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Abstract: Viruses pose a serious threat to the sustainable production of economically important crops
around the world. In the past 20 years, potato virus Y (PVY) emerged as a relatively new and very
serious problem in potatoes, even though it is the oldest known plant virus. Multiple strains of the
virus cause various symptoms on the leaves and tubers of potatoes, resulting in yield reduction
and poor-quality tubers. Consequently, it would be very interesting to learn what causes systemic
PVY resistance in plants. Natural compounds such as chitosan (CHT) and phosphorus have been
developed as alternatives to chemical pesticides to manage crop diseases in recent years. In the
current study, potato leaves were foliar-sprayed with chitosan and phosphorus to assess their ability
to induce PVY resistance. Compared to untreated plants, the findings demonstrated a significant de-
crease in disease severity and PVY accumulation in plants for which CHT and P were applied. Every
treatment includes significantly increased growth parameters, chlorophyll content, photosynthetic
characteristics, osmoprotectants (glycine betaine, proline, and soluble sugar), non-enzymatic antiox-
idants (glutathione, phenols, and ascorbic acid), enzymatic antioxidants (peroxidase, superoxide
dismutase, lipoxygenase, glutathione reductase, catalase, β-1,3 glucanase, and ascorbate peroxidase),
phytohormones (gibberellic acid, indole acetic acid, jasmonic acid, and salicylic acid), and mineral
content (phosphorus, nitrogen, and potassium), compared to infected plants. However, compared
to PVY infection values, CHT and P treatments showed a significant decrease in malondialdehyde,
DPPH, H2O2, O2, OH, and abscisic acid levels. In addition, increased expression levels of some
regulatory defense genes, including superoxide dismutase (SOD), ascorbic acid peroxidase (APX),
relative pathogenesis-related 1 basic (PR-1b), and relative phenylalanine ammonia-lyase (PAL), were
found in all treated plants, compared to PVY-infected plants. Conclusion: Phosphorus is the most
effective treatment for alleviating virus infections.

Keywords: plant virus disease; Potato virus Y; systemic acquired resistance; osmoprotective; oxidative
stress
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1. Introduction

After maize, rice, and wheat, the potato (Solanum tuberosum L.), which is grown on
18.1 million hectares of land, is the fourth most significant crop in the world [1]. High
quantities of carbohydrates, vitamins, protein, and minerals may be found in potatoes,
a significant dietary source. In poor nations, it is also a source of revenue and a job
opportunity [2]. It is regarded as a suitable weaning meal because of its ideal protein-
to-calorie ratio, and these qualities make it an effective crop in battling global poverty
and malnutrition [3]. Over a billion people use potatoes virtually every day, and they are
extensively grown in more than 164 nations. In Egypt and across the globe, potatoes are
grown on around 20% of the total land used for vegetable production. Egypt is one of the
continent’s top producers and exporters of potatoes, and it comes in at number 14 in terms
of global output of storage potatoes [4]. About 5 million metric tons of potatoes produced in
Egypt are intended for human consumption, making it one of the world’s biggest exporters
of potatoes. More than 759,200 MT of potatoes were exported from Egypt in 2018 as a
whole. Plant viral infections endanger agriculture’s long-term survival and cost farmers
a significant amount of money each year [5]. Therefore, it is crucial to concentrate on
finding safe plant-disease-management options that do not affect the environment or public
health and increase plant crop volume and quality in a sustainable agricultural system. For
instance, plant diseases may first be regulated by genetics or prevented by plant nutrients,
which are some of the most organic, environmentally benign ways of disease resistance [6].
In a small number of situations, chemical pesticides are used to treat plant viral illnesses
by reducing pesticide applications and/or doses and applying nutrients, especially those
related to resistance or plant disease management, where these nutrients are not thought of
as a replacement for pesticides. However, since they play a crucial role in pest-management
programs, pesticide residues in food crops can be reduced [7]. Thicker cell walls develop
as mechanical barriers, which might impact resistance mechanisms. The production of
natural defensive chemicals that fend off infections, such as antioxidants, phytoalexins,
and flavonoids; certain inorganic and organic fertilizers may be useful for controlling plant
illnesses by acting as resistance-stimulating agents in several plant species [8].

Numerous bacterial, viral, fungal, and insect illnesses impact potatoes. Among these
illnesses, viruses may cause everything from minor symptoms to significant crop losses [9].
Regarding economic and ecological effects, the top 10 plant viruses include Potato virus Y
(PVY). Potato cultivars will have different symptoms depending on the type and severity
of the virus, but PVY (a member of the Potyviridae family, genus Potyvirus) has a positive
single-stranded RNA genome of 9.7 kb, which infects plants mainly from the Solanaceae
family and transmits it in nature through more than 40 types of aphids in a non-persistent
manner. It causes a mosaic leaf pattern, vein clearing, and leaf necrosis [10].

Chitosan (CHT) possesses a broad range of distinctive bioactivities, including the
ability to induce plant resistance to viral infections, suppress viral infections in plant cells,
and stop the growth of phage infections in microbial cultures that are already infected [11].
In addition, CHT triggers host defense responses in monocotyledons and dicotyledons
plants. The lignification of the cell wall [12], differences in ion concentrations, acidification
of the phosphorylation of proteins, depolarization of membranes and cytoplasm [13],
activation of the enzymes as glucanase and chitinase, production of reactive oxygen species
(ROS) [14], and the biosynthesis of phytohormones such as salicylic acid and jasmonic
acid [15] are a few explanations of these reactions.

There are several different ways that the presence of phosphorus nutrients in fertiliza-
tion programs affects plant diseases. Furthermore, a number of vital practical aspects, with
phosphorus being one of the most important nutrients, are connected to crop quality and
disease resistance [16]. Phosphorus is crucial for stress tolerance, cation–anion equilibrium,
stomata movement, photosynthesis, protein synthesis, energy transfer, osmoregulation,
and phloem transport. In addition, phosphorus participates in several essential regulatory
functions in the plant. Nearly all activities necessary for plant development and reproduc-
tion depend on protein synthesis, ionic balance control, plant stomata regulation, turgor
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maintenance, stress tolerance, water usage, translocation of photosynthetic products, and
many other functions [17]. Additionally, it has been shown that a high phosphorus supply
might lessen the severity of viral infections such as the Tobacco mosaic virus and leaf blight,
which is brought on by Helminthosporium [18]. In addition, promoting the production
of stronger outer barriers by epidermal cells prevents disease assaults [19]. This results in
modifications to plants’ distribution and the main primary metabolite profiles as well as
changes to hormonal pathways [20].

This study aimed to (1) investigate the role of chitosan (CHT) and phosphorus (P) in
potato plant PVY resistance and (2) examine the influence of CHT and P on oxidative stress,
osmolytes, and the antioxidant system in potato plants under PVY conditions.

2. Materials and Methods
2.1. Source of Potato Cultivar

Tubers of potato (Solanum tuberosum L.) cultivar Spunta were obtained from Kafr
El-Zayat, ELGharbia governorate, and detected before cultivation and inoculation for the
presence of the viruses Potato virus Y (PVY), Potato leafroll virus (PLRV), and Potato virus
X (PVX) serologically, directly from sprouting tubers [21] by using the double antibody
sandwich ELISA (DAS-ELISA) technique using specific polyclonal antibodies [22].

2.2. Source of the Virus Isolate

The potato cultivar Spunta with Potato virus Y (PVY) Egyptian identified was acquired
by the Agriculture Botany Department, Faculty of Agriculture, Al-Azhar University, Cairo,
Egypt (30◦03′19.0′′ N 31◦19′10.0′′ E). The viral isolation was verified by mechanically
inoculating infectious sap on Chenopodium amaranthcolor after grinding infected leaf samples
in 0.2% mercaptoethanol containing a phosphate buffer (100 mM) at pH 7.2. Because it was
identified from similar local lesions that Chenopodium amaranthcolor underwent and because
it afterward spread to a healthy Datura metel that belonged to the family, Solanaceae served
as a propagative host. Inoculated plants were housed in a greenhouse free of insects and
had daily symptom checks. As a control, the same number of seedlings at the same age are
just infected with buffer.

2.3. Plant Materials

A 20 mM sample of phosphorus was prepared to form phosphorus citrate (C6H5O11P)
by dissolving 2.40 g of NaH2PO4 and 1 M citric acids to adjust the pH value to 6.5, and
then upon reaching 1000 mL of distilled water, the solution was finished. We bought
chitosan (CHT; 50–190 kDa, Sigma-Aldrich). Chitosan (CHT 10 g) was dissolved overnight
with vigorous stirring in 400 mL of filtered water with 90 mL acetic acid (1 M). After
adjusting the pH to 6.5, the solution was fully dissolved in 1000 mL of distilled water
(1% concentration). Before spraying, each solution was diluted with two drops of Tween 80
to improve dispersion on the leaves of potato plants.

A pot experiment was carried out in the greenhouse of the Agriculture Botany Depart-
ment, Faculty of Agriculture, Al-Azhar University, Cairo, Egypt.

Twelve kilograms of sandy loam soil in plastic pots approximately 35 cm in height and
30 cm in diameter were mixed well with 5% sterilized potting compost for each pot. The
potato cultivar Spunta’s tubers were grown from eye cores in plastic pots (one tuber per
pot) under typical and favorable circumstances for potato plants. Before cultivation, soil
samples from the pot experiment were collected, air-dried, squished, and sieved through
a 2.0 mm sieve for analysis. According to Estefan et al. [23], some chemical and physical
analyses of the soil samples and utilized compost are shown in Table 1. Following 23 days
of growth, plants of comparable size were selected and separated into six treatments.
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Table 1. Chemical and physical analyses of the soil samples.

Soil Analysis

Practical Size Distribution

Coarse sand (%) Fine sand (%) Silt (%) Clay (%) Texture class

45.22 27.94 15.60 11.24 Sandy loam

Moisture content (%) at: pH
1:2.5

ECe
(dS m−1)

CEC
(cmolc kg−1)

OC
(%)

OM
(%)

CaCO3
(%)FC PWP AW

13.01 4.30 8.70 7.71 1.74 3.21 0.19 0.33 2.01

Soluble ions
(

mmolc l−1
)

Cations Anions

Ca++ Mg++ Na+ K+ CO3
= HCO3

− Cl− SO4
=

2.10 2.55 12.55 0.30 0.00 2.47 11.5 3.53

Available macronutrients (µg g−1)

N P K

35 7.3 31

Compost analysis

pH
(1:10) EC dS m−1 OC % OM % C/N ratio Macronutrients %

6.90 2.95 22.10 38. 01 13.31
N P K

1.66 0.67 1.00

PWP = Permanent wilting point, FC = Field capacity, AW= Available water, pH = 1:10 w/v for compost wa-
ter suspension, pH = 1:2.5 w/v for soil water suspension, Ece = electrical conductivity for soil paste extract,
CEC = Cation exchange capacity, EC = electrical conductivity for compost water extract (1:10), OC = Organic
carbon and OM = Organic matter.

In the first group, the plants received an untreated (absolute control) watering (AC).
In the second group, 1% chitosan was applied topically to the plants (CHT). In the third
group, 20 mM phosphorus was applied topically to the plants (P). The plants in the fourth
group received an infection with Potato virus Y as a challenge control (ChC). The plants in
the fifth group received a foliar application of 1% chitosan (CHT) before being infected with
PVY three days later. The plants in the sixth group received foliar applications of 20 mM
phosphorus (P) before being infected with PVY three days later. After one-week, untreated
control plants (AC), phosphorus, and CHT solution applications were once again made to
the leaves.

A 100 mM phosphate-buffered solution (pH 7.5) was added to freshly infected D. metel
plant leaves that had developed severe symptoms to extract the infectious sap, which was
then used to create the PVY inoculation. After crushing plant tissue through two layers
of muslin, the virus-containing supernatant was centrifuged for 10 min at 5000× g. As a
viral inoculum, the virus-containing supernatant was used. A cotton swab dipped in the
viral inoculant was used to manually infect healthy plant leaves after they had been lightly
dusted with (600 mesh) carborundum [24]. Samples from the treatment facility and the
control were gathered for analysis. The percentage of infected plants and the severity of
the symptoms were also examined 24 days after the inoculation as follows: no symptoms
are represented by 0, vein clearing by 1, mild mosaic by 3, and severe mosaic by 4.

According to Yang et al. [25], the calculation was used to determine disease severity
(DS) values.

DS% =
Σ(Disease grade× Number o f plants in each grade)
(Total number o f plants× Highest disease grade)

× 100 (1)
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2.4. Source of the Plant Nutrition

Soil application of Hoagland nutrient solution (0.5 ionic strength) was used as a source
of essential nutrients during the potato pot experiment. Four salts were used to prepare the
Hoagland macronutrient solution: calcium nitrate, potassium monophosphate, potassium
nitrate, magnesium sulphate and micronutrients were included, according to Hoagland
and Arnon [26]. The chemical composition of the Hoagland nutrient solution used is shown
in Table 2.

Table 2. The chemical composition of the Hoagland nutrient solution used.

Macronutrients (mgL−1) Micronutrients (mgL−1)

N P K Ca Mg S Fe Mn Zn Cu B Mo

105 15.5 117 100 24 64 1.5 0.50 0.50 0.05 0.30 0.05

2.5. Growth Indices

The five plants were removed randomly from the pots, and the plant height and shoot
weight were measured using a meter scale. Next, a graph sheet with leaf squares was
calculated to indicate leaf area.

2.6. Photosynthetic Characteristics and Chlorophyll Content

The chlorophyll SPAD values in potato leaves were measured using a SPAD502
chlorophyll meter (Konica Minolta, Inc., Tokyo, Japan). The portable photosynthetic
method (LICOR 6400, Lincoln, NE, USA) measures the intercellular CO2 concentration (Ci),
stomatal conductance (gs), transpiration rate (E), and net photosynthetic rate (PN) in the
fully extended topmost plant leaf in each treatment [27].

2.7. Oxidative Stress Markers
2.7.1. Proline

Bates et al.’s [28] technique was used to measure the proline content of dried potato
leaves. First, the substance was extracted in equimolar amounts using glacial acetic acid,
sulfosalicylic acid, and ninhydrin solution. Next, 5 mL of toluene was added after the
sample had been heated to 100 ◦C and had cooled. Finally, the toluene layer’s absorbance
was determined using a spectrophotometer at 528 nm.

2.7.2. Glycine Betaine Analysis

The fresh potato leaves (0.5 g) were crushed in 5 mL toluene–water (0.05%) solution in
a 20 mL test tube. For 24 h, each tube was manually shaken at 25 ◦C. Following filtering,
0.5 mL of the extract was combined with 1 mL of the 2-N HCl solution and agitated for
90 min in an ice-cold water bath. Next, 10 mL of 1, 2 dichloroethane (cooled at 10 ◦C) was
added to potassium tri-iodide (0.1 mL) solution, which included 10 g of potassium iodide
and 7.5 g of iodine in 100 mL of 1-N HCl. According to Grieve and Grattan [29] approach.
The optical density of the organic layer was measured at 365 nm after the top aqueous layer
was removed.

2.7.3. Total Soluble Sugar Contents

Using anthrone and 80% sulphuric acid (H2SO4), Yemm and Willis [30] used tech-
niques to calculate the total sugar contents. Test tubes containing the combination were
heated for 10 min in a water bath before being chilled with cold water. A 620 nm wavelength
was used to measure the optical density.

2.7.4. Phenols

According to Ziouti et al. [31], the Folin–Ciocalteu reagent (FCR) and Na2CO3 solution
were used to test for the presence of phenols. First, 100 mg of dried potato leaves were
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mixed with 50% methanol (6.5 mL). Then, following a vortex, the samples remained in a
dark environment for 95 min before being centrifuged for 5 min at 15,000× g. Next, one mL
of the supernatant was mixed with 0.8 milliliters of 25% FCR, 5 milliliters of phosphoric
acid (85%), and ten milliliters of distilled HCl. The tubes were then incubated for 10 min at
42 ◦C. Then, a spectrophotometer was used to determine the absorbance at 765 nm.

2.7.5. Glutathione (GSH)

Fresh leaf tissue (100 mg) was ground in phosphate buffer (pH 8.0) and then cen-
trifuged at 3000× g for 15 min to determine the amount of reduced glutathione (GSH).
After mixing 500 mL of 5,5-dithiobis-2-nitrobenzoic acid with 500 mL of supernatant for
10 min, the mixture was determined at 412 nm [32].

2.7.6. Ascorbic Acid (AsA)

Jagota and Dani [33] method was used to measure ascorbic acid (AsA). In the be-
ginning, 0.2 g of leaf samples were crushed with liquid N2 and then suspended in 5%
TCA (2 mL). The homogenate was then centrifuged at 10,000× g for 15 min at 5 ◦C. After
vigorously shaking the 10% TCA and AsA extraction solution mixture, it was added to an
ice bath for five minutes. Then, using distilled water to dilute the extract from 0.5 mL to
2.0 mL, 0.2 mL of diluted Folin–Ciocalteu reagent was added to the initial mixture. After
10 min at 760 nm, the absorbance of the resulting blue hue was measured.

2.8. ROS Indicators
2.8.1. Lipid Peroxidation

The peroxidation of lipids was used to determine how much lipid had been oxidized,
and Heath and Packer’s [34] procedures examined the malondialdehyde (MDA) level (lipid
peroxidation). Shortly after being macerated in trichloroacetic acid (TCA), fresh leaves
were centrifuged at 12,000× g. The supernatant was then exposed to thiobarbituric acid for
30 min in the water bath. After the samples were cooled, optical absorbance at 532 nm was
measured.

2.8.2. Hydrogen Peroxide

The 5% TCA was used to extract leaf samples, which were then centrifuged at 11,500× g
for 15 min. After adding phosphate buffer (10 mM: pH 7.0) and 1 M KI to the supernatant, the
absorbance at 390 nm was measured [35].

2.8.3. Superoxide Anion

Jabs et al. [36] measured leaves’ superoxide anion (O2) content by extracting them
from a phosphate buffer. The extract was first given a brief incubation in hydroxylamine
hydrochloride. Then, Sulphanilamide and -naphthyl were added after 20 min of incubation,
and the optical density was measured spectrophotometrically at 530 nm.

2.8.4. Hydroxyl Radical

Following Babbs et al. [37], the hydroxyl radicals (OH) concentration was calculated.
Deoxyribose, 20 mM KH2PO4 buffer (pH 7.4), 104 mM EDTA, 100 mM FeCl3, 100 mM
ascorbate, and 1 mM H2O2, were all included in the reaction mixture’s last 1 mL. Optical
density at 532 nm was measured after a 1 h incubation period at 37 ◦C.

2.8.5. DPPH Free Radical Scavenging Activity

Using the technique outlined by Shimada et al. [38], the free-radical-scavenging ca-
pacity of leaf extract was assessed. Each extract was mixed with 2 mL of a newly made
methanolic solution, including 80 ppm of 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals.
The concentration of each extract ranged from 0.2 to 10 mg/mL in methanol. After 30 min
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of darkness and vigorous shaking, the liquid was tested for absorbance at 517 nm. The
equation computes the percentage of DPPH activity:

DPPH scavenging ability = [1 − (Ai − Aj)/Ac] × 100. (2)

The absorbance of DPPH with extract is known as Ai; the absorbance of the extract
with methanol is known as Aj; Ac is the sum of DPPH and methanol absorbance

2.9. Extraction and Examination of Potato Leaves Were Utilized to Estimate Enzymes

In this instance, 10 mL of 0.1 M phosphate buffer (pH 6.8) and 2 g of fresh potato
leaves were combined before being centrifuged in an ice-cooled at 15,000× g for 20 min at
2 ◦C. The enzyme source was collected from the supernatant, which included the enzymes.
Using a technique outlined by Marklund and Marklund [39], superoxide dismutase (SOD)
activity was determined by assessing the suppression of pyrogallol auto-oxidation. A
5.5 mL sample of 0.1 M phosphate buffer (pH 6.8), 0.1 mL of the enzyme, and 0.8 mL of
pyrogallol (3 mM) were added to the solution (10 mL) (dissolved in 10 mm HCl). Using a
UV spectrophotometer, the reduction rate of pyrogallol was determined at 325 nm (Model
6305, Jenway). A solution comprising the enzyme extract (0.2 mL), 5.8 mL phosphate buffer
(0.1 M; pH 6.8), and 2 mL of H2O2 (20 mM) was used to evaluate peroxidase (POX). A UV
spectrophotometer (Model 6305, Jenway) measured the absorbance caused by the addition
of 2 mL of pyrogallol (20 mM) at 470 nm [40]. Catalase (CAT) activity was examined by
Chen et al.’s [41] technique. The reaction mixture with a final volume of 10 mL and 40 L
of enzyme extract received 9.96 mL of 0.1 M phosphate buffer (pH 6.8) in addition to the
initial volume of 10 mL using a UV spectrophotometer set to 250 nm. Using the Nakano
and Asada [42] technique, ascorbate peroxidase activity (APX) was measured. The reaction
mixture included enzyme extract, 5 mM ascorbate, 0.1 M potassium phosphate buffer
(pH 6.8), and 0.5 mM H2O2. A determination of absorbance was made at 265 nm. The
activity of glutathione reductase (GR) was assessed following Jiang and Zhang [43]. At 540 nm,
the optical density determination was made. To measure lipoxygenase activity (LOX), Todd
et al.’s [44] technique was used. The standard test combination contains 200 L of 20 to 40 L
of linoleic acid in 40 mL of 0.1 M sodium phosphate buffer (pH 6.8). Then, 1 mL of the
standard assay combination was added to 0.2 mL of LOX extract in a cuvette. The quantity of
enzyme that resulted in a 234 nm increase in absorbance was determined to be one unit of
LOX activity.

The enzyme β-1,3 glucanases were measured using Abeles and Forrence’s tech-
nique [45]. As a substrate, laminarin was used, while dinitro salicylic acid was used
as a reagent. An optical density measurement was performed at 500 nm.

2.10. Estimation of Hormonal Contents

Endogenous gibberellic acid (GA3), indole-3-acetic acid (IAA), abscisic acid (ABA),
salicylic acid (SA), and jasmonic acid (JA) were isolated from terminal buds of the potato
plant and purified using the Knegt and Bruinsma [46] technique. First, a 5 g sample of wide,
fresh-leaf potato was blended with cold methanol (80%) overnight at 4 ◦C. The extract was
filtered and then evaporated to an aqueous phase using a rotary. The leftover material was
dissolved in 0.1 M phosphate buffer (pH 8.0) and kept at 18 ◦C for 24 h. Next, the extract
underwent 17,000× g centrifugation. Two grams of sample was added, washed with 0.1 M
phosphate buffer (pH 8.0), and completed with 30 mL for phenol binding. After that, the
organic phase was eliminated twice using diethyl ether (1:2 volume). After applying 5 N
HCl to lower the aqueous phase’s pH to 2.5, the aqueous phase was twice partitioned with
diethyl ether and then discarded. Using high-performance liquid chromatography (HPLC)
with MeOH–acetic acid (2%) as the mobile phase and a flow rate of 1.0/min. According
to Lee et al. [47], the endogenous plant hormones (GA3, IAA, JA, ABA, and SA) were
separated using C18 sep-pack cartridge reversed phase.
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2.11. Determination of Mineral Contents

The dried plant potato leaves were pulverized in a stainless steel mill. A 3:1 H2SO4:HClO4
solution was used to digest 0.5 g of dried plant samples, and the acid digestion solution was
then diluted with redistilled water to fill a 100 mL measuring flask. The total nitrogen
in acid digestion was measured using the Kjeldahl technique following the description of
Bremner’s [48] procedure. Page et al. [49] used the colorimetric technique to measure the
phosphorus concentration (%). According to Houba et al. [50], potassium concentration (%)
was measured photometrically using a Flame photometer.

2.12. qRT-PCR Analysis of the Related Genes Regulated in Potato Plants under Different Conditions

The potato samples were gathered as previously reported in order to assess the qRT-
PCR analysis of the relevant genes regulated in potato plants under various situations.
First, the TRIzol reagent extracted total RNA from potato plants (Invitrogen, Carlsbad, CA,
USA) [51]. Then, cDNA was generated based on instructions provided by the manufacturer
(Takara, Japan). qRT-PCR was used to analyze the transcriptional levels of the genes encod-
ing important enzymes such as Pathogenesis Related 1 Basic (PR-1b) and ROS antioxidant
enzymes (SOD, APX, and LOX). The internal control was the Actin gene. Table 3 lists the
qRT-PCR primer sequences. Four synchronous experiments for every gene were run under
the same conditions.

Table 3. Forward and reverse primers sequence for SOD, APX, PR-1b, and LOX genes.

Gene Forward Primer (′5–′3) Reverse Primer (′5–′3)

SOD CCGACAAGCAGATTCCTCTC CAGGAGCAATTAACCCTGGA

APX GCCTTCTTCGCTGACTATGC TCCAGCGAGCTTTTCAGAAT

Pathogenesis related 1
basic (PR-1b) TGGTGATTTCACGGGGAGGGCA TCCGCACACTTGTCCGCTTGCA

Lipoxygenase (LOX) GAGTTCTCCTCATGGTGTTCGTTTA AGTAGTCTGACACCCAACTT

Actin GACAACGGAACTGCACGATC TACGCTGAGCTTCATCACCA

2.13. Statistical Analysis

The study used a completely randomized design (CRD) with six treatments and
five replications for morphology, three repetitions were used for biochemical analysis,
and statistical analysis was performed using SPSS (version 28.00; IBMCorp, Armonk, NY
USA) [52]. Two-way ANOVA used Fisher’s test at a 95% confidence level. The quantitative
nature of the analytical data led to the parametric distribution of Levene’s test. The study
of Pearson correlation and discrimination analysis is shown in the heat map. The charts
were created using GraphPad Prism 8.

3. Results
3.1. Disease Severity and Reduction of Virus Infectivity

Healthy potato leaves are presented in (Figure 1a); severe mosaic was one of the
PVY-infected leaves’ symptoms (Figure 1b). Exogenous CHT and P administration alone
decreased the occurrence of negative virus-related symptoms, especially when P was
applied to the leaves (Figure 1d). The amount of PVY in systemically infected potato leaves
was calculated via ELISA (Table 4). It was found to be significantly reduced when the
plants were treated with CHT and P compared to the control. Leaves sprayed with P, which
causes vein clearing (Figure 1d), and leaves treated with CHT, which causes mild mosaics
and vein clearing (Figure 1c), showed mild PVY symptoms. The use of P followed by CHT
had the most noticeable impact. In challenge control plants (ChC), PVY infection rates
were greatest (92%), while disease severity levels were highest (75.22%) (Table 4). However,
when CHT and P were used instead of ChC, the infection was reduced by 60.86% and
78.26%, and the disease severity was 21.67% and 11.33%, respectively.
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Figure 1. (a) Potato healthy leaves, (b) PVY-infected leaves, (c) PVY-infected leaves treated with
1% chitosan, (d) PVY-infected leaves treated with 20 mM P.

Table 4. Influence of PVY infection and CHT, P treatments on the percentage of infection (%), disease
severity (%), and virus concentration of potato leaves.

Treatment Percentage of Infection
%

Disease Severity
%

Virus Concentration
(Index)

Challenge control (ChC) 92 75.22 1.68

CHT + V 36 21.67 0.96

P + V 20 11.33 0.54
V: PVY-infected.

3.2. Physiological and Biochemical Studies
3.2.1. Changes in Plant Growth

In comparison to control plants, the PVY infection significantly reduced the plant
height (31.30%), fresh weight of the shoot (15.21%), dry weight of the shoot (30.74%),
and leaf area (38.61%) of the potato plants (Figure 2a–d). Furthermore, compared to the
challenge control plants, potatoes that were both challenged with PVY and to which CHT
and P were applied showed significant increases in all morphological characteristics. CHT
and P produced the highest values across all morphological variables in both healthy and
infected plants. Additionally, as compared to the challenge control plants, plants treated
with P demonstrated the highest gains in plant height (30%), fresh weight of shoot (8.53%),
dried weight of shoot (35.32%), and leaf area (38.35%) (Figure 2a–d).
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Figure 2. Effect of CHT and P foliar spraying on plant height (a), fresh shoot weight (b), dried shoot
weight (c), and potato leaf area (d) under absolute control (AC), as well as PVY infection (challenge
control, ChC). The means (SE) for each treatment were calculated from five replications. Using Fisher’s
LSD test, values with different letters (a–f) are considered to be statistically different at p < 0.05.
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3.2.2. Chlorophyll Content and Photosynthetic Characteristics

As compared to AC values, leaves with higher PVY symptoms in the ChC sample,
SPAD chlorophyll values and photosynthetic characteristics (stomatal conductance (gs),
net photosynthetic rate (PN), transpiration rate (Tr), and intercellular CO2 concentration
(Ci)) decreased by 28.89%, 20.41%, 40.54%, 12.59%, and 13.34%, respectively. By applying
CHT and P to the plant’s leaves, the values of SPAD chlorophyll and its photosynthetic
contents rose. The adverse effects of PVY were reduced by two treatments, which resulted
in increases in SPAD chlorophyll values of 18.75% and 34.38%, PN values of 10.69% and
18.77%, gs values of 27.27% and 50.00%, Ci values of 4.47% and 9.93%, and Tr values
of 3.18% and 7.54%, respectively, as compared to ChC values (Figure 3). Additionally,
compared to AC values, virus-free plants’ CHT and P treatments showed an enhancement
in SPAD chlorophyll values and photosynthetic properties (Figure 3).
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Figure 3. Effect of CHT and P foliar spraying on SPAD chlorophyll value (a), net photosynthetic rate
(PN) (b), stomatal conductance (gs) (c), transpiration rate (Tr) (d), and intercellular CO2 concentration
(Ci) (e) under absolute control (AC) and PVY infection (challenge control, ChC). For the means (SE) for
each treatment, using Fisher’s LSD test, values with different letters (a–f) are considered to be statistically
different at p < 0.05.
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3.2.3. Oxidative Stress Markers

Proline, glycine betaine, sugar, phenol, glutathione (GSH), and ascorbic acid (AsA)
content increased significantly in PVY-infected potato leaves (ChC) as compared to control
values by 50%, 99.05%, 10.61%, 112.50%, 36.79%, and 34.62%, respectively. Compared to
ChC values, PVY-infected potato leaves pretreated with CHT and P showed significant
increases in proline content by 7.41% and 25.93%, glycine betaine by 7.18% and 18.18%,
total soluble sugar by 13.678% and 29.66%, phenol by 15.69% and 34.31%, GSH by 15.86%
and 29.66%, and ASA by 14.29% and 36.19% (Figure 4).
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Figure 4. Effect of CHT and P foliar spraying on proline (a), glycine betaine (b), sugar (c), phenol (d),
glutathione (GSH) (e), and ascorbic acid (AsA) (f) under absolute control (AC), as well as PVY infection
(challenge control, ChC). The means (SE) for each treatment were calculated from 3 replications. Using
Fisher’s LSD test, values with different letters (a–f) are considered to be statistically different at p < 0.05.
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3.2.4. ROS Indicators

Comparing challenge control plants to absolute control plants, MDA, H2O2, O2, OH,
and antioxidant capacity (DPPH) rose by 22.45%, 15.45%, 90.26.5%, 34.38%, and 7.46%,
respectively (Figure 5). However, as compared to the ChC plants, plants with CHT and P
applied showed substantially reduced MDA (11.67% and 23.34%), H2O2 (4.05% and 7.22%),
O2 (19.03% and 30.39%), and OH (10.70% and 19.07%) content and antioxidant capacity
(17.36% and 36.40%) (Figure 5).
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Figure 5. Effect of CHT and P foliar spraying on MDA (a), H2O2 (b), O2 (c), OH (d), and antioxidant
capacity (DPPH) (e) under absolute control (AC), as well as PVY infection (challenge control, ChC).
The means (SE) for each treatment were calculated from 3 replications. Using Fisher’s LSD test,
values with different letters (a–f) are considered to be statistically different at p < 0.05.
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3.2.5. Antioxidant Enzymes

The effects of viral infection and CHT and P therapy on the activity of antioxidant
enzymes (SOD, CAT, POX, LOX, APX, β-1,3 glucanases, and GR) were presented in Figure 6.
Compared to AC plants, the activity of antioxidant enzymes was much higher in the
leaves of PVY-challenged plants. Additionally, SOD, CAT, POX, APX, GR, LOX, and β-1,3
glucanases rose considerably in response to the application with CHT and P compared to
the ChC plant (Figure 6).
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Figure 6. Effect of CHT and P foliar spraying on SOD (a), POX (b), CAT (c), GR (d), APX (e), LOX (f),
and β-1,3 glucanases (g) under absolute control (AC), as well as PVY infection (challenge control,
ChC). The means (SE) for each treatment were calculated from 3 replications. Using Fisher’s LSD test,
values with different letters (a–d) are considered to be statistically different at p < 0.05.
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3.2.6. Phytohormones Content

Potato inoculated with PVY revealed a significant increase in the level of ABA by
93.55% and a decrease in the levels of IAA, GA3, SA, and JA by about 33.82%, 23.6%, 65.13%,
and 35.42%, respectively, compared to AC plants (Figure 7). In addition, application with
CHT and P caused a significant increase in GA3, JA, IAA, and SA and significantly reduced
ABA levels in the PVY-infected leaves of potatoes compared to ChC plants. The most
effective concentration of P caused a significant increase in IAA (43.33%), GA3 (25.74%),
JA (14.29%), and SA (86.05%), and a significant reduction in ABA (31.7%) level compared
to ChC plants.
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Figure 7. Effect of CHT and P foliar spraying on auxin (IAA) (a), gibberellin (GA3) (b), abscisic acid
(ABA) (c), salicylic acid (SA) (d), and jasmonic acid (JA) (e) under absolute control (AC), as well as
PVY infection (challenge control, ChC). The means (SE) for each treatment were calculated from
3 replications. According to Fisher’s LSD test, values with different letters (a–f) are considered to be
statistically different at p < 0.05.

3.2.7. Minerals Content

These findings allow for some important inferences to be made about the development
of N, P, and K contents in potato leave treated with CHT and P in the absence or presence
of PVY infection, as shown in Figure 8. According to our findings, allowing potato plants
to develop under PVY-induced stress led to a considerable decrease in the amounts of
N, P, and K. while under PVY infection, applying CHT and P demonstrated its significant
potential to reduce PVY-stress by raising the P, N, and K levels.
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Figure 8. Effect of CHT and P foliar spraying on nitrogen (N) (a), phosphorus (P) (b), and potassium
(K) (c) under absolute control (AC), as well as PVY infection (challenge control, ChC). The means (SE)
for each treatment were calculated from 3 replications. Using Fisher’s LSD test, values with different
letters (a–f) are considered to be statistically different at p < 0.05.

3.2.8. Gene Expression

After four days of PVY inoculation, potato plants treated with CHT and P showed
higher levels of pathogenesis-related gene expression than housekeeping gene (Actin),
including ascorbic acid peroxidase (APX), superoxide dismutase (SOD), relative pathogenesis-
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related 1 basic (PR-1b), and relative phenylalanine ammonia-lyase (PAL) (Figure 9). The plants
that received P showed the most pronounced increases in SOD, APX, PR-1b, and PAL
expression.
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Figure 9. Effect of CHT and P foliar spraying on superoxide dismutase (SOD) (a),
ascorbic acid peroxidase (APX) (b), relative pathogenesis-related 1 basic (PR-1b) (c), and relative pheny-
lalanine ammonia-lyase (PAL) gene expression (d) under PVY infection (challenge control, ChC). The
means (SE) for each treatment were calculated from 3 replications. Using Fisher’s LSD test, values
with different letters (a–c) are considered to be statistically different at p < 0.05.

3.3. Correlation

The results of the correlation analysis under PVY revealed significant correlations
between the following variables: virus concentration, infection rate (%), disease severity (%),
plant height, fresh and dry weight of shoots, leaf area/plant, SPAD, Pn, Gs, Tr, Ci, MDA,
proline, GB, sugar, phenol, glutathione, ascorbic acid, H2O2, O2, OH, antioxidant capacity,
SOD, POX, CAT, and LOX (Figure 10). In addition, proline, GB, sugar, phenol, glutathione,
ascorbic acid H2O2, O2, OH, DPPH, SOD, POX, CAT, LOX, GR, APX, β 1,3-glucanase, SOD
gene, APX, PR-1b, and PAL all showed positive and substantial associations with illness
severity, viral concentration, and other factors. However, there were significant negative
correlations between disease severity, viral concentration, and plant height, fresh weight of
shoots, dry weight of shoots, leaf area/plant, SPAD, Pn, Gs, Tr, Ci, IAA, GA, JA, SA, N, P,
K, and leaf area/plant (Figure 10).
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Compared to healthy plants, the potato’s plant growth was significantly reduced by 
PVY infection. In addition, potatoes exposed to PVY and given CHT and P treatments 
experienced significant improvements in all morphological parameters compared to chal-
lenge control plants, both directly and indirectly. Due to their high anti-pathogenic activ-
ity, phytohormone biosynthesis stimulation, soil nutrient absorption, solubilization stim-
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Figure 10. Based on the mean values of the different variables acquired in this research, the heat map
depicts the correlation between quantitative statistical data. 1: virus concentration, 2: percentage of
infection (%), 3: disease severity (%), 4: plant height, 5: fresh weight of shoot, 6: dry weight of shoot, 7:
leaf area/plant, 8: SPAD, 9: Pn, 10: Gs, 11:Tr, 12: Ci, 13: MDA, 14: proline, 15: GB, 16: sugar, 17: phenol,
18: glutathione, 19: ascorbic acid, 20: H2O2, 21: O2, 22: OH, 23: antioxidant capacity, 24: SOD, 25: POX,
26: CAT, 27: LOX, 28: GR, 29: APX, 30: β-1,3-glucanase, 31: IAA, 32: GA3, 33: ABA, 34: JA, 35: SA, 36: N,
37: P, 38: K, 39: SOD gene, 40: APX gene, 41: PR-1b gene, 42: PAL gene.

4. Discussion

The current research demonstrates that CHT and P can protect potato plants against
PVY by decreasing the disease’s symptoms and viral titre severity. Exogenous CHT and
P administration alone decreased the emergence of negative virus-related symptoms,
particularly when P was administered to the leaves. The ability of CHT and P to dissolve
or penetrate the viral coat and denature the proteins and nucleic acids might thus be
linked to the suppression of infectivity [53]. In addition, the antiviral effects of CHT and P
either directly limit viral reproduction or subtly increase the host plant’s systemic virus
resistance [54].

Compared to healthy plants, the potato’s plant growth was significantly reduced by
PVY infection. In addition, potatoes exposed to PVY and given CHT and P treatments expe-
rienced significant improvements in all morphological parameters compared to challenge
control plants, both directly and indirectly. Due to their high anti-pathogenic activity, phy-
tohormone biosynthesis stimulation, soil nutrient absorption, solubilization stimulation,
hardness of roots, root growth stimulation, and enhancement in carbohydrate metabolism.
Callose production was shown to be induced in plant cells by CHT, and it was discovered
that the amount of callose in extracts from treatment leaves correlated with resistance to
PVX infection [53]. Plant defense responses limit viral infection by forming callose deposits
in phloem sieve pores, which act as mechanical barriers that prevent virus particles from
moving [55]. Additionally, it has been proposed that the so-called callose collar, a deposit of
extracellular callose that surrounds plasmodesmata, restricts the movement of viruses from
cell to cell [56]. Agnieszka et al. [57] found that phosphorus mineral nutrition improved
the growth parameters, seed quality, and seed yield of two local onion genotypes plants
infected with Onion yellow dwarf potyvirus (OYDV). This finding raises concerns that the
beneficial effects of phosphorus on plant growth may be related to its relationship with the
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efficiency of the leaf CO2 assimilator [58]. Additionally, they showed that the genotype
“var. Saggai” leaves significantly increased in size, measuring 31.0% in length and 17.2% in
width, while the genotype “Shendi” floral stalks increased dramatically in size, measuring
28.6% in height and 33.3% in diameter in response to phosphorus treatment [59].

The role of phosphorus and chitosan during the photosynthesis process through CO2
assimilation, which increases plant growth and biomass production, may also contribute
to the importance of phosphorus for the growth and morphological characteristics of
potato plants under normal or even biotic stresses. A prominent feature of phosphorus
deficiency was associated with a marked decrease in CO2 assimilation and reduced biomass
production [60]. Through (1) the light reaction, phosphorus plays a crucial part in the
photosynthesis process (absorbed light drives the electron transport chain in the thylakoid
membrane to generate NADPH and ATP), and through (2) dark processes (the Calvin–
Benson cycle), CO2 is transformed into carbohydrates in the chloroplast stroma using ATP
and NADPH. As phosphorus shortage affects plants, the low levels of phosphorus cause
a decrease in ATP generation since phosphorus, carbon dioxide, and water are the three
main substrates for photosynthesis [61,62].

Zheng et al. [63] observed that treating chitosan at 0.5 g/L resulted in only negative
reactions against Phytophthora infestans in the potato plant, increasing the potatoes’ length
and branches. The application of P to plants can provide protection against a variety of
infections [64]. P input is likely to have contributed to this since plants can devote more
resources to growing more robust plants when P levels are sufficient. This process can be
effective in preventing phytopathogen invasion by producing ROS and phytohormones,
such as ethylene, IAA, and JA [65], boosting nutritional resources and altering primary
metabolism [19]. Furthermore, the foliar application of phosphite to mango plants de-
creased both internal necrosis and mango wilt, according to Araujo et al. [66]. Cotton leaf
curl virus can be reduced by applying phosphorous to foliage [67]. CHT may improve
plant disease resistance by reducing competition between the pathogen and the host for
nutrients, as with chitosan [68]. When a plant reaches this nutritional state, it can spend
more time and energy constructing stronger cell walls to ward off pathogens and insects
and obtain more nutrients to repair the damage [69]. During airborne pathogen infections
(especially viruses and bacteria), phosphorous nutrients allow the stomata to close quickly,
preventing viral invasion. As part of a plant’s innate immunity, stomata can help limit
pathogen invasion [70].

Plant response to increasing atmospheric CO2 concentrations may be significantly
influenced by nutrients such as phosphorus. On the other hand, phosphorus deficiency
drastically inhibited photosynthetic characteristics and decreased cotton growth for both
carbon dioxide concentrations (ambient 400 and 800 µmol mol−1). Cotton plant biomass
production rose at elevated CO2 concentrations due to phosphorus supply (0.2, 0.05, and
0.01 mM) with taller plants, a rise in leaf number, and a larger leaf area [71].

In plants, photosynthesis is one of the most important physiological processes, so
virus–plant interactions alter pigment production in chloroplasts or suppress photosystem
II activity [72]. The findings of our study of chlorophyll content and photosynthetic
characteristics decreased in leaves affected by PVY infection compared to unaffected plants
agreed with those of Sofy et al. [73]. They observed that when tomato plants were infected
with ToMV, their chlorophyll values and photosynthetic characteristics were reduced
compared to control plants. Furthermore, Cacique et al. [74] observed that plants infected
with Broad bean mottle virus and treated with potassium phosphate enhanced photosynthetic
properties and that gs was enhanced in broad beans with photosynthetic characteristics
and SPAD chlorophyll values in the infected plants. Phosphorus plays several roles in
photosynthesis, including enzyme activation, ATP generation, photophosphorylation, and
stomatal opening/closure regulation, according to Bindraban et al. [75]. There is a strong
correlation between nutrition and various yield components, with phosphorus contributing
to the transit of photoassimilates from the source to the sink [76]. A decrease in the
penetration of insect–disease infestation was observed in sweet persimmon plants treated
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with phosphorus because phosphorus absorption into guard cells is critical for stomatal
opening [77]. Direct action of phosphorus at the site of infection may result in higher
photosynthetic efficiency of infected plants fed with higher phosphorus rates [78].

Healthy control plants (absolute control) had higher levels of glutathione, ascorbic
acid, and phenol than inoculated plants (viral control as challenge control). Further, potato
plants treated with CHT and P had higher levels of all the above content than healthy and
virus-infected plants. Similar research revealed that mild-mottle-virus-infected pepper
plants maintained their total GSH content at levels comparable to controls throughout
the infection [79]. It has been described that glutathione can be modulated to transmit
information via various signaling mechanisms [80]. In addition to protecting proteins from
oxidative damage, glutathione regulates defense-related genes [81]. Increasing cellular
GSH can significantly reduce viral disease symptoms and virus multiplication in some
cases [79]. Plants infected by viruses and treated with CHT and P may have a greater
concentration of phenolic compounds, which may contribute to strengthening the host
cell walls by synthesizing suberin and lignin, which are known to act as physical barriers
against pathogen spread [82].

Furthermore, phenolics, such as chitosan, are antifungal at high concentrations, pro-
tecting the host plants [83]. In stressful conditions, proline, a non-enzymatic antioxidant,
may aid in buffering redox potential, stabilize subcellular components, including proteins,
and scavenge free radicals and cell membranes [84]. Proline is the only suitable solute
that shields plants from single oxygen and radical damage brought on by excess ROS [85].
When CHT and P are supplied sufficiently, diseased plant tissues often have a high phenol
content, which aids in the resistance to disease [86]. At infection sites, mangos have been
found to be resistant to Ceratocystis fimbriata infection due to phenolic buildup [66]. In
addition, the potassium phosphate treatment of mango plants inhibited mango wilt and
induced systemic resistance. There may be several reasons for this, including the accu-
mulation of phenolic compounds, the formation of an antifungal barrier, and the rapid
deposition of tyloses [66,87].

Oxidative damage to cell membranes is one of the harmful effects of viral infection.
Next, we measured the production of reactive oxygen species, malonaldehyde (MDA), and
antioxidant capacity in potato leaves infected with PVY to understand the role of CHT
and P in oxidative damage. H2O2, O2, OH, MDA, and antioxidant capacity increased in
ChC plants compared to AC plants. MDA is a reliable marker of free radical formation in
tissues since it is a by-product of polyunsaturated fatty acid oxidation. Moreover, it can
measure lipid peroxidation in plant cells as an indicator of oxidative stress and membrane
damage [88].

In PVY-infected plants with severe mosaic, green vein banding, and yellow symptoms,
there is an increase in MDA, H2O2, OH, and O2. Lipid peroxy-radicals and hydrogen
peroxide are thought to oxidize numerous pigment molecules, which results in the bleach-
ing of these colors. Radwan et al. [89] documented the symptoms of Cucurbita pepo and
Vicia faba leaves infected with the Zucchini yellow mosaic virus and Bean yellow mosaic virus,
respectively. This co-oxidation may be to blame for the mosaic and yellowing of PVY
-invasive tissues.

While MDA and H2O2, OH, and O2 concentration was significantly reduced after
treatment with CHT and P. Our findings showed that changes in the antioxidant activity
of potato leaves treated with CHT and P under PVY stress were inversely correlated with
changes in MDA concentrations. These findings corroborated those of Yang et al. [25], who
found that chitosan may function as an exogenous antioxidant to increase oxidative stress
resistance and lower the MDA level in garlic plants under drought stress [90].

To promote systemic resistance, CHT and P activate defense-related enzymes, namely
POX, CAT, SOD, LOX, and β-1,3 glucanases. It is important for plant resistance to viral
diseases that these enzymes are associated with disease pathogenesis. [91]. Viral infections
produce reactive oxygen species (ROS) that damage proteins, lipids, and DNA within
plant cells [92]. As a result, to reduce ROS accumulation and oxidative damage during
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infection, plants produce both non-enzymatic and enzymatic compounds [93]. SOD, the
most important defense-system enzyme, dismutates superoxide into O2

•– and H2O2 [94].
Due to the toxic nature of ROSs and their instability, CAT converts them into less toxic and
more stable components, such as water and O2

•– [95]. It is hypothesized that glucanases
alter the plasmodesmata’s size exclusion limit, hence reducing viral spread [96]. Cell-to-cell
virus transfer is inhibited by callose (Y-1,3-glucanase) in the neck region of the plasmodes-
mata, and deficiency in this enzyme blocks virus movement [97]. It has been found that
glucanase is critical for the dispersal of Potato virus Y but not for its multiplication [98].
The current study found that applying CHT and P to potato plants enhanced antioxidant
activity, reducing virus infection’s negative effects. Throughout the plant, phosphorus
neutralizes numerous organic anions and other chemicals, maintaining pH levels between
7 and 8, which are ideal for enzyme activity. [99]. CHT and P are also necessary for enzyme
activation and protein synthesis [100,101]. As shown in this study, higher concentrations of
phenolic compounds are associated with increased availability of P and CHT [102]. PAL, a
crucial enzyme in the phenylpropanoid pathway that allows complex phenolic compounds
to be synthesized, is activated by phosphorus and chitosan [103,104]. According to Araujo
et al. [66], potassium phosphites activate the phenylpropanoid pathway, decreasing internal
stem necrosis and mango wilt. Additionally, phosphorus plays an important role in the
process of lignin synthesis, as well as the enzyme superoxide dismutase (SOD), which
protects tissues from oxidative stress in the event of pathogen and pest infections [105].

Additionally, CHT and P increased JA accumulation in infected potato plants, increas-
ing LOX enzyme activity. The LOX system creates numerous chemicals with signaling
properties, including JA, to provide the plant defense mechanism against biotic stress [106].
ABA concentration accumulates more in potato plants with PVY infection compared to
unaffected plants. Similar research has revealed that Nicotiana benthamiana infected with
PVY increases ABA content [107]. In plants with virus infection, ABA enters the antiviral-
silencing route to prevent virus accumulation and the micro RNA (miRNA) pathway to
influence the development and stability of miRNAs [108].

Additionally, ABA causes the formation of calluses in plasmodesmata, a mechanism
that prevents viral cells from entering cells [109]. As a result, viruses may migrate through
the vascular phloem and intercellular plasmodesmata from one cell to another. By blocking
the callose-degrading enzyme β-1,3-glucanase, ABA prevents the migration of viruses [110].

Several research studies explore CHT and P as a factor that may activate the plant’s
defensive system by supplying it via roots or leaf tissue [111]. The presence of CHT and P
in PVY -infected potato leaves increase minerals content and reduces the likelihood of virus
establishment [112]. P is an important nutrient because it is mobile [113] and can be blocked
in the phloem by infections such as PVY [114]. Due to their ability to catalyze the last phase
of lignin synthesis and to oxidize phenolic compounds to quinones [115], defense enzymes,
including SOD, APX, PR-1b, and PAL, are usually regarded as being crucial in encouraging
host resistance. Quinones are highly hazardous [116]. Additionally, increased expression
of genes encoding phenylpropanoid enzymes, such as PAL, which aid in the formation of
phytoalexins and other phenolic compounds, increased peroxidase activity, and increased
expression of hydrolytic enzymes β-1,3-glucanase, which can destroy fungal and bacterial
cell walls, may all contribute to the increased resistance of plants treated with CHT and/or
P [117]. SOD and APX scavenge ROS into less dangerous and more stable substances such
as oxygen and water [118]. SOD and APX activity increased in plants treated for viral
infection and interacted with the virus, particularly specific virus components [119]. This
encourages the retention of H2O2 in the cell, which may ultimately lead to the buildup of
SA, as seen by the marked rise in SA levels [120].

5. Conclusions

This study’s objective was to examine the impact of viral infection on potato plants’
growth variables and metabolism and the results of employing CHT and P to prevent Potato
virus Y infection in these plants. CHT and P increased plant resistance to PVY and reduced
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the severity of the illness. Less severe symptoms, stronger systemic resistance, and changes
in osmolyte production, antioxidant machinery, photosynthesis, and the expression of
genes associated with stress, such as SOD, APX, PR-1b, and PAL, were indicators of this.
Furthermore, this was accomplished by boosting the concentration of JA and SA hormones,
which are generated by the route of certain enzymes such as LOX. Therefore, phosphorus is
the most effective treatment for alleviating virus infections. In addition, a crucial regulator
of the phenylpropanoid pathway, PAL, helps produce phenolic chemicals that aid in plant
defense. Phosphorus is thus recommended for potato plants by foliar application.
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