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ABSTRACT

Bacterial wilt is one of the main diseases of Solanum spp., which caused by Ralstonia solanacearum (RS),
formerly known as Pseudomonas solanacearum. Different concentrations of chitosan nanoparticles have
been evaluated as one of the alternative methods of disease management in vitro and in vivo to reduce
the risks of pesticide residues. Results in vitro experiment indicated that RS5 isolate was the most viru-
lence one compared to RS1 and RS3. Increasing concentration of nano-chitosan, lead to increase inhibi-
tion zone, and this was observed at higher concentrations (100 and 200 pg/ml). In vivo results showed
the highest concentration of spraying chitosan nanoparticles increase percentage reduction of disease
incidence and severity, in effected potato and tomato plants. Recorded data of disease incidence and
severity in treated potato plants were 78.93% and 71.85%, while on tomato plants were 81.64% and
77.63%, respectively compared to untreated infected potato plants were recorded 15.38%, 20.87%, and
tomato plants were 20.98% and 28.64%. Results also revealed that 100 pg/ml of chitosan nanoparticles
the lowest treatments used as soil amended curative treatments led to incease percentage reduction of
disease incidence and severity, respectively on potato and tomato plants, but less than preventive treat-
ment. The results registered that on potato plant were 54.93% and 52.65%, whilst recorded on tomato
plants were 59.93% and 56.74%. Transmission electron microscopy (TEM) micrpgraphs illustrated that
morphological of healthy R. solanacearum cells were undesirably stained with uranyl. The electron-
dense uranyl acetate dye was limited to the cell surface slightly than the cytoplasm, which designated
the integrity of the cell film of healthy cells. While bacterial cells treated with nano-chitosan, showed
modification in the external shape, such as lysis of the cell wall and loss of cell flagella. Also, the result
of using Random amplified polymorphic DNA (RAPD)-PCR observed that differences in treated
Ralstonia solanancearum genotype by nano-chitosan compared to the genotype of the same untreated
isolate.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

the increasing importance of ensuring food security (Gitari
et al, 2018). In order to meet the growing demand for food,

Over the past two decades, the number of undernourished potato crops, as a food source, have a good balance of essential
people on the African continent has increased, demonstrating amino acids and proteins, and produce more energy per unit of
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land than any other crop (Ahuja et al, 2013). Furthermore,
tomato (Solanum lycopersicum L.) is one of the main vegetable
crops in the world and is grown throughout the world for the
consumption or processing of fresh vegetables. Most of the
tomato plants in the world have been grown for many years
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(Gatahi, 2020).

Therefore, obtaining high-quality planting materials is a major
limitation for the successful production of potatoes and tomatoes.
Additionally, high-quality potatoes and tomatoes can only be suc-
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cessfully grown in areas and fields where there are no serious soil-
borne pathogens such as warts, cyst nematodes, bacterial wilt,
black scale, and common scabs (Buckseth et al., 2016). One of the
most important diseases of potatoes bacterial wilt (Yabuuchi
et al., 1995), which was reported in Egypt many years ago
(Briton-Jones, 1925). During the export of edible potato tubers to
Europe, the disease caused many quarantine problems in Egypt
(Sabet, 1961).

Bacterial wilt can infect more than 200 plant species represent-
ing more than 50 plant families (Janse, 2012). This disease is
known to occur in the humid tropics, subtropics, and some temper-
ate regions of the world. It is estimated that around 3.75 million
acres of land in about 80 countries around the world will be
affected, and the global loss is currently estimated to exceed
950 M dollar per year (Charkowski et al., 2020). Therefore, the
use of new methods such as chitosan and other nanotechnologies
to reduce the negative impact of pesticides on the environment
is crucial, as some bacterial strains have been used to produce
antibacterial agents due to their continuous application in various
parts around the world, especially on farmland drug resistance.
The increased use of pesticides will affect non-target species, in
addition polluting water bodies, affecting the environment and
human health (Manjunatha et al., 2016).

For nanotechnology, it is considered an important technique
with economic, social and ecological significance (El-Saadony
et al., 2021a,b). The Nanotechnology field is one of the most active
areas of research of modern data (El-Saadony et al., 2021c,d).
Nanoparticles represent a completely new or enhanced feature
based on specific properties such as size, distribution and shape
(Saad et al.,, 2021; El-Saadony et al., 2021e). A new application of
nanoparticles and nano materials is quickly injured. Nanotechnol-
ogy is used as a tool to explore the darkest road of the current
antibacterial (Elizabath et al., 2019).

Chitosan (CS) is a natural cationic biopolymer composed of
N-acetyl-D-glucosamine and Dglucosamine units connected by
B-1,4-glycosidic linkages (Elieh-Ali-Komi and Hamblin, 2016).
Previous studies have explored the antibacterial activity of CS,
and more recently different types of CS derivates have been syn-
thesized to enhance its natural antibacterial activity (Abd El-
Hack et al., 2020).

Additionally, chitosan treatment regulates several genes in
plants, especially the activation of plant defense signaling path-
ways, including the acquisition of plant antitoxin and
pathogenesis- related (PR) proteins (Pichyangkura and
Chadchawan, 2015). Due to the high environmental risks of chem-
ical pesticides, the use of biological pesticides for biological control
of plant diseases is strongly encouraged and recommended. Chi-
tosan and chitosan oligosaccharides have become well-known bio-
logical control agents due to their non-toxic, biodegradable and
biocompatible properties (Singh and Chaudhary, 2010). Chitosan
is considered to be the most abundant natural polymer with dual
functions: it capable to control pathogenic microorganisms by pre-
venting growth, sporulation, spore viability, germination and cell
destruction, inducing different defense responses in host plants,
and inhibiting various biochemical activities during the phy-
topathogenic interaction. Chitosan has been tested to control mul-
tiple diseases in many crops before and after harvest and has a
positive effect on enriching rhizosphere biodiversity (Hassan and
Chang, 2017). The aim of the research is to use alternative methods
to combat bacterial wilt in some crops of the solanaceae family, the
most important of which is the use of modern inducer compounds
such as nanochitosan to reduce the use of chemical compounds to
achieve the goal of sustainable agriculture.
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2. Materials and methods
2.1. Preparation of chitosan nanoparticles solution

Low molecular weight chitosan (>85% deacetylated) was pur-
chased from Sigma- Aldrich (USA). Chitosan solution was prepared
by dispersing it in 0.25% acetic acid solution (Merck, Germany).
Nano-chitosan was dissolved in 1% acetic acid and for complete
dissolution of its particles kept overnight under magnetic stirring
then with distilled water to obtain the desired volume. The con-
centration of chitosan nanoparticles were adjusted to 50, 75, 100
and 200 pg/ml, according to Borines et al. (2015).

The three types of R. solanacearum bacteria (RS1, RS3 and RS5)
were detected, isolated and identified by traditional and serologi-
cal methods in previous studies (khairy et al., 2021).

2.2. In vitro evaluation of chitosan nanoparticles on potato and tomato
bacterial wilt caused by Ralstonia solanacearum

The growth of the three isolates were adjusted to (108 ml~!
cells) by spectrophotometric measurements. one ml of each bacte-
rial suspension from the three isolates into a sterile Petri dish and
put up King’s B medium (King et al., 1954). Then use a sterile agar
plate to punch 6 mm diameter holes in the agar plate using a Pas-
teur pipette. Seal the bottom of the well by pouring a drop of mol-
ten King’s B medium. After that, pour 50 pL of nano chitosan
solution (50, 75, 100 and 200 pg / ml) into the wells. The plates
were incubated at 28 °C for 28 h. Measurement the diameter of
inhibition zone (Islam et al., 2011).

2.3. In vivo evaluation of chitosan nanoparticles on potato and tomato
bacterial wilt caused by Ralstonia solanacearum

Assessment of efficacy the preferable of chitosan nanoparticles
solution concentrations based on results in vitro were (100 and
200 pg/ml) against the virulence isolate of R. solanacearum (RS5).
The sterilized potato tubers cultivar (Spunta) and healthy tomato
seedlings cultivar (066) were used. The experiment was divided
into two basic treatments and each treatment also divided into
two sub-treatments, which are a preventive treatment and cura-
tive treatment for bacterial wilt disease on hosts by spraying treat-
ment on the foliage and soil amended. For preventive treatments,
chemicals were sprayed or soil amended before infestation with
bacterial suspensions (108 cells mI~') of RS5 isolate. While in the
curative treatments, the chemicals were added after the artificial
inoculation and the appearance of infection on the plant. The soil
used in the previous experiment was obtained from pest free area
and bacteriologically checked to ensure that it is R. solanacearum
free. Infested soil created by soaking 240 ml of bacterial suspension
per potting soil (30 ml/kg soil), according to Malerba and Cerana
(2018). However, the control was divided to two treatments. The
first was done with sterile water instead of bacteria. The second
was executed using bacterial suspension (108 CFU/ ml~!). The inoc-
ulated plants in pots were cover with a polyethylene bag at 28 + 2°
C for three days, then the bag removed and watered daily. Four
plastic pots (20 cm in diameter) containing 8 kg sandy-clay soil
(1/1, v/v), and each pot containing one seedling of tomato or one
potato tuber. Five replicates for each treatment, and pots arranged
in a random all-block design. Transplanted potato seedlings were
observed for disease assessment.
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2.4. Epidemic assessment

Percentage disease incidence on potato plants (DI) recorded
40 days after inoculation. But it was measured on tomato plants
after 7 days after inoculation.

The percentage of disease severity (DS) on potato and tomato
plants were calculated by using the scale described by Kempe
and Sequeira (1983), wilt symptoms were assessed, where,
(0 = no symptoms, 1 = up to 25% wilt, 2 = 26-50% wilt, 3 = 51—
75% wilt, 4 = 76-99% of the foliage wilted and 5 = dead plants. Each
plant was examined, the disease rating was assessed, and the mean
value for each treatment was calculated.

The percentage reduction in disease incidence and severity for
each potato and tomato plant was calculated using the following
formula:

C

Percent Reduction = x 100

C = control
T = treatment

2.5. Transmission electron microscope (TEM)

The procedure was carried out in the Biotechnology Laboratory
in the Research Park of the Faculty of Agriculture Cairo University
Research Park (CURP). The cells of R. solanacearum isolate (RS5)
were grown in nutrient broth media on scrow caps. Chitosan
nanoparticles solution (200 pg / ml) was added in some scrow caps
and the other was not treated. Then incubating at 28 °C for two
days. The cell of bacteria treated with nano-chitosan and untreated
were applied to Formvar-coated Cu (400 mesh) mesh, (polyvinyl
formal), film preparation was performed according to the methods
described by (Santiago et al., 2019), and the treated cells were
observed using TEM and photographed.

2.6. Random amplified polymorphic DNA (RAPD)-PCR

This procedure was conducted at CURP according to Singh et al.
(2021), to study the effect of chitosan nanoparticles on the genome
of bacterial cells. DNA is extracted by heating a bacterial suspen-
sion of RS5 isolate at 95° C for 10 min and then fast refrigeration
on ice for 5 min (Table 1).

2.6.1. RAPD-PCR technique

Three Random Primer (AO1, A0O4 and BO7) Gene jet genomic
DNA purification kit from (Thermo scientific cat No. 0721), Banga-
lore, India, were evaluated for PCR amplification of treated and un-
treated nano-chitosan R. solanacearum RS5 isolate according to
Nishat et al. (2015).

2.6.2. Gel analysis

The PCR products were electrophoresed in 1.5% (w [ v) agarose
at 80 V using 1X TBE buffer (45 Mm tris-borate, 1 Mm EDTA)
stained with ethidium bromide, observed in a beam lamp UV-
trans, and gel were imaged with a camera.

The different molecular weights of bands were determined
against a DNA standard by using thermo scientific gene ruler.
The ready-to-use 1 kb DNA ladder is designed for the size determi-
nation and approximate quantification of broad-spectrum double-
stranded DNA fragments on agarose gels. The ladder is made up of
fourteen chromatographically purified individual DNAs (in base
pairs): 10,000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000,
1500, 1000, 750, 500 and contains three references. (6000, 3000
and 1000 bp) bands for easy positioning. The ladder can be used
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out of the box and is premixed with the 6X DNA loading dye for
direct loading onto the gel.

2.7. Statically analysis

The data of all experiments were analyzed statistically using
analysis of variance according to Gomez and Gomez (1984). Means
were compared using the least significant differences (LSD).

3. Results

3.1. In vitro evaluation of chitosan nanoparticles to control bacterial
wilt in potato and tomato plants

Data in Fig. 1 and Table 2 show a significant difference between
the three isolates (RS1, RS3 and RS5) of R. solanacearum on percent-
age reduction of inhibition zones (cm) against their growth in
response to chitosan nanoparticles, recorded after 48 h incubation
period. Isolate (RS5) was the most virulent one compared totwo
other isolates (RS1 and RS3), as it showed the highest reduction
percentage of inhibition zone, compared to the control treatments.
Therefore, it was chosen for application in the greenhouse experi-
ment. As well, increasing the concentration of nano-chitosan, lead
to the increase of inhibition zone, and this was observed clear at
higher concentrations (100 and 200 pg/ml).

3.2. In vivo evaluation of chitosan nanoparticles to control bacterial
wilt in potato and tomato plants

This work was planned to suppress bacterial wilt disease inci-
dence and severity on potato and tomato plants using chitosan
nanoparticles treatments under artificial inoculation conditions.
The results indicated in Table 3 and Figs. 2 and 3 revealed that sig-
nificant differences between treatments when Nano-chitosan par-
ticles used as preventive and curative technique in controlling
bacterial wilt on potato plants. The results showed that using these
particles in a preventive technique was better with bacterial wilt,
whether it was used as spraying or soil amended. The results
recorded the highest percentage reduction of disease incidence
and severity respectively. Spraying 200 pg/ml concentration on
potato plants, as preventive technique reduced disease by 78.93%
and 71.85%. The same concentration reduced 69.43% and 71.87%,
when it used as a curative treatment. On the other hand, both con-
centrations 100 pg/ml and 200 ug/ml used as curative soil
amended reduced the lowest values that led to decrease percent-
age reduction of disease incidence and severity, respectively. The
higher concentration calculated 58.14% and 54.17%, and lower con-
centration recorded 54.93% and 52.65%, compare to the control
treatment.

Results in Table 4 and Figs. 4 and 5 illustrate that significant dif-
ferences between the treatments, when using nano chitosan parti-
cles used as preventive and curative technique to control bacterial
wilt on tomatoes. Data show that the concentration of 200 pg/ml
was the best to increase the percentage reduction of disease inci-
dence and severity, respectively. Spraying it on tomato plants used
as preventive treatment recorded 81.64% and 77.63%. The same
concentration reduced 73.91% and 71.87%, when it used as a cura-

Table 1
Primers and their sequences used in RAPD technique.

No. Name Sequences (5...3)
pl AO1 CCCAAGGTCC
p2 A04 CTTCACCCGA
p3 BO7 AGATCGAGCC
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R. solanacearum isolates

Concentration

RS3

control

50 pg/mi

75 pg/ml

100pg/ml

200ug/ml

Fig. 1. in vitro antagonistic activity of chitosan nanoparticles concentration aganist three isolates of R. solanacearum.

tive treatment. On the other hand, both concentrations 100 ng/ml
and 200 pg/ml used as curative soil amended reduced the lowest
values that led to decrease percentage reduction of disease inci-
dence and severity, respectively. The higher concentration calcu-
lated 63.14% and 61.80%, and the lower concentration recorded
59.93% and 56.74%, compare to the control treatment.

3.3. Morphological properties of nano-chitosan on R. solanacearum
cells observed by transmission electron microscopy

Healthy R. solanacearum cells were negatively stained with ura-
nyl acetate, as observed in TEM micrograph (Fig. 6). Electron dense
uranyl acetate staining binds to the cell surface instead of the cyto-
plasm, indicating the integrity of the cell membrane of healthy
cells. While bacterial cell previously treated with nano-chitosan,
showed modification in the external shape of the bacteria, such
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as cell wall lysis and loss of cell flagella, comparing with un- trea-
ted bacterial cell.

3.4. Random amplified polymorphic DNA (RAPD)-PCR

Results in Fig. 7 indicate the differences in the genotype of R.
solanancearum RS5 isolate treated with nano-chitosan compared
to the original genotype of the same untreated isolate, using three
primers AO1, A0O4 and BO7. The different molecular weights of
bands were determined against a DNA standard by using thermo
scientific gene ruler 1 kb DNA ladder. The ladder consists of four-
teen individual DNAs purified by chromatography (in base pairs):
10,000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 1500,
1000, 750, 500 and 250. Data showed that using primer (A04),
led to the appearance of new bands differ with the genotype of
the untreated bacteria. This indicates that nano-chitosan particles
not only affect the cell wall of bacteria, but occurring difference
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Table 2
In vitro efficacy of chitosan nanoparticles against three R. solanacearum isolates,
measured as inhibition zone (cm) and reduction percentage.

R. solanacearum Concentration Inhibition zone Reduction
isolates (ng/ml) (cm) (%)
RS1 50 0.41 4,55
75 0.97 10.66
100 1.68 18.67
200 2.59 28.77
Control 00 00
RS3 50 0.67 7.44
75 1.23 13.66
100 2.01 22.34
200 3.10 34.44
Control 00 00
RS5 50 0.25 2.77
75 0.62 6.88
100 1.49 16.56
200 2.00 22.23
Control 00 00

of genotype of bacterial cell. While, using the other two primers
(A01 and BO07), were unable to clarify differences between the
genotype of treated and untreated bacterial cell with nano-
chitosan.

4. Discussion

Potato wilt, caused by the bacterium Ralstonia solanacearum, is
considered the second most important disease in most potato-
producing countries after late blight caused by Phytophthora infes-
tans fungus (Damtew et al., 2018). Vascular pathogens casuing dis-
eases on a variety of host plants, including many economically
important crops in over 40 countries (Alvarez et al., 2010). Control
of bacterial wilt in disease-affected areas is difficult: there is no
chemical cure, so there is increasing interest in developing alterna-
tive plant disease management strategies to reduce dependence on
synthetic chemicals. Phytopathogenic bacteria are believed to be
the most versatile agents for adapting to the environment and
destroying plant growth. Among the many strategies,
nanotechnology-powered inventions have produced quantifiable
data against fungal diseases in plants primarily through applica-
tions of nanoparticles (EI-Mohamedy et al., 2019).

Therefore, this study aims to evaluate the control of bacterial
wilt disease in potato and tomato plants in vitro and in vivo using
chitosan nanoparticles. Nanochitosan, a biopolymer made from
glucosamine and N-acetyl residues, is the free product of chitin
acetylation. It can be obtained in large quantities from lobster
exoskeleton remains and shrimp walls at an inexpensive cost
(Sharif et al., 2018). To a large extent, it is suitable for exploration

Table 3
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in plants together with other nanomaterials. Increasing the num-
ber of scientific papers on chitosan nanoparticles in plant growth
and protection increases the enormous potential of nanochitosan
relative to chitosan. Because nanochitosan has superior physico-
chemical properties compared to chitosan, it provides improved
plant biological activity (Van et al., 2013). Therefore, it is necessary
to explore chitosan biopolymers, not only because of its new
antibacterial and plant defense properties, but also because of its
role in plant growth and pest control (Kumaraswamy et al,
2018). Chitosan can be used to control these pathogens by inhibit-
ing their growth at different life cycle points (Kong et al., 2010).

The results showed in vitro that applying nano-chitosan parti-
cles at 100 and 200 pg/ml concentrations were the best in increas-
ing the inhibition area of the bacterial growth. So these
concentrations were used to management disease incidence on
plants. The results also showed when applying these concentra-
tions in vivo to potato and tomato plants, whether it was sprayed
or soil amended or using it as preventive or curative treatments.
The results indicated that use of 200 ug/ml sprays in the preventive
strategy was better than other treatments, which led to a signifi-
cant reduction in disease incidence and severity. This effect due
to the fact that nano-chitosan is biological material that is well rec-
ognized in agriculture and is applied successfully to control dis-
eases or increase crop production in many crops (Borines et al.,
2015; Abd El-Aziz et al., 2019; Esyanti et al., 2020). As we all know,
nano-chitosan can enhance the defense response of plants, and
also has antibacterial properties (Vanti et al., 2020) as nanotech-
nology advances.

The in vitro and in vivo results obtained in this study show that
chitosan nanoparticles have several advantages over other biofilm-
forming agents (cellulose, starch, galactomannans, etc.): they are
safe, cheap, and their chemical structure is easy to introduce speci-
fic Molecules are designed for polymers. These characteristics
make chitosan nanoparticles play an important role in a wide
range of potential users from the medical and biotechnology indus-
tries to agricultural applications (Asgari-Targhi et al., 2018). Espe-
cially in recent years, more and more researchers have studied the
effects of compounds based on chitosan nanoparticles on plants.
Katiyar et al. (2015) pointed out that chitosan induces systemic
acquired resistance and rapidly induces disease-related variable
enzymes, such as phenylalanine, ammonia, peroxidase, polyphe-
noloxidase, catalase, and superoxide substance dismutase, glu-
canase and chitinase salt. Therefore, chitosan nanoparticles lead
to an increase in plant biological activity.

The antibacterial activity of CS-NPs is most likely due to inter-
actions with either the bacterial cell wall or the cell membrane.
the electrostatic communication between the positively charged
amino groups of glucosamine and the negatively charged cell
membranes of bacteria is the most commonly acknowledged CS-

In vivo efficacy of chitosan nanoparticles on potato bacterial wilt, measured by the percentage reduction in disease incidence and severity.

Treatment and concentration Nano-chitosan

spraying Average Soil amended Average
DI reduction (%) DS reduction (%) DI reduction (%) DS reduction (%)
Preventive 100 pg/ml 64.70 61.94 63.32 59.95 57.94 58.94
200 pg/ml 78.93 71.85 75.39 64.29 60.91 62.60
Healthy cont. 100 100 100 100 100 100
Infected cont. 15.38 20.87 18.12 13.91 15.80 14.53
Average 64.67 63.66 64.16 59.53 51.16 55.34
Curative 100 pg/ml 58.72 55.92 57.32 54.93 52.65 54.15
200 pg/ml 69.43 71.87 70.65 58.14 54.17 56.15
Healthy cont. 100 100 100 100 100 100
Infected cont. 13.63 21.91 17.77 14.91 12.97 13.94
Average 60.44 62.42 61.43 56.99 45.94 51.46
LSD for 0.05 1.754 1.928 - 1.815 1.605 -
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Fig. 2. In vivo efficacy of chitosan nanoparticles as curative technique against bacterial wilt of potato, measured as disease severity. a) Healthy Control, b) Infected control, c)
Spraying (nano-chitosan 100 pg/ml), d) Soil amended (nano-chitosan 100 pg/ml), e) Spraying (nano-chitosan 200 pg/ml) and f) Soil amended (nano-chitosan 200 pg/ml).

Fig. 3. In vivo efficacy of chitosan nanoparticles as preventive technique against bacterial wilt of potato, measured as disease severity. a) Healthy Control, b) Infected control,
c) Spraying (nano-chitosan 100 pg/ml), d) Soil amended (nano-chitosan 100 pg/ml), e) Spraying (nano-chitosan 200 pg/ml) and f) Soil amended (nano-chitosan 200 pg/ml).

NPs paradigm of antibacterial activity (Chandrasekaran et al., leading to cell death (Qi et al., 2004). The electrostatic force
2020). This contact causes widespread changes to the cell’s surface, between the CS and the bacteria cell wall encourages a deeper
resulting in a change in membrane permeability, which causes interaction with charged molecules, allowing CS-NPs to pass

osmotic imbalance and intracellular substance efflux, ultimately through the cell wall (Mohammed et al., 2017). As a result, the like-
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Table 4

Saudi Journal of Biological Sciences 29 (2022) 2199-2209

In vivo efficacy of chitosan nanoparticles on tomato bacterial wilt, measured by the percentage reduction in disease incidence and severity.

Treatment and concentration Nano-chitosan

spraying Average Soil amended Average
DI reduction (%) DS reduction (%) DI reduction (%) DS reduction (%)
Preventive 00 pg/ml 70.63 69.71 70.17 64.29 68.48 66.38
200 pg/ml 81.64 77.63 79.63 70.09 68.93 69.51
Healthy cont. 100 100 100 100 100 100
Infected cont. 20.98 28.64 24.81 23.61 27.41 25.51
Average 68.31 68.99 68.65 64.49 66.20 65.35
Curative 100 pg/ml 64.09 62.39 63.24 59.93 56.74 58.33
200 pg/ml 73.91 71.87 72.89 63.14 61.80 62.47
Healthy cont. 100 100 100 100 100 100
Infected cont. 24.86 26.91 25.90 26.81 29.74 28.27
Average 65.71 65.29 65.50 62.47 62.07 62.26
LSD for 0.05 1.838 1.709 - 1.576 1.686 -

Fig. 4. In vivo efficacy of chitosan nanoparticles as preventive technique against bacterial wilt of tomato plants, measured as disease severity. a) Healthy Control, b) Infected
control, ¢) Spraying (nano-chitosan 100 pg/ml), d) Soil amended (nano-chitosan 100 ug/ml), e) Spraying (nano-chitosan 200 pg/ml) and f) Soil amended (nano-chitosan

200 pg/ml).

lihood of CS-NPs collecting at the point of interaction rises. Fur-
thermore, CS-NPs have the ability to alter the electron transport
chain in bacteria (Garg et al., 2019). Electrostatic interactions,
which alter membrane permeability, are the most commonly sug-
gested antibacterial activity of CS. It then binds to DNA, preventing
DNA replication and ultimately causing bacterial cell death. Fur-
thermore, lower MW-CS has been proven to penetrate the cell,
bind to DNA, and block replication machinery (Chandrasekaran
et al., 2020).

Flocculation of electronegative components in the cell by CS
disrupts bacterial physiological functions and results in bacterial
cell death (Garg et al., 2019).

The results showed that using nano-chitosan as a modern strat-
egy in fertilizing potato and tomato plants, whether it was sprayed
or soil treatment, it led to a reduction in the disease rate and sever-
ity. This is due to nano- chitosan particles (CNPs) mode of action.
This is a bio-fertilizer application that effectively minimizes fungal
infections and plant growth (Oh et al., 2019). CS (NP) polymer
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nanoparticles are biodegradable and used for the controlled pro-
duction of NPK fertilizers (Guo et al., 2018). CNPs also modulate
supplementation of 1-naphthylacetic acid enhanced micronutri-
ents under different pH and temperature conditions; thereby
enhancing uptake of plant growth hormones (Oh et al., 2019).

In plants, chitosan is mainly used to simulate biological and abi-
otic stresses, Allan and Hadwiger (1979) conducted the first study
of chitosan as an anti-pathogen in plants, and they proved the
fungicidal effect of chitosan on different components of fungal cell
walls. The improvement of the defense system after the application
of chitin and chitosan in monocotyledon and dicotyledons plants is
the focus of the method of this biopolymer in multiple research
fields (Khan et al., 2002). Chitosan is a biological fungicide, biolog-
ical fungicide and bioviral, which can stimulate the defense system
of plants against pathogens, thereby inducing the immune system
of plants, fruits and vegetables (Sharif et al., 2018). In addition, the
increasing demand for food has also stimulated the increase in the
use of industrial fertilizers, causing serious environmental imbal-
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Fig. 5. In vivo efficacy of chitosan nanoparticles as curative technique against bacterial wilt of tomato plants, measured as disease severity. A) Healthy Control, B) Infected
control, C) Spraying (nano-chitosan 100 pg/ml), D) Soil amended (nano-chitosan 100 pg/ml), E) Spraying (nano-chitosan 200 pg/ml) and F) Soil amended (nano-chitosan

200 pg/ml).

Fig. 6. Morphological properties of Ralstonia solanacearum treated with nano-chitosan particles observed after 2 days by transmission electron microscopy. (A) Arrow denote
to the cell un-treated and containing flagella, (B) Arrow denote to the cell aggregation of nano particals on cell wall and (C), (D) Arrows denote to the cell aggregation of nano

particals on cell lysis of cell wall.

ances and disastrous effects on human health. Therefore, consider
using chitosan as a biological fertilizer. According to reports, chi-
tosan has a positive effect on the growth of rhizosphere bacteria.
Among them, chitosan has a symbiotic relationship with the
growth-promoting rhizosphere bacteria, triggering germination
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rate and improving plant nutrient absorption (Kaur and Dhillon,
2014).

Chitosan is considered to be the most abundant natural
polymer with dual functions: it prevents growth, sporulation,
spore viability, germination and cell changes, as well as inducing
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Fig. 7. Genetic differences by RAPD amplification profiles between isolate (RS5) of Ralstonia solanacearum with treated and untreated nano-chitosan particles, using three
primers AO1, A04 and BO7. M) Marker or ladder, 1) Un-treated bacterial isolate and 2) Treated bacterial isolate with nano-chitosan particles.

different defense responses in host plants, inducing and/or inhibit-
ing different biochemical activities to control pathogenic microor-
ganisms during the interaction between plants and pathogens
(Hassan and Chang, 2017). There is some concrete evidence regard-
ing the antibacterial mechanism of chitosan and its ability to trig-
ger plant defense responses. More and more evidences show that
chitosan and its derivatives have a dual mechanism of action: they
inhibit the growth of pathogens and change the defense response
of host plants (Xing et al., 2015). The antibacterial ability of chi-
tosan is due to the deposition and formation of a dense polymer
film on the surface of pathogens. This dense polymer membrane
inhibits the flow of nutrients and the metabolism necessary for
microorganisms to survive in nature (Zhang et al., 2015). Plants
protect themselves from pathogens by developing an astonishing
series of structural, chemical, and protein defenses designed to
identify invading pathogens and stop them before they can cause
widespread damage (Freeman and Beattie, 2008). Some reports
indicate that chitosan and its derivatives are effective inducers
and inducers of systemic acquired resistance (SAR) in plants. Chi-
tosan and oligochitosan induce the production of defense-related
proteins (Hadwiger, 2013), enzymes (Lin et al., 2005), and sec-
ondary metabolites.

Furthermore, chitosan treatment regulates several genes in
plants, especially the activation of phytoprotective signaling path-
ways (Pichyangkura and Chadchawan, 2015). This includes the
activation of phytoalexin and pathogenesis-related (PR) proteins.
Also, chitosan has been used as a plant nutrient in the soil, and
when combined with other industrial fertilizers, it shows great
efficacy without affecting beneficial soil microorganisms. In addi-
tion, due to its coating capacity, it helps reduce the loss of fertilizer,
which is important to control environmental pollution. Based on
such excellent performance, the use of chitosan biopolymers in
agricultural systems is surprising (Sharif et al., 2018).

By comparing the morphology of R. solanacearum cells as seen
in TEM micrographs, healthy R. solanacearum cells were negatively
stained with uranyl acetate. Electron-dense uranyl acetate stain
binds to the cell surface rather than the cytoplasm, indicating that
the cell membrane of healthy cells is intact. While bacterial cell
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treated with nano-chitosan, showed modification in the external
shape of the bacteria, such as lysis of the cell wall and loss of cell
flagella. Moreover, the results are clearly indicated that differences
in the genotype of R. solanancearum isolate treated with nano-
chitosan compared to the genotype of the same untreated one,
by using RAPD-PCR compering with un- treated bacterial wilt
pathogen. Changes in the morphological bacterial cell properties
might be due to the chitosan antibacterial activity which caused
by two mechanisms. The first is that the positively charged chi-
tosan interacts with the negatively charged phospholipids of the
plasma membrane altering cell permeability, causing leakage of
cellular components and subsequent cell death. The latter chitosan
has the property of chelating metal ions, which is a possible cause
of its antimicrobial activity. It has also been reported that chitosan
can penetrate the cell wall and bind to DNA by inhibiting mRNA
synthesis (Rozman et al., 2019).

The electrostatic force between CS and the bacterial cell wall
supports a closer interaction with charged molecules, resulting in
the penetration of CS-NP through the bacterial cell wall (Cava
etal., 2010). Therefore, the capacity of CS-NP accumulate at the site
of interaction increases. Furthermore, CS-NPs can regulate bacte-
rial electron transport chains (Birsoy et al., 2015). The most signif-
icant antibacterial activity of CS is electrostatic interaction, which
changes the permeability of the membrane. It then binds to DNA
and disrupts DNA replication, causing bacterial cell death. In addi-
tion, it has been shown that lower MW-CS can enter cells, bind to
DNA and inhibit the replication mechanism (Birsoy et al., 2015). CS
flocculates negatively charged elements in cells, changes the phys-
iological activities of bacteria and causes bacterial cell death.

5. Conclusions

In this study, four different concentrations of nano-chitosan
were used in vitro on R. solanacearum, and the two highest concen-
trations (100 pg/ml and 200 pg/ml) were selected, and they were
applied as a preventive and curative in vivo on potato and tomato
plants. They were used as spraying and soil amended. The results
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showed that the highest concentration (200 ug/ml) of chitosan
nanoparticles sprayed increased the incidence and severity of the
disease in infected potato and tomato plants, compared to other
treatments. Moreover, the results showed a difference in the mor-
phological shape of the bacteria cell treated with nano-chitosan
and the untreated, and it was clarified using Transmission electron
microscopy (TEM).
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