feasibly be involved in viral disease management strategies under field
conditions without serious health concerns and environmental costs.

Significance:

¢ Qur findings show that chitosan nanoparticles have a powerful curing antiviral activity against BYMV
disease. These findings open the door for the use of eco-friendly nano-based tools in controlling numerous
plant viruses. The use of eco-friendly nano-based materials could result in a successful integrative control
strategy for plant viruses under field conditions, negating the need for the conventional measure used to
control most of the insect-transmitted plant viruses, that is insecticide application against vector insects.

Introduction

Plant viruses are destructive diseases that cause serious concerns for the agroecosystem and global food security
due to their ability to infect many plant species that are grown for both food and feed production.' Faba bean (Vicia
faba L.) is a legume crop cultivated mainly for its edible seeds. Due to their high protein content, faba beans are
widely used as a cheap and high-quality protein source for poor consumers in many developing countries.? Bean
yellow mosaic virus (BYMV) belongs to the Potyvirus genus (Family: Potyviridiae) and is a devastating viral disease
for many crop legumes and ornamental plants throughout the world.® BYMV disease poses a significant threat
for faba bean production, with losses of 30-50%.4 However, under severe epidemic conditions, the disease can
cause a total crop failure.® The virus is naturally transmitted by over 20 species of aphids, resulting in a high rate
of viral infections for faba bean and other host species.® BYMV and most plant viruses are conventionally managed
by pesticide applications against insect vectors.” However, from a sustainability point of view, the extensive use
of pesticides tremendously affects the environment and the whole ecosystem. According to the World Health
Organization, thousands of agricultural workers in developing countries die each year from severe poisoning by
pesticides.® Therefore, new strategic technologies are urgently needed to avoid pesticide treadmills.

Nanotechnology-based tools have provided great hope for scientific revolutions in the near-future in many
applications.® The engineered nanoparticles have superior chemical and physical features compared to their bulk
materials, allowing them to be used in many different sectors.’® Chitosan (poly (1,4)-2-amino-2-deoxy-B-D
glucose) is a glucosamine polymer obtained by alkaline deacetylation of chitin extracted from the exoskeleton of
crustaceans. From an ecological point of view, chitosan has received considerable interest due to its potential wide
applications in plant protection and growth promotion because of its excellent biodegradability, non-toxicity and
bioactivity.'>'® Moreover, chitosan has unique antimicrobial properties and it can additionally be used as an elicitor
molecule against different plant pathogens and viral infections when used preventatively before inoculation.'*'” In
limited previous studies, the partial antiviral potential of chitosan bulk material in controlling some plant viruses
has been investigated for use of chitosan as a protective agent involved in the stimulation of plant defence systems
against virus invasion. 819

In addition to the capability of the chitosan polymer for use preventatively as a plant defence enhancer against
pathogen attacks, it has since been found that this capability is further enhanced by using it in the form of
nanoparticles.?® This study was performed to evaluate the antiviral capability of the nanoparticle-based form of
chitosan against plant virus infectivity in comparison with that of the chitosan bulk polymer. We also investigated
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their effects on some defence-related parameters involved in plant
immunity mechanisms when curatively applied after a viral challenge in
faba bean plants.

Materials and methods

Virus isolation and propagation

Faba bean plant samples with Bean yellow mosaic virus-like symptoms
were collected from local faba bean fields in the Giza governorate, Egypt,
during the 2017/2018 growing season. Leaf samples were initially tested
using the double antibody sandwich enzyme-linked immunosorbent
assay (DAS-ELISA) technique as described by Clark and Adams?!
using specific polyclonal antibodies against BYMV (EPHYRA Bioscience
Inc., Ontario, Canada). The reactions were assessed at 405 nm in a
microplate reader (Bio-Tek, USA). Samples that tested positive against
BYMV were used as sources of virus inoculum. The virus was isolated
through single local lesion inoculations on Chenopodium amaranticolor
indicator plants.? Ten-day-old plants were mechanically inoculated with
the BYMV crude sap using 0.01 M phosphate buffer pH 7.1, (1:10),
0.01% Na,S0, and carborundum (600 mesh) and kept under insect-
proof greenhouse conditions until symptoms developed. The isolated
source was propagated on 10-day-old faba bean plants (cv. Giza 843)
and was used as inoculum for further studies.

Molecular identification of the isolated virus

Total RNA was isolated from both healthy and symptomatic faba bean
leaves using RNeasy Plant Mini Kit (Qiagen, Germany) according to the
manufacturer’s instructions. Reverse transcription (RT)-PCR reaction
was optimised using the One-Step RT-PCR system (Thermo Fisher, USA).
A specific primer pair, BYMV-CPU (5" GTCGATTTCAATCCGAACAAG 3')
and BYMV-CPD (5" GGAGGTGAAACCTCACTAATAC 3'), was used to
target the CP gene region to amplify a 907-bp fragment of the BYMV
genome.? The one-step RT-PCR reaction was performed by combining
25 ulL One-Step PCR Master Mix, 1 uL of each primer pair (200 nM),
2.5 plL of RT-enzyme enhancer, 1 uL verso enzyme mix, and 3 ng of
RNA template, and the mixture was made up to 50 uL using nuclease-
free water. The amplification reaction was automated in a T-Gradient
thermal cycler (Biometra, Germany) with an initial reverse transcription
process at 50 °C for 15 min, followed by 35 cycles of denaturation at
94 °C for 1 min, annealing at 50 °C for 1 min and extension at 72 °C for
2 min, with a final additional extension step for 10 min at 72 °C. The PCR
products were electrophoresed on 1% agarose gel in 0.5 x TAE buffer,
then visualised with a Gel Doc system (2000, Bio-Rad, USA).

Preparation of chitosan nanoparticles

A chitosan nanoparticle solution was chemically prepared by reduction of
low molecular weight chitosan (Sigma, Egypt) based on the ion-gelation
method using sodium tripolyphosphate as a reducing agent.?* Chitosan
powder (0.5 mg/mL) was dissolved in 1% acetic acid in deionised
distilled water and left under vigorous stirring for 30 min. Sodium
tripolyphosphate was dissolved separately in deionised distilled water
(0.7 mg/mL). Chitosan nanoparticles were formed by mixing 500 mL of
chitosan with increasing amounts of sodium tripolyphosphate solution
(160 mL) under continuous stirring for 1 h. The synthesised chitosan
nanoparticles (ChiNPs) were subjected to further physicochemical
characterisation.

Physicochemical characterisation of ChiNPs

Dynamic light scattering analysis

The particle size distribution and zeta potential of constructed ChiNPs
were assessed using a Zetasizer (Malvern, ZS Nano, UK). The colloidal
chitosan nanoparticle solution was diluted with distilled water and put
into a disposable cuvette for analysis.

X-ray diffraction

The physicochemical crystalline nature of ChiNPs was confirmed
using an X-ray diffractometer (X‘pert PRO, PAN analytical, Netherlands)
operated with a CuK radiation tube (= 1.54 A®) at 40 kV. The ChiNP
solution was centrifuged at 20 000 x g for 30 min at 4 °C for powder

Research Article
https://doi.org/10.17159/sajs.2022/10693

Inhibition of a plant virus by chitosan nanoparticles
Page 2 of 9

phase yield, the precipitated ChiNPs were dried, then bombarded by
X-ray for phase analysis.?

Surface morphology

Particle size and the actual shape of ChiNPs were determined by
high-resolution transmission electron microscope (Tecnai G2, FEl,
Netherlands) under an accelerating voltage of 200 kV.

Effect of ChiNPs on virus infectivity

Treatments

Foliar applications were carried out under an insect-proof greenhouse
using six concentrations of chitosan and ChiNPs (50, 100, 200, 250,
300 and 400 mg/L). Ten-day-old faba bean plants (five plants/pot) were
mechanically inoculated with BYMV- infected plant sap. The inoculated
plants were uniformly sprayed until runoff with all tested dosage rates
(48 h post-viral challenge). Water-treated plants served as a comparable
control. Each experimental group had four replicates.

Disease assessment

Virus infectivity was determined 3 weeks post-inoculation on all treated
and untreated faba bean plants using the assessment of disease
incidence and severity response. Disease severity and symptom
response were also assessed using a numerical scale of grades 04,
where 0=no visible symptom apparent; 1=mild chlorotic patterns;
2=mosaic patterns and dark green vein banding; 3=mosaic patterns,
leaf distortion, and reduction in leaf size; 4=severe mosaic and stunting
of the whole plant. Values of disease severity were estimated by the
following formula?:

x 100
Equation 1

Viral disease severity (%) =

The inhibition index in virus infectivity was calculated using the following
formula:

Reduction index in virus infectivity (%) = x 100 Equation 2

where C is the mean average of virus incidence values in untreated
control plants; and T is the average value in each treatment.

Transmission electron microscope

For electron microscopic examination of virus particles, the leaf-
dip preparation method was performed on the faba bean plants
treated with 400 mg/L of ChiNPs and untreated controls 5 days post-
treatment. Briefly, the leaf samples of both treated and untreated plants
were washed, a small disc was prepared (1.5 c¢cm in diameter) and
resuspended in deionised water to remove any surface-ChiNPs attached
to the leaf samples. The samples were ground in a drop of phosphate
buffer pH 7.5 and 0.01% Na,S0,. Leaf extracts (10 uL) were individually
loaded on carbon-coated grids for 5 min, washed with distilled water and
negatively stained with 2% uranyl acetate.” The grids were examined
using a JEOL JEM1400 transmission electron microscope (JEOL Co.,
Tokyo, Japan).

Determination of virus accumulation content

Newly emerged small leaves were collected 30 days post-inoculation
to detect the BYMV accumulation and to further confirm the virus
replication inhibition rate using the DAS-ELISA method.?' The virus titre
reactions were quantified at 405 nm in a microplate reader (BioTek,
USA). Samples were considered positive when optical density (OD)-405
values were two times higher than the mean of the healthy control. The
reduction percentage in virus accumulation was measured as follows:

x 100
Equation 3

Inhibition index in virus accumulation content (%) =
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where Vt.A is the mean average of virus titre OD values in positive
untreated control plants and Vt.B is the average virus titre OD value in
each ChiNP treatment.

Enzyme activity assays

Fresh leaves (0.2 g) from all treated and untreated plants were collected
at0, 24, 48,72, 96, 120, and 144 h post-ChiNP spraying. The polyphenol
oxidase antioxidant enzyme activity was determined using the methods
described by Kar and Mishra.® Change in activity was expressed as
nmol of guaiacol per mg protein per min. Phenylalanine ammonia lyase
activity was measured according to Lisker et al.?® Values are expressed
as nmol of cinnamic acid/gfw/s. All experiments were performed in
triplicate.

Pathogenesis-related (PR-1) gene expression analysis

Total RNA isolation

Leaf samples from ChiNP-treated and untreated control plants were
collected 48 h post-treatment for total RNA isolation. The total RNA was
extracted using the RNeasy Plant Mini Kit (Qiagen) protocol.

cDNA synthesis

The harvested RNA (2 ug) was primed with Oligo (dT) and converted into
the first-strand cDNA using COSMO cDNA synthesis kit (Willowfort, UK)
according to the manufacturer’s protocol. The cDNA synthesis reaction
was performed in a T-Gradient thermal cycler with initial annealing at
25 °C for 10 min, followed by an extension phase at 45 °C for 15 min.

Primers used

Gene-specific primers encoding pathogenesis-related protein 1 (PR-1
forward 5-GGGCAGTGGTGACATAACAGGAA-3') upstream and (PR-1
reverse 5'-CATCCAACCCGAACCGAAT-3') downstream were designed.*
A specific primer pair of the elongation factor 1-alpha gene ELF1A/
forward  (5-GTGAAGCCCGGTATGCTTGT-3') and  ELF1A/reverse
(5'-CTTGAGATCCTTGACTGCAA CATT-3') was used as an endogenous
reference gene.

qRT-PCR analysis

The HERA SYBR Green gPCR kit (Willowfort, UK) was used for qRT-
PCR analysis with a 20-uL reaction mixture consisting of 10 uL SYBR
green master mix, nuclease-free water (7.2 uL), diluted cDNA template
(2 pL) and 0.5 uL of each primer pair. The qRT-PCR programme was
as follows: 95 °C for 2 min, followed by 40 cycles at 95 °C for 1 min
and 60 °C for 30 s. The reaction was normalised with melting curve
analysis at 65 °C for 10 s for 61 cycles. The changes in gene expression
were calculated based on the internal reference gene using the 2-22¢
method.®' Each experiment was conducted in triplicate.

Determination of total phenolic content

The total polyphenol dynamic curve was determined following the
Folin—Ciocalteu’s reagent according to the methods described by Lin
and Tang® with slight modifications. Briefly, the collected leaf samples
(0.5 g) were vigorously homogenised in 10 mL absolute ethanol. The
leaf extract solution (100 uL) was transferred in a test tube containing
4 mL distilled water and 1 mL of Folin~Ciocalteu’s reagent. After 5 min,
1 mL of sodium bicarbonate (10%) and 1 mL of ethanolamine were
added to the mixture. The tubes were shaken and left for 1 h in the dark
at room temperature. The samples were electro-optically measured at
740 nm. A standard calibration curve for total phenol was established
using gallic acid (0— 200 ppm). The results were expressed as mg of
gallic acid equivalents/gram fresh weight (gfw).

Effects on plant growth and vegetation parameters

Vegetation and growth parameters (i.e. leaf area, shoot length and
chlorophyll content) of treated and untreated faba bean plants were
determined at the end of the experiment. Leaf area was estimated
following the estimation model proposed by Chahit®. For each tested
concentration, 20 leaflets of all treated plants were measured. The
maximum length of the leaflet was excised from petiole to the tip along
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the mid-vein, while the width was obtained by measuring the area
between two leaflet margins perpendicular to the mid-vein. The leaf area
was estimated by:

LA (cm?) = -1.6923 + (Lx0.0161) + (Wx0.0929) + (0.062 x L xW)

where LA is leaf area in cm?, L is leaflet length (cm), and W is the leaflet
width (cm).

Changes in chlorophyll content were automatically assessed using
a portable chlorophyll meter (SPAD-502 Plus, Minolta UK) and the
obtained results were expressed as a chlorophyll content index. Leaflets
from all treated and untreated plants were assessed and chlorophyll
index values were obtained for all tested concentrations. Finally, shoot
length (in cm) was also measured for all treated and untreated plants
from the soil line to the top of the plant using a one-metre tape measure.

Statistical analysis

Data were statistically analysed using a completely randomised design
for analysis of variance (ANOVA). Statistical analysis of the data was
performed with the Assistat-Statistics Software (version 7.7 beta).*
The significant differences in each treatment group were determined at
p = 0.05. Each experiment was performed in triplicate.

Results

Virus isolation and characterisation

The biologically isolated source produced mosaic symptoms typical of
BYMV disease and similar to those observed in the field (Figure 1a).
BYMV isolate was confirmed by DAS-ELISA in mechanically inoculated
plants and all tested samples were positive for BYMV. The virus titre was
1.113 OD in faba bean, compared with 0.230 OD for negative control
plants. All tested samples failed to react with antiserum specific for
other viruses affecting faba bean plants. The RT-PCR products for the
CP gene of BYMV were confirmed with 1% agarose gel electrophoresis.
Two clear bands of 907 bp, the expected amplicon size, were produced
from BYMV-infected samples. However, no PCR products were achieved
from healthy faba bean plants used as a negative control (Figure 1b).

Characterisation of ChiNPs

The synthesised ChiNPs showed an average hydrodynamic size
distribution of 37.84 nm (ranging between 20.68 nm and 60.74 nm)
with a polydispersity index of 0.423 (Figure 2a). The zeta potential of
ChiNPs indicates a positive surface area charge of 25.4 mV (Figure 2b).
The amorphism fingerprint nature of ChiNPs is represented on the X-ray
diffraction system by the formation of a hump shape from 10 to 30
26 angle (Figure 3a). The transmission electron micrograph illustrates

Figure 1:  (a) Bean yellow mosaic virus (BYMV) phenotypic symptoms.
(b) Gel electrophoresis image of the RT-PCR test conducted
to identify BYMV: Lanes 1 & 3: healthy plant controls; Lanes
2 & 4: BYMV-infected faba bean plants; Lane M: 100-bp

DNA ladder.
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Figure 2:  Physicochemical characterisation of synthesised chitosan nanoparticles (ChiNPs). (a) Zeta potential measurement showing a positive surface
charge with 25.4 mV. (b) Particle size distribution histogram with an average size of 37.84 nm.
Figure 3:  (a) X-ray diffraction pattern displaying amorphism nature of chitosan nanoparticles with the formation of a hump shape from 10 to 30 26 angle.

(b) Transmission electron micrograph illustrating the pseudospherical to spherical shape of chitosan nanoparticles (ChiNPs) with an average size

of 36.52 nm.

a pseudospherical shape for the synthesised ChiNPs and the average
particle size was estimated to be about 36.52 nm (Figure 3b).

Virucidal activity of ChiNPs on BYMV infectivity

ChiNPs suppressed BYMV replication on faba bean plants when
compared to the bulk chitosan polymer form (Figure 4a,c). Untreated
control plants infected with BYMV showed severe mosaic and stunting
symptoms. Interestingly, symptoms were not observed with plants
treated with 300 mg/L and 400 mg/L ChiNPs, with a complete reduction
of the disease response 48 h post virus inoculation. Faba bean plants
treated with 100, 200 and 250 mg/L ChiNPs revealed different levels of
protection against BYMV occurrence of 47.67%, 43.34% and 75.40%,
respectively. However, a low to moderate reduction in virus infectivity
was obtained in bulk chitosan-treated plants — 21.11% and 48.86%,
respectively — compared with the untreated control plants (Figure 4b,d).
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In this respect, transmission electron micrographs illustrate that ChiNP
applications resulted in defective and incomplete particles compared
to the untreated control (Figure 5). The viral particles obtained from
the ChiNP-treated plants were clearly found to be lower than 300 nm
in length (Figure 5b,c,d). Contrastingly, the normal well-devolved virus
particles in untreated control plants were estimated to be 715-730 nm
in length (Figure 5a).

Effect of ChiNPs on virus accumulation content

ChiNPs appreciably decreased virus accumulation in treated faba bean
plants to varying levels depending on the ChiNP dosage rate. All tested
concentrations of ChiNPs, except for 50 mg/L and 100 mg/L, significantly
reduced virus accumulation in the treated plants when applied 48 h post-
inoculation (Table 1). The highest activity was obtained when the plants
were sprayed with 300 mg/L and 400 mg/L in which a negative ELISA
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Figure 4:

Virucidal activity of (a) chitosan nanoparticles compared to (b) chitosan bulk polymers against Bean yellow mosaic virus disease infectivity on

faba bean plants treated with six concentrations compared to untreated control. Disease response scored on foliar treated plants compared to
untreated control (c & d). Values with the same letters for each experiment are not significantly different (p<0.05).

Figure 5:  Transmission electron micrograph of Bean yellow mosaic
virus (BYMV) particle unit obtained from chitosan nanoparticle
(ChiNP)-treated plants (b, ¢, d) and untreated control (a). Red
arrows indicate the defective viral particles in ChiNP-treated
plants. Photos were captured under direct magnification of

100 000 x with scale of 100 nm, HV=80.0 kV.
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reaction was observed with no significant difference compared to the
negative control. A significant difference was recorded after treatment
with 200 mg/L and 250 mg/L ChiNPs, with the virus content significantly
decreased by 44.95% (0.915 0D) and 60.18% (0.649 0D), respectively,
compared to the untreated control. However, bulk chitosan application
showed that the BYMV accumulation content did not change significantly
from all tested concentrations, only from 300 mg/L and 400 mg/L and
the virus titre was significantly reduced by 36.12% (0.945 OD) and
42.66% (0.880 OD), respectively, as compared with the untreated
control (1.244 OD).

Modulations in enzyme activity

Phenylalanine ammonia lyase activity was considerably increased
by 1.00-fold in all ChiNP-treated plants at 24 h post spraying. The
maximum increase in phenylalanine ammonia lyase activity was noted
in 400 mg/L treated plants. The peak activity continually increased to
reach its maximum level at 144 h with a 3.14-fold increase, while the
activity increased only 0.93-fold in untreated control plants (Figure 6a).
The maximum polyphenol oxidase activity was recorded in plants treated
with 400, 300 and 250 mg/L ChiNPs in which the increase in polyphenol
oxidase activity was found to be considerably higher than in untreated
controls. However, a slight increase in polyphenol oxidase activity was
generated after the virus treatment, with a 0.28-fold increase at 72 h
post-treatment, reaching a maximum of 1.11-fold at 144 h (Figure 6b).

Changes in gene expression level

ChiNP foliar spraying was found to modulate the plant defence machinery
by upregulating the PR-1 gene (Figure 7a). The gene transcriptome was
strongly promoted with all tested applications of ChiNPs compared to
untreated control plants. The relative expression increased as the ChiNP
concentration increased. The maximum upregulating expression level of
a 16.22-fold change was attained with 400 mg/L. Simultaneously, the
mRNA accumulation of the PR-1 gene in 200- and 300 mg/L treated
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Effect of chitosan nanoparticles and chitosan bulk form on virus concentration and accumulation contents in treated plants at six tested

concentrations compared to healthy and infected untreated controls using ELISA reaction

Concentration (mg/L)

Chitosan nanoparticles

Virus titre (optical density (0D) at 405 nm)

Chitosan bulk polymer

+/- % 0D +/- %
Positive untreated control 1.411+0.0872 (+) - 1.204+0.0932 (+) -
50 1.132+0.042® + 717 1.292+0.0182 + 0.00
100 1.364+0.063¢ + 22.34 1.367+0.0982 + 0.00
200 0.915+0.078 + 44.95 1.290+0.015° + 0.00
250 0.649+0.053° + 69.18 1.301+0.049° + 0.00
300 0.286+0.037¢ - 100.00 0.945+0.138° + 36.12
400 0.311+0.009¢ - 100.00 0.880+0.275" + 42.66
Negative healthy control 0.309+0.012¢ ) - 0.294+0.023¢ -) -
p=<0.05 0.305 - 0.163 -

(%): Efficiency index in reducing virus concentration over the positive control in samples reacting positively (+) with tested BYMV antibodies.

The proportion of reduction in each negative sample was considered with a value of 100%.

Values with the same letters in each experiment were not significantly different. Values are means of three repeats +s.e. (p<0.05).

Figure 6:  (a) Phenylalanine ammonia lyase and (b) polyphenol oxidase

time course of modulation activities in chitosan nanoparticle
treated plants compared to untreated control plants. Values are
mean=s.e. of three repeats (p<0.05).

plants was high, with 10.26- and 9.56-relative expression fold increases,
respectively, over the untreated control plants.

Changes in total phenolic content

Total phenolic content was relatively affected in faba bean plants treated
with the tested ChiNP concentrations (Figure 7b). Among all tested
concentrations of ChiNPs, only the 400 mg/L dosage rate increased the
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total phenolic content curve significantly over untreated controls until 30
days post-application, while 300 mg/L significantly increased the total
phenolic content for 20 days compared to controls.

Effects of ChiNPs on plant vegetation and growth
parameters

Foliar application of ChiNPs significantly affected plant growth, leaf area
and chlorophyll content parameters compared to untreated infected
controls. Moreover, 400 mg/L ChiNPs not only produced a significant
increase in shoot length in comparison to the untreated infected controls,
but also increased plant growth more than that of the untreated healthy
control plants (Table 2).

Discussion

The nanotechnology approach has recently emerged as a new potential
means of control for a wide array of plant diseases.® However, the use
of nanotechnology in plant protection management has not been broadly
introduced on large scales as yet, and is still under research at a small
scale of production and application.?%” The current study shows the
antiviral activity of ChiNPs against BYMV and its accumulation within the
plant tissues as compared to the bulk form of chitosan. To our knowledge,
this is the first comprehensive study to investigate the antiviral ability of
ChiNPs against plant viruses. However, previous reports have confirmed
that ChiNPs increased the antiviral capabilities against human viruses
such as hepatitis C virus®® and HIV¥®. Furthermore, very limited reports
have also shown the partial effectiveness of bulk chitosan polymers
against plant viruses.*

The mechanisms underlying the effectiveness of ChiNPs in controlling
plant viruses and other plant diseases have not as yet been investigated.
Nanoparticles, ranging from 1 nm to 100 nm in size, provide superior
chemical and physical features when compared to their bulk materials
due to their large surface area to volume ratios.®'® Because all plant
viruses are biological nano-size particles, it is reasonable to argue that
chitosan in nano-based form could facilitate antiviral activity by targeting
the virus particles and the replication process within the host tissues.
Further, our findings show that ChiNPs altered the virus integrity by
producing incomplete and defective viral particles. A potential reason
for this may be that the synthesised ChiNPs have a surface area with
positive charges and positively charged amino gatherings on chitosan
glucosamine polymer chains. These facts support the suggestion
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Figure 7:  (a) Expression pattern analysis of pathogenesis-related gene 1 (PR-1) in response to three tested concentrations of chitosan nanoparticles
(ChiNPs) and an untreated control. Values with the same letters are not significantly different (p<0.05). (b) Phenolic dynamic curve in faba plants
treated with three tested concentrations compared to the untreated control faba bean plants.

Table 2:  Vegetation parameters of faba bean plants treated with chitosan nanoparticles and chitosan bulk polymer at six tested concentrations compared to

untreated healthy and infected control plants

Chitosan nanoparticles

Concentration (mg/L)
Shoot length (cm)

Untreated infected control

000 2731148 | 973+0.65
H]’fggf‘ted T @) 38.90+0365% | 14.45+1.44e
50 355541520 13.13=1.86%
100 40.16+1.27% | 12.28=0.66%
200 37.460971% | 1454128
250 34.23x0710° | 13.93:1.68°
300 361940557 | 1634185
400 420805300 | 14.41x2.17:
p=0.05 4.204 3.802

Values are mean=s.e. and those with the same letter are not significantly different.

that ChiNPs might have high bio-reactivity to attract viral RNA which
contains negatively charged phosphate groups in its primary chain,*!4?
and thereby suppresses virus replication and disease progression.
Furthermore, as all viral proteins have negatively charged clusters of
glycol proteins, it is assumed that the positively charged nanoparticles
could also target the virus coat protein.*s This supports our suggestion
that the role of ChiNPs in controlling the plant viruses might be strongly
governed by their nano physicochemical properties, particle chemical
nature and bio-reactivity, in which the chitosan in nano-size seems to be
critical for its antiviral properties.

In parallel with these findings, our research also suggests that the
ChiNPs promote the plant defence mechanism against virus invasion
by promoting expression of the PR-1 gene and some defence-related
enzymes (phenylalanine ammonia lyase, polyphenol oxidase) and
increasing the total phenolic content. The initiation of plant defence
boosters in treated plants may be attributable to the ability of chitosan
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Leaf area (cm?)

Chitosan bulk polymer

Chlorophyll index = Shoot length (cm) Leaf area (cm?) = Chlorophyll index

20.83+1.24¢ 30.75+0.651° 11.02+1.35° 23.66+1.09¢
42.53+1.00° 38.41+0.9242 14.45+1.29 42.54+0.634°
31.60+1.65 32.11£1.85 12.76+1.43® 28.12.65¢
30.16x2.20° 31.79+1.06® 11.57+0.962* 31.5£2.75%
33.90+1.88 36.16+2.43 13.49+0.712 32.61.55%
40.83+1.31° 33.20+0.78% 14.44+1.39 36.13+1.42
43.60+1.19 38.61+1.34 13.24+0.772 37.40+1.08%°
44.86+2.16° 38.56+0.520? 13.36+1.022 39.23+1.55%®
5.882 3.737 2.369 6.022

to modulate salicylic acid phytohormone pathways which include the
synthesis of phenylalanine ammonia lyase and pathogenesis-related
proteins.* This supports the results of Chandra et al.?® who investigated
the role of ChiNPs as a natural biopolymer in the immunomodulatory
response. Chitosan was found to enhance anti-oxidising enzymes and
total phenolic content that are involved in the plant defence response.
Moreover, Jia et al.* found that chitosan oligosaccharide spraying
boosted the innate immunity system in treated plants by upregulating
the PR-1 defence-related gene and increased the level of salicylic acid
in treated plants. Further, Jia et al.*® investigated how to reduce the virus
accumulation content and symptom development by activating plant
hormone signalling pathways. The increase in total phenolic contents
may strongly be associated with increasing phenylalanine ammonia
lyase activity, which is the first key enzyme for producing phenolics
and other secondary metabolites involved in the plant defence system
against pathogen attacks.*t
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Our data suggest that chitosan nano applications have a dual role in
controlling plant viral infection and disease expression. Our data
demonstrate that ChiNP application prevented the stunting of the plant
usually caused by the virus, by reducing the virus infectivity, and thereby
increasing growth parameters even above those of the non-infected
untreated controls. The role of the chitosan polymer in promoting
plant growth and yield has been documented in numerous crops.*-
Furthermore, chitosan nanoparticles have been investigated as plant
growth enhancers.%' The mode of action underlying the role of chitosan
in enhancing plant growth was proposed to be its ability to induce many
physiological processes including nutrient uptake, photosynthesis,
and cell division as well as plant hormones.%? Thus, it is reasonable to
assume that chitosan in its nano-based form could be curatively used to
alleviate viral infections.

Conclusion

In conclusion, the current findings provide an indication of the potency
of chitosan nano-based materials against plant viruses. ChiNPs showed
a powerful antiviral activity against BYMV infectivity, virus replication and
accumulation in treated plants. This might offer a new alternative strategy
to manage plant viral diseases without the use of pesticides. However,
further research to support this initial study is needed to explore the
mechanisms underlying the role of ChiNPs against plant viruses.
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