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Abstract: Potato virus Y (PVY) causes serious loss in the yield and quality of potatoes. The effect of
chitosan nanoparticles (CS-NPs) on the regeneration response and production of PVY-free plants
under in vitro conditions was studied. Murashige and Skoog (MS) medium supplemented with
0.1 mg L−1 Gibberellic acid (GA3), 0.1 mg L−1 Naphthalene acetic acid (NAA) and 500 mg L−1 malt
extract was used for regeneration of plantlets from sprouts. Double Antibody Sandwich Enzyme-
Linked Immunosorbent Assay (DAS-ELISA) and Reverse Transcript Polymerase Chain Reaction
(RT-PCR) was used for virus indexing of the mother plant and in vitro-regenerated plantlets. Explants
of PVY positive potato plants were cultured on same medium amended with 100, 200, 250, and
300 mg L−1 of (CS-NPs). Shoot regeneration decreased from 100 to 200 mg L−1 as the concentrations
of antiviral (CS-NPs) up to 250 mg L−1. It was decreased with the increase in the concentration of the
antiviral (CS-NPs) up to 300 mg L−1. Antiviral (CS-NPs) at the concentration of 250 mg L−1 showed
a positive effect on shoot regeneration. In vitro-regenerated plantlets were virus free and tested
negative in both ELISA and RT-PCR. The level of 100 mg L−1 of (CS_NPs) produced 38.8% PVY-free
plants and 30.50% of cultures showed shoot regeneration. The level of 200 mg L−1 of (CS-NPs)
produced 49.6% PVY-free plants while 46.8% of cultures showed shoot regeneration. The level of
250 mg L−1 of (CS-NPs) was the most effective and produced 100.0% PVY-free plants and 100.0%
of cultures showed shoot regeneration. Histopathological changes simultaneously with elucidation
of resistance and growth enhancement were evident in the treated plants with (CS-NPs) than those
untreated control. In conclusion, (CS-NPs) treatment is an effective tool to produce PVY-free sprouts
explants and has potential for producing virus-free planting material for the potato industry.

Keywords: chitosan; potato sprouts; potato virus; double antibody sandwich; Murashige and Skoog;
shoot regeneration

1. Introduction

The potato had been first domesticated in the region of southern Peru and northwest-
ern Bolivia [1] then it was introduced to Europe from the Americas by the Spanish in the
second half of the 16th century [2].

Potato (Solanum tuberosum L.) belongs to Solanaceae family, and it is a highly nutritious,
easily digestible, wholesome food that contains carbohydrates, proteins, minerals, vitamins,
and as a high-quality dietary fiber, after rice, wheat, and maize, potatoes are the world’s
most important non-cereal food crop [3]. Researchers have demonstrated that 1.9–2.3 billion
people obtain about 60–70% of their iron and zinc from potato [4]. In Egypt, potato is an
important crop with 5.1 million tons produced in 2018 [5]. According to the Food and
Agriculture Organization (FAO) statistical database, it makes the country the sixth-largest
potato exporter in the world. Many countries rely on Egypt’s exports of potatoes, which in
2021 was approximately 734 thousand tons [6].
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During the last twenty years, potato and tomato have been successfully used as model
plants to investigate the induction of defense pathways after exposure to fungal, bacterial,
viral and abiotic molecules, showing different mechanisms of resistance [7]. Many pathogens
such as bacteria, fungi, viruses, insects, and nematodes attack potatoes causing significant
losses for potato producers throughout the world. Viral diseases are considered the major
constraint in many countries, resulting in production losses [8]. Potato virus Y (PVY) is the
most economically important virus affecting potato production worldwide [9]. Potato virus Y
(PVY) was the most prevalent virus found by Double Antibody Sandwich Enzyme-Linked
Immunosorbent Assay [10]. Mixed infection of PVY with other viruses can increase the
severity and virus accumulation [11], for example, Potato virus X (PVX) in potato and tomato
plants developed mild local lesions and varying degrees of leaf deformation and mosaic
symptoms, whereas these symptoms can be more severe when the infection is mixed with
PVY (PVX + PVY) [12]. The fact that PVY is transmitted by 65 different aphid species in
a non-persistent manner makes its control and prevention an ongoing challenge [13]. PVY is
an aphid-borne virus that causes yield losses and tuber quality defects in commercial potato
crops, while in seed crops, PVY infection increases the risk of the seed lot being downgraded
or rejected from certification [14]. When temperatures increase, vectors become abundant,
and the incidence of virus epidemics increases [15]. This increase in insect vectors and virus
disease incidence, combined with the fact that virus-tested seed systems are weak or entirely
absent explains the importance of potato virus diseases in the developing world which was
estimated to account for 50% or more of the potential total loss in potato yield according
to Karasev et al. [16]. PVY is a member of the Potyvirus genus that belongs to the family
Potyviridae. It is a complex of strains that have developed through recombination and accu-
mulation of mutations, allowing the virus to successfully adapt to new potato cultivars [17].
Some genetically modified strains of PVY cause similar necrotic symptoms known as “potato
tuber ringspot disease” that caused heavy economic loss in potato production [18,19].

Plant virus diseases seem nearly impossible to control, however, several practical at-
tempts are made to control them and manage their existence in the crop [20]. The efficacy
of thermotherapy, chemotherapy, and cryotherapy treatments to eliminate single and mixed
Potato virus S (PVS), Potato virus A (PVA), and Potato virus M (PVM) infections from three potato
cultivars were studied individually and in combination [21]. Many researchers aimed at con-
trolling pathogens using an alternative biological control strategy depending on a clean
agriculture system. Recently, sustainable agricultural practices provide better promise. How-
ever, these methods have taken precedence over chemical-based methods of pathogen control
and pest restriction. The adoption of biological control is the most important, crucial technique
that is currently in the forefront of this area. Over several decades, various biocontrol strategies
were carried out and exhibited great success. Different methods of plant-pathogen biocontrol
employ a range of microorganisms and their byproducts. Microbiome management and
engineering, phage cocktails, genetically modified biocontrol agents and microbial volatilome
are available strategies to sustainable agricultural practices [22]. The use of myco-synthesized
AgNPs (MS-AgNPs) has promising antimicrobial capabilities and might be beneficial for
an extensive array of biological applications [23]. Nanotechnology has the potential to revo-
lutionize agricultural systems, biomedicine, environmental engineering, safety and security,
water resources, energy conversion, and numerous other areas [24]. However, the real impact
of nanomaterials on plants depends on their composition, concentration, size, surface charge,
and physical and chemical properties, besides the susceptibility of the plant species. A wide
range of potential applications of nanotechnology has been investigated in agriculture, lead-
ing to intense research at both academic and industrial levels. This cutting-edge technology
has a significant influence on many different application areas such as plant disease man-
agement, nanofertilizers and enhancement of plant adaptive potential to external stress [25].
Nanoparticles have been taken into consideration in both industry and agriculture. Engineered
nanomaterials (ENMs) are being used in more applications, which cause them to be released
into the environment and agricultural areas [26]. The larger applications in agriculture of
nanoparticles are possible and preferred due to their unique features that include a very high
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surface area to volume ratio, higher reactivity, surface potential, tunable physical/chemical
properties, and molecular manipulation [27,28]. The selection of desirable nanomaterials for
application in the field may be critical non-toxic, biocompatible, and biodegradable [29].

Many studies stressed the positive effect of nanomaterials foliar application [30].
Attractive strategies to deal with the PVY problem include the development of new antiviral
nanoparticles and using tissue culture techniques to facilitate the propagation of virus-free
materials to limit viral transmission [31]. Both approaches of antiviral nanoparticles and
tissue culture technique are essential and eventually a combination of the two techniques
will be the most effective strategy in controlling the PVY epidemic by diminishing the
incidence of plant-to-plant transmission events [32]. Meristem culture has been successfully
used with micro propagation to create disease-free potato seeds [33,34]. Nanomaterials have
been effectively used in vitro and in vivo to control plant viruses [35]. The objectives of this
study were to test the effect of chitosan nanoparticles (CS-NPs) at different concentrations on
the eradication of PVY affecting Spunta potato cultivar either cultivated using conventional
tissue culture methods or cultivated in open field or greenhouse. Additionally, the present
study was aimed to investigate the effect of (CS-NPs) on shoot regeneration response
and elimination of PVY from potato. In vitro-produced plantlets have been tested by
DAS-ELISA and RT-PCR for the presence/absence of PVY.

2. Materials and Methods
2.1. Selection of the PVY-Infected Plants

Potato plants Solanum tuberosum L.Spunta cv., naturally infected with PVY confirmed
by DAS-ELISA and RT-PCR, were used as a source of sprouts for in vitro initiation and
virus eradication therapy.

2.2. PVY Indexing by DAS-ELISA

DAS-ELISA assay was used for detecting PVY in potato leaves collected in spring season
(April), according to the protocol described by Clark MF, Adams [36], which was modified by
Domınguez et al. [37], using commercial kits produced by Agritist (Italy). About 5 to 8 fresh
collected leaves from potato plants were placed in plastic bags, labeled, and brought to the
laboratory in ice chests. Antigen samples were prepared by grinding 0.5 g of leaves tissue in
5 mL of extraction buffer using a Kleco tissue homogenizer (Garcia Machines). DAS-ELISA
was essentially performed by coating the wells of the microtiter plates with 200 µL of diluted
polyclonal Immunoglobulin G (1:200) in coating buffer made by dissolving 1.59 g sodium
carbonate (Na2CO3) and 2.93 g sodium bicarbonate (NaHCO3) in distilled water to form pH
9.6 solution. The buffer solution was incubated for 4 h at 37 ◦C. The plates were washed
4 times by washing buffer (8.0 g sodium chloride (NaCl), 2.9 g sodium phosphate (Na2HPO4-
12H2O), 0.2 g potassium phosphate (KH2PO4), 0.2 g potassium chloride (KCL), and 0.5 mL
Tween 20) and dissolved in distilled water and diluted to 1 L, pH 7.4. Leaves sap was
prepared by the homogenization of the fresh parts in the extraction buffer (Conjugate/Sample
buffer) which consisted of 20 g polyvinyl (viscosity k10-k40), 2 g bovine serum albumin, 0.1 g
NaN3 dissolved in distilled water, diluted to 1 L and the pH was adjusted to 9.8 using 1 N
HCl. Then, in each well of substrate, 200 µL (1 mg mL 4-nitro phenyl phosphate di-Na-salt) in
substrate buffer (97 mL ethanolamine, 0.2 g MgCl2-6H2O, dissolved in distilled water pH 9.8)
were added. Positive and negative controls presented with the commercial kits of Agritist,
were added to the plates to determine the healthy background. The enzymatic reaction was
monitored at 405 nm, after incubation at 37 ◦C for 1 and 2 h by ELISA reader device (BIOTEC).
Samples were considered positive when the mean optical density (OD) values were greater
than two times the values of the negative controls.

2.3. PVY Indexing by RT-PCR

Total RNA was extracted from leaves collected from PVY-infected potato plants grown in
the field confirmed previously by DAS-ELISA test, using RNeasy Plant Mini kit (QIAGEN
cat# 74903) following the manufacturer’s instructions. The sequences of the primers used to
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produce amplification of 825 bp in Rt-PCR were the upstream (5′TCAAGGATCCGCAAATG-
ACACAATTGATGCAGG-3′) and downstream (5′-AGAGAGAATTCATCACATGTTCTTGA-
CTCC3′) [38]. One hundred mg of fresh infected leaves were ground to a fine powder after
freezing in liquid nitrogen. The powdered samples were transferred to sterile microfuge
tubes. A 450 µL of buffer RLC was added (the exact composition of buffer RLC is confidential
and is a proprietary component of RNeasy Kits. RLC comprising high concentration of
guanidine hydrochloride), vortexed vigorously and incubated at 56 ◦C for 3 min. These lysates
were applied to the QIAshredder spin column (lilac) sitting in a 2 mL collection tube and
centrifuged for 2 min at maximum speed (rpm). The flow-through fraction was transferred
from QIAshredder to a new tube without disturbing the cell-debris pellet in the collection tube,
then 0.5 mL of ethanol (96–100%) was added to the cleared lysate and mixed well.

RT-PCR was carried out on RNA preparations with Reverse-iT™ One-Step RT-PCR Kit
(ABgene®UK). This allows RT and amplification to be performed sequentially in the same tube.
In particular, 2.5 µL of target RNA was mixed with 12.5 µL 2x RT-PCR Master mix containing
1.25 U/50µL (Taq Polymerase), 1.5 mM MgCl2, 0.2 mM each dNTPs, 10µM specific forward
and reverse primers, 0.5 µL Reverse-iT™, RTase Blend (50 U/µL), RNase/DNase-free and
distilled water to a final reaction volume of 25 µL. Synthesis of cDNA was performed at 47 ◦C
for 30 min, followed by denaturation at 94 ◦C for 2 min. In thin-walled PCR tubes containing
5 µL of 10x PCR buffer (160 mM (NH4)2 SO4, 670 mM Tris-HCl pH 8.8, 0.1% Tween-20,
25 mM MgCl2), 1 µL of 10 mM dNTPs, 1 µL each of primer Pr-1F and PR-1R and 2.5 units
of Taq DNA polymerase, nuclease-free water was added to make a volume of 45 µL. Five
µL from the total DNA was added to PCR mixture and amplified with the following cycling
parameters (denaturation at 94 ◦C for 30 s). Primer annealing at 55 ◦C for 30 s and extension
at 72 ◦C for 30 s) for 30 cycles, with a final extension at 72 ◦C for 5 min and cooling to 4 ◦C.
Amplified products were detected by agarose gel electrophoresis. Five-microliter aliquots of
PCR products were analyzed on 1.7% agarose gels (6 × 8 cm), in TBE buffer (89 mM Tris-HCl,
89 mM boric acid, 2.5 mM EDTA, pH 8.5) at 120 volts. 100 bp DNA molecular weight markers
(ABgene, UK) were used to determine the size of PCR products. Gels were stained with
ethidium bromide 10 µg mL and visualized by UV illumination (Bio-Rad) [39]. About 75 min
were required for running agarose gels and staining with ethidium bromide.

2.4. Chitosan (CS-NPs) Preparation
2.4.1. Characterization of Chitosan Nanoparticles

Chitosan nanoparticles preparation was characterized in the Central Laboratory of
nanotechnology and advanced materials, at agricultural research center, Giza, Egypt.

2.4.2. Determination of Nanoparticle Size

The particle size distribution and zeta potential of synthesized nanomaterials have
been measured by Dynamic Light Scattering (DLS) analysis on a Zetasizer nano (ZS)
instrument (Malvern, UK). The solution of the colloidal nanoparticles was diluted in 1 mL
of distilled water and then placed in a disposable glass cuvette to analysis [40].

2.4.3. X-ray Diffraction (XRD) Measurement

X-ray diffraction (XRD) is a popular characterization technique for nanomaterials charac-
terization which introduce important phase identification information for engineered nanopar-
ticles. The physic-chemical crystalline nature of constructed nanomaterials had been con-
formed using an X-ray diffractometer (X’ per PRO, Panalytical, The Netherlands) operated
with a Cu K radiation tube (=1.54 A◦) at 40 kV. Then the colloidal nanoparticles solution
was centrifuged at 16,000× g for 30 min at 4 ◦C for powder yield, then the precipitated
nanoparticles were air dried after that bombarded by X-ray for phase analysis [41].

2.4.4. The Morphology of the Prepared Nanoparticles

The actual shape and size of the prepared nanoparticles have been performed by a high-
resolution transmission electron microscope (HR-TEM) (Tecnai G2, FEI, and the Netherlands).
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The suspension of the aqueous chitosan (CS-NPs) was prepared and then sonicated for 10 min
in an ultra-sonicator (SB-120DTN, Taiwan) before imaging. Then the prepared particles were
deposited from the dilute aqueous solution on to 200 mesh-coper grids with the support
of a 10 nm thick carbon film. Then the grids were placed in a double title grid holder. The
images were captured using an Eagle CCD camera at an accelerating age of 200 kV.

The solution of chitosan was prepared chemically by reducing the molecular weight of
chitosan (LMW, Techno-gene, Egypt) using the ion-gelation concept and sodium tripolyphos-
phate (STPP) as a reducing agent according to [42]. Then, 0.5 mg mL−1 of chitosan powder
was dissolved in 1% acetic acid and left for 30 min at room temperature under vigorous
stirring. To synthesize chitosan nanoparticles, 0.7 mg mL−1 of the reducing agent sodium
tripolyphosphate (STPP) was dissolved separately in distilled water, and then 500 mL of
chitosan was mixed with 160 mL of STTP under vortex or stirring for one hour. Chitosan
nanoparticles (CS-NPs) at different concentrations were added to the culture medium in
which in vitro shoots of PVY-infected potato plants were grown. To decrease or eliminate mi-
croorganisms in the MS medium, 1 w/w TiO2 NPs was used in the tissue culture media [43].

2.5. In Vitro Initiation and Stock Cultures

Potato (Solanum tuberosum L.) cv. Spunta sprouts explants were collected from potato
tubers originated from PVY-infected plants, as confirmed by DAS-ELISA and RT-PCR indexing
methods. These sprouts were used as initiators or starters propagating materials (Figure 1).
Sprouts explants were washed with sterilized distilled water and were surface sterilized with
70% ethanol and 0.2% Mercuric chloride (HgCl2) for 1–2 min. Shoots were finally rinsed
with sterilized distilled water for 3–5 min before inoculation on Murashige and Skoog (MS)
medium [44] supplemented with 30 g L−1 sucrose, 6 g L−1 agar at pH 5.7 (standardized culture
medium). The prepared medium was kept at the storage room for 3 days before the cultivation
stage to make sure that there was no contamination in the medium. Plantlets were sub-cultured
once every 30 days and kept in laminar air flow hood under controlled conditions on MS
multiplication medium composed of MS supplemented with 30 g L−1 sucrose, 0.75 mL L−1

benzyl adenine (BAP), 0.1 mL L−1 kinetin, 2.5 mg L−1 gibberellic acid (GA3), 6 g L agar at
pH 5.7. Culture room maintained under optimum light (1–10 K. Lux) with a temperature of
25± 2 ◦C and 70% relative humidity under 40 µmole m-2 s-1 cool white fluorescent light for
16 h daily. After 4 weeks of culture, regenerated plantlets were sub-cultured in 250 mL culture
jar for complete plantlet development. The developed shoots were removed from the culture
vessels and divided into sections containing three to four nodes. The nodal segments were put
in 250 mL culture jar horizontally onto fresh multiplication medium. That medium has the
same ingredients as described in the previous step. This procedure repeated every 3 to 4 weeks.

Agronomy 2022, 12, x FOR PEER REVIEW 6 of 17 
 

 

culture jar horizontally onto fresh multiplication medium. That medium has the same 
ingredients as described in the previous step. This procedure repeated every 3 to 4 weeks. 

 
Figure 1. Sprouts of PVY infected potato explants (Solanum tuberosum L.) cv. Spunta (I) showing 
shoot regeneration on MS medium supplemented with different concentrations of Chitosan (CS-
NPs). Healthy explants (H). 

2.6. CS-NPs Treatments for PVY Eradication 
After 3 subcultures shoot segments (5 cm in length) were collected from 4-week-old 

stock cultures and inoculated on MS standardized culture medium supplemented with 
different concentrations (100, 200, 250 and 300 mg L−1) of CS-NPs to evaluate its effect on 
shoot regeneration response, shoot proliferation, plantlets growth and PVY eradication. 
The pH was adjusted at 5.7 before autoclaving the media at 121 °C for 20 min. Chitosan 
treatments were filtered, sterilized, and incorporated in the autoclaved medium. Cultures 
were grown at the same conditions as described for stock cultures. 

2.7. In Vitro Rooting Induction, Hardening and Acclimation 
After 4 weeks of culture, the developed shoots were removed from the culture 

vessels. Individual shoots were cultured on the MS standardized culture rooting medium 
supplemented with 4.4 g MS, 30 g L−1 sucrose, 6 g L−1 agar and 0.1 mg L−1 α-naphthalene 
acetic acid (NAA) at pH 5.7 at a density of 8 shoots per 250 mL culture jar. After 
inoculation, cultures were incubated in culture room maintained under optimum light (1–
10 K .Lux), 25 ± 2 °C and 70% relative humidity. Light was provided by 40 µmole m−2 s−1 
cool white fluorescent for 16 h daily. After 4 weeks, plantlets of Potato (Solanum tuberosum 
L.) cv. Spunta (about 10 cm in length with well-developed root system) were taken out 
gently from each jar and washed with running tap water to remove traces of agar that 
may prevent the absorption of nutrients from the acclimatization culture substrates, then 
treated with liquid fungicide (2% dithane M-45) by lightly dipping the root base for 2–5 
min. Plantlets were transferred to plastic pots 10 × 15 cm containing a mixture of peat 
moss, sand, and vermiculite at the ratio of 3:1:1. High humidity conditions of 95% were 
maintained around plantlets by covering them with clean transparent polythene bags 
having small holes for air circulation at 22 to 25 °C and 1000 lux illumination. After 10 
days, the plantlets were exposed for 30–40 min daily. After another 10 days, the plantlets 
were exposed completely to the natural conditions and transferred to the earthen pots 

Figure 1. Sprouts of PVY infected potato explants (Solanum tuberosum L.) cv. Spunta (I) showing
shoot regeneration on MS medium supplemented with different concentrations of Chitosan (CS-NPs).
Healthy explants (H).



Agronomy 2022, 12, 2901 6 of 15

2.6. CS-NPs Treatments for PVY Eradication

After 3 subcultures shoot segments (5 cm in length) were collected from 4-week-old
stock cultures and inoculated on MS standardized culture medium supplemented with
different concentrations (100, 200, 250 and 300 mg L−1) of CS-NPs to evaluate its effect on
shoot regeneration response, shoot proliferation, plantlets growth and PVY eradication.
The pH was adjusted at 5.7 before autoclaving the media at 121 ◦C for 20 min. Chitosan
treatments were filtered, sterilized, and incorporated in the autoclaved medium. Cultures
were grown at the same conditions as described for stock cultures.

2.7. In Vitro Rooting Induction, Hardening and Acclimation

After 4 weeks of culture, the developed shoots were removed from the culture vessels.
Individual shoots were cultured on the MS standardized culture rooting medium supple-
mented with 4.4 g MS, 30 g L−1 sucrose, 6 g L−1 agar and 0.1 mg L−1 α-naphthalene acetic
acid (NAA) at pH 5.7 at a density of 8 shoots per 250 mL culture jar. After inoculation,
cultures were incubated in culture room maintained under optimum light (1–10 K. Lux),
25 ± 2 ◦C and 70% relative humidity. Light was provided by 40 µmole m−2 s−1 cool white
fluorescent for 16 h daily. After 4 weeks, plantlets of Potato (Solanum tuberosum L.) cv.
Spunta (about 10 cm in length with well-developed root system) were taken out gently
from each jar and washed with running tap water to remove traces of agar that may prevent
the absorption of nutrients from the acclimatization culture substrates, then treated with
liquid fungicide (2% dithane M-45) by lightly dipping the root base for 2–5 min. Plantlets
were transferred to plastic pots 10 × 15 cm containing a mixture of peat moss, sand, and
vermiculite at the ratio of 3:1:1. High humidity conditions of 95% were maintained around
plantlets by covering them with clean transparent polythene bags having small holes for
air circulation at 22 to 25 ◦C and 1000 lux illumination. After 10 days, the plantlets were
exposed for 30–40 min daily. After another 10 days, the plantlets were exposed completely
to the natural conditions and transferred to the earthen pots containing field soil only.
After proper hardening for 30 days, plants were transferred to greenhouse and indexed for
presence/absence of PVY virus by DAS-ELISA and RT-PCR.

2.8. PVY Detection after CS-NPs Treatment

After 30 days of acclimatization, leaves were collected from treated potato plants
and controls and tested for the PVY infection using DAS-ELISA and RT-PCR using the
procedures described in “Section 2.1” and “Section 2.2”.

2.9. Statistical Analysis

The effect of Chitosan (CS-NPs) treatments and shoot regeneration responses were
subjected to one-way analysis of variance (ANOVA) test. When significant differences
were obtained, means were separated using Tukey’s HSD (honestly significant difference
test) [45].

2.10. Histopathological Studies

A comparative anatomical study was carried out on the leaves of treated plants and
control after 7 days of treatments. Small pieces were taken from the midrib region of the 4th
upper apical leaf on the main stem. These pieces were killed, fixed in FAA (10 mL formalin,
5 mL glacial acetic acid and 85 mL ethyl alcohol 70%), then washed in 50% ethyl alcohol,
dehydrated in a series of ethyl alcohols (70, 90, 95 and 100%), and infiltrated in xylene
embedded in paraffin wax with a melting point 60–63 ◦C. Sections were made at 15–17 µm
thick using rotary microtome, mounted on glass slides and stained with aqueous Safranin O
(1%) and Fast Green (0.1% in 95% ethanol), as described by Ruzin, et al. [46]. Four sections
were examined microscopically to detect histological manifestations of noticeable responses
resulted from treatments. Counts and measurements (µ) were taken using a micrometer
eye piece. Averages of 4 slides/treatment readings were calculated. Number of epidermal
hairs was counted in 720 µ in the middle of the epidermis. Sections were examined with
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SEIWA OPTICAL light microscope (using a 10x lens) and photographed by Genius P931
digital camera using Image Manager 50 program. Various measurements were performed
on microscopic images.

3. Results

Shoots regenerated on standard MS medium was successful from single node cuttings
and gave high percentage of shoot regeneration (90.97% sprouts showed regeneration).
Experiments of different (CS-NPs) treatments were further applied on same culture medium.
Regenerated shoots when transferred to fresh medium containing antiviral (CS-NPs) in
culture jar developed into complete plantlets (Figure 2).
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Figure 2. Plantlets regenerated from mature sprouts on culture medium containing different Chitosan
(CS-NPs) concentrations. Excellent shoot regeneration, shoot proliferation, shoot length, and shoot
growth on MS medium supplemented with 250 mg L of (CS-NPs) (a). Very good shoot regeneration,
shoot proliferation, shoot length, and shoot growth on MS medium supplemented with 200 mg L
of (CS-NPs) (b). Slow and weak shoot regeneration, shoot proliferation, shoot length, and shoot
growth on MS medium supplemented with 100 mg L of (CS-NPs) (c). Poor shoot regeneration,
shoot proliferation, shoot length, and shoot growth on MS medium supplemented with 300 mg L of
(CS-NPs) (d). Good shoot regeneration, shoot proliferation, shoot length, and shoot growth on MS
medium without treatment (Healthy control) (e). Weak shoot regeneration, shoot proliferation, shoot
length, and shoot growth on MS medium without treatment (infected control) (f).

3.1. Effect of Chitosan (CS-NPs) Antiviral on Regeneration Response and Virus Elimination
Characterization of Chitosan Nanoparticles (CS-NPs)

The zeta potential of chitosan nanoparticles revealed a positive surface area charge
with 25.9 mV. The synthesized chitosan nanoparticles indicted an average hydrodynamic
size distribution of 34.39 nm (20.69 to 60.76 nm). X-ray diffraction (XRD) analysis was
used to confirm the pseudospherical structure of chitosan nanoparticles. The amorphism
fingerprint nature of chitosan nanoparticles was represented by the formation of a hump
shape from 10 to 30 2θ angle. A TEM micrograph illustrated the pseudospherical shape of
chitosan nanoparticles and the average size of nanoparticle was evaluated to be 36.58 nm
(Figures 3 and 4).
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Comparing the effect of different concentrations of (CS-NPs) on regeneration response
and production of PVY-free plants indicated that increasing the concentration of (CS-NPs)
from 100 to 250 mg L−1 in the culture medium resulted in positive effects on shoot regenera-
tion (Table 1 and Figure 5). Shoots regenerated on medium containing 200 mg L−1 (CS-NPs)
showed higher growth and developed into complete plantlets. Excellent growth and regen-
eration shoots were obtained at 250 mg L−1 (Figure 6a,b). At the highest concentration of
(CS-NPs) (300 mg L−1), shoot regeneration and growth were inhibited due to their phyto-
toxic effect (Figure 6c). Even after proliferation of axillary meristem from sprouts, shoot
growth was determined by estimating the average of 10 shoot length measurements in cm,
and the shoot growth was slow as compared to untreated cultures. High phytotoxicity and
no shoot regeneration response were observed when treated with 300 mg L−1 (CS-NPs).
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Table 1. Effect of different concentrations of antiviral chitosan (CS-NPs) on shoot regeneration and the
production of PVY-free potato plants (Solanum tuberosum L.) cv. Spunta from infected potato sprouts.

Concentrations of (CS-NPs)
in Growth Medium mg L−1 Proliferation Percent Shoot

Regeneration
Plant Length,

cm ± SD DAS-ELISA RT-PCR

Untreated (Control) 1.78 ± 0.30 * 90.96 ± 1.42 3.99 ± 0.40 cm 0.654 +
300 0.00 10.41 ± 1.20 c - 0.236 a −
250 6.11 ± 0.26 90.97 ± 1.41 a 12.40 ± 0.38 * 0.256 a −
200 4.69 ± 0.24 87.49 ± 1.22 a 11.96 ± 0.18 * 0.564 b −
100 3.69 ± 0.30 43.05 ± 1.85 b 6.6 ± 0.01 * 0.595 b +

* Means ± SE (Standard Error). Means within columns with the same letter are not significantly different using
Tukey’s HSD test at p < 0.01.
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on the explants in culture media.
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DAS-ELISA and RT-PCR results showed that (CS-NPs) produced high regeneration
response with high frequencies of PVY-free plants. Electrophoresis of RT-PCR product
showed an amplification of 825 bp DNA fragment in PVY-infected plants and no such
amplification was obtained in PVY-free potato plantlets (Figure 7). For the confirmation of
the virus, amplified band was extracted, sequenced, and analyzed. The sequence obtained
had confirmed its homology with portion of coat protein gene of PVY. While indexing, eight
samples of the tested negative plantlets in DAS-ELISA at the 100 mg L−1 (CS-NPs) were
positive using RT-PCR. Plantlets which were tested negative in DAS-ELISA and RT-PCR
were only considered virus free.
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Figure 7. PCR analysis using 1.7% Agarose gel electrophoresis showing the amplified fragment of
Potato virus Y (PVY) coat protein gene from potato tissues. Specific PVY cDNA band 825 bp by using
specific PVY primers. Lanes 1, 2 and 3 (PLRV) while Lanes 4, 5 and 6 PVY infected potato samples
and Lane 7 is healthy potato sample. Lane M is the marker (Biometric) 100 bp DNA Ladder, the size
of the cDNA fragment is indicated on the presence of PVY at 825 bp.

Results confirmed that (CS-NPs) was effective in the elimination of PVY from potato
Sprouts of shoots under in vitro conditions. Shoot regeneration response was high with
(CS-NPs) at the levels of 100 mg L−1 and 200 mg L−1 (4.69 and 6.11%, respectively).
Furthermore, regeneration response and number of virus-free plants produced 38.78% PVY
free plants with 30.50% cultures showing shoot regeneration at the level of 100 mg L−1

(CS NPs), and 100 % PVY-free plants with 46.80% cultures showing shoot regeneration at
the level of 200 mg L−1. Regeneration response of explants was the highest at the level of
250 mg L−1.

3.2. Histopathological Changes

The leaves’ tissues as evidence of the resistant reaction were elicited after 7 days of
nanoparticles treatment. When treated with (CS-NPs), tissues alterations were observed
in fixed tissues after 7 days of treatment. Progressive increasing in lignin accumulation in
epidermal cells, number of hairs, thickness of blade, number of xylem arms and phloem
layers (Tables 2 and 3 and Figure 8) was observed. Tissue-shrinkage, intense staining, and
precipitation of lignin in sub stomatal cavity, folding in mesophyll cell, and layering of cell
wall while the remains of host palisade cell walls were noticed.



Agronomy 2022, 12, 2901 11 of 15

Table 2. Anatomical properties of potato leaves treated with chitosan (CS-NPs).

Treatment Hair Cuticle
Thickness

Epidermal
Thickness

Palisade
Tissue Collenchyma Tissue Spongy

Tissue

Healthy
control 145.6 a * 3 b 1 c 7.0 b 5.5 c 4.5 b 9.7 c 45.8 d 1 f 6 d 110.2 f 2 d 58.8 f 72.3 d 4 f

Chitosan
(CS-NPs) 250.7 a 6 b 4 c 9.0 b 6.3 c 17.4 b 11.3 c 76.5 d 1 f 6 d 190.6 f 3 d 70.0 f 95.2 d 5 f

* thickness (µm), a: length (µm), b: lower epidermis (µm), c: upper epidermis (µm), d: thickness f: number.

Table 3. Vascular bundle and xylem (µm) properties of potato leaves treated with chitosan (CS-NPs).

Treatment Mid. Vein
Thickness

Vasc. Bundle
Length

Vasc. Bundle
Width

Ex. Phlo.
Thickness

Intr. Phlo.
Thickness

Xylem
Thickness

No. Xylem
Vessel

Thickness of
Major Xylem

Healthy
control 7745.2 215.2 460.6 35.3 39.4 120.4 12 35.2

Chitosan
(CS-NPs) 980.6 225.6 560.4 55.5 48.3 132.6 20 45.3
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4. Discussion

The antiviral (CS-NPs) treatment eliminated PVY from in vitro-grown potato sprouts
after 4 weeks of incubation on culture medium supplemented with (CS-NPs). Shoot regen-
eration response from potato sprouts grown on culture medium containing 300 mg L−1 of
(CS-NPs) was low when compared with that of untreated control. This might be due to
slow growth and phytotoxic effects of (CS-NPs) when used in high concentration. Previous
studies indicated that antiviral chemicals in chemotherapy caused phytotoxic effect [47,48].
Symptoms of sprouts phytotoxicity (Figure 8) were commonly observed when concentra-
tions of (CS-NPs) were increased from 250 to 300 mg L−1. Similar results were obtained
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with ribavirin treatments [49,50]. Meanwhile, ribavirin showed phytotoxic effect on axillary
bud tips during PVY and (PVS) control of potato plants, high phytotoxicity and very low
shoot regeneration response (%) was observed by using 30 mg L−1 of Ribavirin in the cul-
ture medium. Regeneration response and shoot growth from axillary bud of nodal segment
on medium containing 5–30 mg L−1 of ribavirin was compared after 24 days of inoculation.
Nodal explants cultured on 25 and 30 mg L−1 of ribavirin showed slow growth with very
weak shoots when compared with those regenerated on lower concentrations [51,52]. In
our study, among the tested concentrations of (CS-NPs), 300 mg L−1 resulted in the highest
phytotoxic effects and the lowest shoot regeneration rate.

Regenerated plants from sprouts were acclimatized, grown in the greenhouse for
2 months and then tested using DAS-ELISA and RT-PCR for the detection of PVY as they
are reliable viral indexing methods [48,52,53]. Results of DAS-ELISA and RT-PCR showed
that (CS-NPs) was effective to produce PVY-free potato plants. Chitosan at 250 mg L−1

produced 100% PVY-free plants with excellent percentage of shoot regeneration (90.97%)
as compared to other tested concentrations. Chitosan has been successfully used against
potato virus PVY. Among the tested chitosan concentrations, the highest tested concentra-
tion, i.e., 300 mg L−1 was effective in the elimination of PVY from potato sprouts due to
the phytotoxic effects on the explants.

Our results indicated that 100% of the plantlets were free of PVY under (CS-NPs)
treatment as indicated by RT-PCR indexing. The highest tested concentration of 300 mg L−1

was less effective in the production of PVY-free potato plants as was noticed at 100 mg L−1.
Similar results were reported for silver nanoparticles (AgNPs) which was an effective
tool for preventing bean yellow mosaic virus (BYMV) disease in faba bean plants [54].
Chitosan inhibits multiplication of virus in the treated tissues. Such inhibition is a factor
of virus type, plant, and chitosan concentration similar to ribavirin effect [53]. Chitosan
may inhibit on the viral nucleic acid synthesis [55]. It could the virus replication processes.
Since viruses do not move from old tissue to newly growing ones, they become virus
free [49]. Chitosan stops the synthesis of new viral particles through the inhibition of the
viral RNA synthesis [56]. The efficiency of chitosan in the eradication of virus depends
on its interaction with viral particles in the plant tissues, replication process and synthesis
enzymes. Our results proved that using high concentrations of (CS-NPs) (250 mg L−1)
during in vitro regeneration of plantlets from sprouts explants could efficiently produce
PVY-free plants.

There are a few reports concerning using of chitosan-based nanomaterials for con-
trolling phytoviruses. In this concern, foliar spray of chitosan nanoparticles on Nicotiana
glutinosa plants reduced disease severity causing by alpha mosaic virus (AMV), signif-
icantly decreased virus accumulation levels and enhanced the transcriptional levels of
antioxidants enzymes, POD, PR1 and PAL [57]. However, Chitosan, a natural polymer, has
been discovered to be an effective biotic elicitor in plants, promoting systemic resistance
development [58]. Chitosan is a well-known biocontrol agent and abundant dual-effect
natural polymer due to its non-toxic, biodegradable, and biocompatible properties [30].
Chitosan treatment might prevent microbial pathogens from developing and sporulating
by breaking their cell membranes and blocking numerous biochemical processes during
the plant-pathogen interaction, resulting in unique defensive responses in host plants. Be-
cause of the difficulties and specific requirements of producing viruses, chitosan’s antiviral
activity (and derivatives) has received little study.

However, some information concerning chitosan’s antiviral effect can be discovered in
the literature, and various research has indicated that chitosan protects plants against viral
infection [27,28].

Primarily chitosan-based total nanocarriers display many advantageous properties,
consisting of nanoscale dimensions, excessive surface area to volume ratio, in addition
to the ability to tailor the surface charge and contact to the targeting ligands. Moreover,
the chitosan matrix is incorporated in antiviral drugs, proteins, peptides, nucleic acids, or
even whole inactivated viruses. Our research suggested that chitosan nano-applications en-
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hanced plant defense mechanisms against virus infection and had a dual role in controlling
plant viral infection and disease expression. Our results demonstrated that chitosan nano-
applications prevented the dwarfness of the plants induced by the virus, by decreasing the
virus infectivity, and increasing growth parameters. The mechanism of chitosan in promot-
ing plant growth was attributed to its ability to induce some physiological processes such
as nutrient uptake, photosynthesis, and cell division as well as plant growth regulators.

Histopathological changes (as indicator for resistance) in leaf tissues sprayed before
7 days with NPs and pre-virus inoculation were examined. Progressive increasing in lignin
accumulation in epidermal cells, number of hairs, thickness of blade, number of xylem
arms and phloem layers. The alterations included tissue-shrinkage, intense staining, and
precipitation of lignin in sub stomatal cavity, mesophyll cell showing folding and layering
of cell wall and remains of host palisade cell walls. Histopathological changes simultaneity
with elicitation of resistance was tend toward growth enhancement in the treated plants
with (CS-NPs) than untreated control.

5. Conclusions

In vitro regeneration rate and plantlet growth were improved as a result of the increase
in the concentrations of chitosan nanoparticles from 100 to 250 mg L−1, while at the
concentration of 300 mg L−1 phytotoxicity occured. The comparison among different
concentrations of (CS-NPs) on in vitro regeneration response and production of virus-free
plants indicated that the concentration of 250 mg L−1 was found to be effective. This
research developed an effective way to eradicate PVY from infected potato plants by
using sprouts explants. This technique would be helpful in the production of PVY free
potato germplasm and seeds, Histopathological changes simultaneously with elucidation
of resistance tend to enhance the growth in the treated plants with tested (CS-NPs) than
untreated control.
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