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Chapter

Chitosan Is the Ideal Resource for
Plant Disease Management under
Sustainable Agriculture

Magdi A.E. Abdellatef, Eman Elagamey and Said M. Kamel

Abstract

In the spirit of returning to nature and using scientific applications to raise plant
efficiency and reduce pathogen risk, scientists began searching for safe, natural
alternatives to pesticides that are highly effective and low cost. On top of these
alternatives, chitosan came with its biodegradability, biocompatibility, antimicrobial
activity, and nontoxicity, which granted it dual energetic effects during the host-
pathogen interaction. Chitosan promotes plant growth, regulates plant cell homeo-
stasis and metabolic processes, and triggers plant defense mechanisms; on the other
hand, it inhibits the ability of pathogens by disrupting pathogen growth and reducing
reproduction, wherefore chitosan will become an increasingly prevalent and ideal
resource for agricultural sustainability.

Keywords: chitosan, eco-friendly, antimicrobial activity, abiotic stress, defense
responses

1. Introduction

Diverse plant species are adversely affected by phytopathogens on a large scale,
which results in severe economic loss and microbial toxins in food and animal feed.
The conventional approaches to plant disease control are no longer efficient and
secure, especially in light of the occurrence of severe climatic changes. Researchers had
to change their traditional thinking in the process of combating plant diseases, which
depends mainly on the use of chemical pesticides. In line with the strategy of sustain-
able agriculture, natural compounds, especially chitosan, have been put into use as safe
alternatives that are effective in control, improving plant properties, and keeping the
biological balance between plants and beneficial microorganisms in the soil.

Chitosan is a natural, biodegradable, and environmentally eco-friendly polysac-
charide obtained from the exoskeleton of crustaceans such as shrimp, shellfish,
crabs, cuttlefish, squid pen, and crawfish through the deacetylation process of
chitin [1]. Moreover, chitosan can be produced from fungal chitin [2]. Chitosan has
a unique nature as it is a linear polymer consisting of two subunits linked together,
namely D-glucosamine and N-acetyl-D-glucosamine [3]. Chitosan concentration,
chemical modification, acetylation degree, and molecular weight have all been
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identified as critical factors in the suppression of plant pathogen infection in the host
plant [4, 5]. In sustainable agriculture, chitosan can be used alone or in combination
with other compounds in plant nutrition with the aim of withstanding abiotic stress,
stimulating plant defense systems, combating plant diseases, promoting plant seed
germination and seedling growth [6, 7], and increasing crop production and quality.
In addition, chitosan can purify soil and agricultural wastewater from heavy metals
such as mercury, copper, uranium, and lead and thus can be reused for irrigation [8].

2. Chitosan chemical, physical, and biological features

Chitosan has many properties that have captured the interest of researchers
over the past 20 years to explore the prospect of using it in a variety of scientific
and practical sectors. Chitosan properties depend on several very important
factors, such as molecular weight, degree of deacetylation, and solubility. The
molecular weight of chitosan might influence the crystal size and morphologi-
cal character of chitosan-based thin-film composites (TFCs) and other products
or membranes [9]. The chitosan molecular weight may range between 50 and
2000 kDa depending on the source of chitin, and it has numerous influences on the
viscoelastic properties of solutions and hydrated colloidal forms [10]. The degree
of deacetylation determines the content of free -NH, groups in the polysaccharide
and it has an influence on all the functional properties of chitosan [9]. Chitosan
can dissolve in aqueous solutions, but it does so more readily in acidic media than
in neutral or basic media [11]. The solubility of chitosan varies according to several
factors, including polymer molecular weight, degree of acetylation, pH, tempera-
ture, and polymer crystallinity. Chitosan has unique chemical properties, e.g.,
linear polyamine, reactive amino and hydroxyl groups, and chelated metal ions.

In addition, the biological properties of chitosan are biocompatibility, biodegrad-
ability, antimicrobial activity, biosafety, and nontoxicity [12]. These biological
properties vary in influence on plants and their fungal and fungal-like microorgan-
isms, bacterial, viral, viroid, and nematode pathogens according to the physical
and chemical features of chitosan. Thus, chitosan compounds are strongly recom-
mended to be used in the management strategies against phytopathogens such as
viruses [4], bacteria [13], and fungi [14].

3. Antimicrobial activity of chitosan against phytopathogens

Several hypotheses have been postulated to explain the mechanism by which
chitosan affects several phytopathogens:

a. Chitosan has polycationic nature enables it to interfere with electronegative
charges on the outer surface of the microbial cell. The external electrostatic inter-
action between the positive amino glucosamine groups -NH3" of chitosan and the
negative charge on the cell surface exists in teichoic acids in gram-positive bacteria,
lipopolysaccharides in gram-negative bacteria, and phospholipids in the fungal cell
membrane (Figures 1 and 2), leading to changes in cell permeability and leakage
of intracellular electrolytes and proteinaceous constituents and cell death [15, 16].
Divya et al. [17] suggest that the antimicrobial properties of chitosan are due to the
repeated amino groups on the backbone of the polymer structure.
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b.Chitosan functions as a chelating agent of metals and vital nutrients, causing
microbial starvation and impairing microbial development [18] as the amine
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groups in the chitosan molecules are in charge of the uptake of metal cations by
chelation. Chitosan metal-binding capacity increases at high pH since the amine
groups are not protonated and the electron pair on nitrogen in the amine group is
available for donation to metal ions [19]. The high molecular weight of chitosan
might cause a reduction in cell membrane permeability due to a polymer coating
on the surface of the cells that blocks cell access to nutrients [20].

c. The internal electrostatic interactions between the positive amino groups on the
polysaccharide chain of low molecular weight chitosan and the negative phos-
phate groups on the nucleic acid chain of microbial cells lead to the inhibition of
the synthesis of DNA/mRNA and a decrease in the abundance level of protein
and enzymes [21].

Not all forms of pathogens are equally sensitive to chitosan (Table 1); therefore,
the degree to which pathogens react to chitosan depends on a number of factors:

a.The solubility of chitosan increases in acidic solutions and becomes insoluble
in solutions with a pH greater than 6.5, according to the pKa values of its amino
groups, which range from 6.3 to 6.5. Many articles have shown that chitosan is a
great antimicrobial agent under acidic conditions [21]. Meanwhile, the pathogen
inhibitory effect of chitosan depends on the type of solvent. Chitosan dissolved
in lactic acid shows the best inhibitory effect as compared to that dissolved in
formic acid and acetic acid [22].

b.The ability of chitosan to exhibit intracellular antimicrobial action depends on its
molecular weight. Low molecular weight chitosan has the highest inhibitory effect
on Rhigopus stolonifera [23], while high molecular weight chitosan shows better
efficacy on Fusarium oxysporum f. sp. vasinfectum, and Alternaria solani [25].

Furthermore, the abundance of polysaccharides and proteins that make up the
numerous layers of the cell wall in both fungi and bacteria has a major impact on
the mechanical strength of interaction with chitosan [73].

c.The degree of deacetylation affects the antimicrobial properties of chitosan.
Chitosan with a high degree of deacetylation exhibits a more positive charge,
which results in stronger electrostatic interactions with the microbial cell surface
and higher antimicrobial activity [13].

d.The inhibition rate of pathogen growth depends on the concentration of
chitosan [74].

3.1 Antifungal activity

Chitosan is efficient in inhibiting hyphal growth, mycelial elongation, spore forma-
tion, spore germination, spore viability, germinal tube, and fungal virulence factor
production of phytopathogenic fungi [14]. The ability of chitosan to penetrate the
plasma membranes of phytopathogens depends on the degree of membrane fluidity.
Chitosan-sensitive fungi possess polyunsaturated fatty acid-rich membranes such as
linoleic acid (high fluidity membrane), while chitosan-resistant fungi possess saturated



Chitosan Is the Ideal Resource for Plant Disease Management under Sustainable Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.107958

Host/disease Pathogen/ Chitosan Chitosan mode of action References
name stress effects
Tomato wilt Fusarium Antifungal Chitosan was bound [15]
oxysporum f. to negatively charged
sp. radicis- phospholipids that alter
lycopersici plasma membrane fluidity
and induced membrane
permeabilization.
Potato dry rot Fusarium Antifungal Chitosan caused [22]
sulphureum morphological changes such
as intertwisting hyphal,
distortion, and swelling with
excessive branching, abnormal
distribution of cytoplasm.
Post-harvest Rhizopus Antifungal Low molecular weight [23,24]
fungi of fruits stolonifer chitosan caused inhibition
and vegetables of mycelial growth, while
the high molecular weight
chitosan affected spore shape,
sporulation, and germination.
Early blight of Alternaria Antifungal Chitosan reduced hyphal [25, 26]
potato, tomato, solani growth, inhibited sporulation
capsicum, and and spore germination,
eggplant and induced morphological
Cotton wilt Fusarium Antifungal changes.
oxysporium f.
Sp. vasinfectum
Apple dieback Valsa mali Antifungal
Banana wilt Fusarium Antifungal Chitosan formed abnormal [27]
oxysporum f. sp. shapes, vesicles, and empty
cubense cells devoid of cytoplasm in
the mycelia and agglomeration
of hyphae.
Soybean sudden Fusarium solani Antifungal Chitosan was able to induce [28]
death syndrome f. sp. glycines the level of chitinase activity
in soybean. Furthermore,
chitosan interfered directly
with the fungal membrane
function and interacted with
fungal DNA and mRNA.
Fruit rots Alternaria Antifungal Chitosan caused aggregation [24,29]
in mango, alternata of mycelium and structural
strawberry, Botrytis cinerea Antifungal change.s such as excessive. [24]
apple, and branching, cell wall swelling,
peach Penicillium Antifungal and hyphae size reduction. [24]
expansum
Bayoud disease Fusarium Antifungal Chitosan elicited a defense [30]

in date palm

oxysporum f.

sp. albedinis

reaction against this fungus
in date palm roots, by
eliciting peroxidase and
polyphenoloxidase activity
and increasing the level of
phenolic compounds.
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Host/disease
name

Pathogen/ Chitosan
stress effects

Chitosan mode of action

References

Cucumber wilt

Fusarium Antifungal
oxysporum f. sp.

cucumerinum

Chitosan caused hindering
of the Fusarium cell wall,
disrupting DNA, disrupting
structural and functional
protein biosynthesis, and
influencing metabolic
pathways.

(31]

Early blight

disease

Alternaria Antifungal

solani

Root rot disease

Fusarium
0XYSporum

Antifungal

Damping off
disease

Pythium
debaryanum

Antifungal

Chitosan covered the cell wall,
causing membrane disruption
and cell leakage. Moreover,
chitosan penetrated into
fungal living cells, leading

to the inhibition of various
enzymes and interference with
the synthesis of mRNA and
proteins.

Postharvest
decay of
oranges

Penicillium Antifungal
citrinum,
Penicillium

mallochii

Chitosan inhibited the growth
of two Penicillium species by
compacting fungal spores

and reducing the activity of
plant cell walls by degrading
enzymes produced by fungi.
Additionally, chitosan
increased the wound healing
process in orange fruits.

Anthracnose
and ripen fruit
rot in chilli

Colletotrichum
capsici

Antifungal

Chitosan completely
inhibited the mycelial growth
of C. capsici by forming
physical barriers around

the penetration sites of the
pathogen, preventing them
from spreading to healthy
tissues. In addition, chitosan
activated the defense-related
antimicrobial compounds,
induced a decline in
malondialdehyde content, and
increased the concentrations
of soluble sugars and proline,
as well as peroxidase and
catalase activities.

Anthracnose of
camellia

Colletotrichum Antifungal

camelliae

Chitosan enhanced the activity
of H,0,, the defense-related
enzymes, such as polyphenol
oxidase, peroxidase, catalase,
phenylalanine ammonia-lyase,
and the concentration of
soluble proteins inside the
camelia plant.

(34]
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Host/disease Pathogen/ Chitosan Chitosan mode of action References
name stress effects
Fasciation of Staphylococcus Antibacterial Chitosan caused multiple [35]
Avrabidopsis simulans changes in the expression
thaliana profiles of Staphylococcus
aureus SG511 genes involved
in the regulation of stress
and autolysis, as well as
genes associated with energy
metabolism were observed.
Common scab Streptomyces Antibacterial Chitosan reduced disease [36]
in potato tubers scabies incidence and disease severity
by eliciting plant defense
mechanisms and systemic
resistance.
Bacterial leaf Xanthomonas Antibacterial Chitosan caused membrane [37]
blight and leaf oryzae pv. lysis and the destruction
streak in rice oryzae, of biofilm of bacteria and
Xanthomonas increased the activities of
oryzae pv. phenylalanine ammonia-lyase,
orygicola peroxidase, and polyphenol
oxidase in rice seedlings.
Bacterial leaf Xanthomonas Antibacterial Chitosan induced systemic [26]
spot of tomato vesicatoria resistance mechanisms in
tomato by activation of several
defense enzymes and elicited
expression of PIN Il and ETR-1
genes from several molecular
pathways involved in pathogen
defense.
Bacterial head Pseudomonas Antibacterial Chitosan reduced the disease [38]
rot of broccoli fluorescens incidence, the lesion diameter
and induced systemic
resistance mechanisms in
broccoli.
Bacterial brown Acidovorax Antibacterial Chitosan caused membrane [39]
stripe of rice avenae subsp. disruption and lysis, reduction
avenae of biofilm formation, and gene
expression change.
Bacterial fruit Acidovorax Antibacterial Chitosan significantly [40]
blotch of citrulli inhibited the growth of A.
watermelon citrulli by damaging and

altering the cell membrane,
separating the cytoplasmic
membrane from the cell
envelope, coagulating the
cytosolic components,
forming a vacuole-like
structure, and broking of cell
walls, leading to the leaching
out of a mass of nutrient and
nucleic materials.
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Host/disease Pathogen/ Chitosan Chitosan mode of action References
name stress effects
Bacteria of Agrobacterium Antibacterial Chitosan was bound with [29]
crown gall tumefaciens negatively charged components
disease on the bacterial surface, via
Soft mold Erwinia Antibacterial eleCt,r ostatic 1nte?act10ns,
disease carotovora causing C,h angesm the .

permeability of the bacterial

wall and shutting down the cell

division, leading to bacterial

fatality.
Bean mild BMMV Antiviral Chitosan led to the inhibition [5]
mosaic virus of systemic propagation of

viruses over bean plants and

enhanced the hypersensitivity

response of bean plants to

viral infection.
Tobacco T™MV Antiviral Chitosan induced TMV [41]
mosaic virus resistance in wild-type and
in Avabidopsis jasmonic acid pathway-
thaliana deficient (jarl) Arabidopsis

plants enhanced the

expression of the defence-

related gene PR1.
Alfalfa AMV Antiviral Chitosan induced systemic [42]
Mosaic Virus acquired resistance, increased
in Nicotiana total carbohydrates and total
glutinosa phenolic contents, as well as

triggered the transcriptional

levels of peroxidase, pathogen-

related protein-1, and

phenylalanine ammonia-lyase.
Banana root- Meloidogyne Antinematode Chitosan suppressed root-knot [43]
knot nematode incognita nematodes by decreasing

the total number of galls,

immature stages, females with

egg masses, and the count and

rate of build-up of nematodes

in the soil.
Tomato root- Meloidogyne Antinematode Chitosan reduced the number [44]
knot nematode Javanica of nematodes per plant and

promoted plant growth.
Carrot root- Meloidogyne Antinematode Chitosan caused a synergistic [45]
knot nematode incognita effect against M. incognita

on carrots and could be

utilized to manage nematodes

as a potential sustainable

treatment.
Rice root-knot Meloidogyne Antinematode Chitosan reduced root-galling [46]

graminicola and nematodes development

and induced a plant defense
mechanism against nematodes.
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Host/disease
name

Pathogen/
stress

Chitosan
effects

Chitosan mode of action

References

Thymus
daenensis

Abiotic stress

Drought stress

Chitosan stimulated osmotic
adjustment through proline
accumulation and reduction of
lipid peroxidase levels, which
increased the integrity of cell
membranes of thyme leaves.

[47]

Potato plants

Abiotic stress

Drought stress

Chitosan reduced membrane
relative permeability and
malondialdehyde concentration
of potato leaves; raised the
concentration of proline and
soluble proteins; enhanced

the activities of superoxide
dismutase, and enhanced their
antioxidation ability; increased
the activities of protective
enzymes and regulated the
content of osmotic regulatory
substances like peroxidase.

Apple seedlings

Abiotic stress

Drought stress

Chitosan acted as an exogenous
antioxidant that enhanced
resistance to oxidative stress
during drought in apple
seedlings.

Cowpea plants

Abiotic stress

Drought stress

Chitosan increased the thickness
of the midrib region, mesophyll
tissue, and the midrib vascular
bundle, therefore reduced water
stress in cowpea.

(50]

Sweet basil
(Ocimum
ciliatum,
Ocimum.
basilicum)

Abiotic stress

Drought stress

Chitosan reduced the harmful
effect of water stress, increased
plant growth parameters, and
significant effected on total
phenol content and antioxidant
activity of the extracts of the
two species.

Coffee plants

Abiotic stress

Drought stress

Chitosan enhanced the content
of chlorophyll and carotenoids
in the leaves of coffee seedlings,
increased mineral uptake and
stimulated the growth of coffee
seedlings.

(52]

Pepper plants

Abiotic stress

Antitranspirant

Chitosan decreased
transpiration due to inducing
closure of the plant’s stomata
by a decrease of K in the guard
cells.

Safflower and
Sunflower
seedlings

Abiotic stress

Anti-salinity

Chitosan exhibited positive
effects on salt stress alleviation
through the reduction of MDA
and increased proline contents
and CAT and POX activities in
both crops.

(54]
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Host/disease
name

Pathogen/
stress

Chitosan
effects

Chitosan mode of action

References

Wheat
seedlings

Abiotic stress

Anti-salinity

Chitosan increased antioxidant
enzyme: superoxide dismutase
(SOD), catalase (CAT) and
peroxidase (POX) activities,
reduced malondialdehyde
(MDA) content in leaves, and
accelerated the accumulation
of proline.

(55]

Maize plants

Abiotic stress

Anti-salinity

Chitosan ameliorated the
effects of salinity stress and
improved plant growth.

Rice seedlings

Abiotic stress

Anti-salinity

Chitosan lowered
malondialdehyde and
increased proline levels and
enhanced the activities of
catalase and peroxidase
enzymes.

Fenugreek
(Trigonella
foenum-
graecum)

Abiotic stress

Anti-salinity

Chitosan increased plant
dry weight, length of stem
and roots, leaf relative water
content, and amount of
anthocyanin photosynthetic
pigments, resulting in better
growth and establishment of
fenugreek plants.

Bean (Phaseolus
vulgaris)

Abiotic stress

Anti-heat stress

Chitosan enhanced uptake
of mineral nutrients, cell
division, and chlorophyll
accumulation in the leaves.

Cucumber
seedlings

Abiotic stress

Anti-heat stress

Chitosan improved the

cold resistance of cucumber
seedlings, protected the
membrane system, improved
the capability of eliminating
active oxygen species, and
alleviated the damage to
photosynthetic organization.

Maize plants

Abiotic stress

Anti-heat stress

Chitosan caused a decline

in malondialdehyde (MDA)
content and relative
permeability of the plasma
membrane. Also, increased
concentrations of soluble
sugars, proline, and peroxidase
(POD) and catalase (CAT)
activities led to an enhanced
germination index and reduced
the mean germination time
(MGT). Additionally, it
increased shoot height, root
length, and shoot and root dry
weights.
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Host/disease Pathogen/ Chitosan Chitosan mode of action References
name stress effects
Bean (Phaseolus Plant Promote plant Chitosan enhanced shoot and [62]
vulgaris) improvement growth root length, fresh and dry
weights of shoots and roots,
and leaf area in beans.
Rice and Plant Promote plant Chitosan promoted plant [63]
soybean plants improvement growth length and shoot growth in
both rice and soybean.
Cucumber Plant Promote plant Chitosan increased the [64]
plants improvement growth vegetative growth and
increased the total yield of
cucumber fruits in terms of
quantity and quality.
Okra plants Plant Promote plant Chitosan enhanced the [65]
improvement growth biochemical activities in okra,
resulting in an increase in
growth and the fruit-bearing
nodes, and improved the yield
quality and quantity.
Tomato and Plant Promote plant Chitosan enhanced the growth [66]
eggplant plants improvement growth and functional components
of tomatoes and eggplants
by increasing plant height,
branch, leaf, flower, and fruit
number and size.
Verbena Plant Promote plant Chitosan enhanced the [67]
bonariensis improvement growth plant height, number of
inflorescences and number of
leaves.
Eustoma Plant Promote plant Chitosan soil treatment [68]
grandflorum improvement growth resulted in greater shoot
length, stem diameter, weight
of cut flowers, and an increase
in the number of flowers.
Soybean leaves Plant Stimulate Chitosan increased activity of [69]
improvement plant defense phenylalanine ammonia-lyase
responses and tyrosine ammonia-lyase
enzymes which increased total
phenolic content in plants.
Chickpea plants Plant Imparts Chitosan caused significant [70]
improvement immunity ECM and guard cell
against remodelling, and translated
Fusarium ECM cues into cell fate
decisions during fusariosis.
Several plants Plant Eliciting plant Chitosan-induced defense [71]
improvement immunity responses such as increased

cytosolic H* and Ca’*, MAP-
kinase activation, callose
apposition, oxidative burst,
and hypersensitive response
(HR) Moreover, it induced
the synthesis of abscisic acid,
jasmonate, phytoalexins, and
pathogenesis-related (PR)
proteins.
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Host/disease Pathogen/ Chitosan Chitosan mode of action References

name stress effects

Soybean cells Plant Elicited callose Chitosan caused the rapid [72]
improvement synthesis and quantitative formation

of callose and elicited other
metabolic changes that
appeared to be important for
resistance against pathogens in
soybean cells.

Table 1.
Chitosan mechanisms in plant protection against biotic and abiotic stresses.

fatty acid-rich membranes such as palmitic acid or stearic acid (low fluidity mem-
brane) [15]. The incubation period affects the antifungal activities of chitosan. The
growth inhibition of E oxysporum {£. sp. radicis-lycopersici at alow concentration of chi-
tosan increases with the long incubation period [74]. Chitosan causes excessive mycelial
branching, abnormal shapes, swelling and hyphae size reduction in E. oxysporum f. sp.
cubese [27], F. solani £. sp. glycines [28], Botrytis cinerea, and A. alternate [24]. Chitosan
is also responsible for cytological alteration, protoplasm dissolution, and large vesicles
of fungus [27]. Chitosan caused morphological changes such as large vesicles or empty
cells devoid of cytoplasm in the mycelium of B. cinerea and F. oxysporum f. sp. albedinis
[30, 75]. Fungi that have been exposed to chitosan make fewer spores than untreated
fungi. In other instances, full sporulation suppression was observed following chitosan
therapy. The length and shape of the conidia of Ranunculus stolonifer, Penicillium digita-
tum, and E. oxysporum were considerably influenced by chitosan [76]. The application
of chitosan against . oxysporum f. sp. cucumerinum showed a significant decrease in
wilt disease severity compared to chitosan-untreated Fusarium [31].

3.2 Antibacterial activity

Gram-positive and gram-negative bacteria have significantly different cell wall
structures and surface polarity, which results in different sensitivity to chitosan [13].
The cell wall of gram-negative bacteria is distinguished by the presence of lipopoly-
saccharides, which contain phosphate and pyrophosphate groups [77]. This provides
it with a high negative charge, making it more bound to chitosan [78]. While the
cell wall of gram-positive bacteria contains polysaccharides associated with lipotei-
choic and teichoic acids. Teichoic acid is negatively charged due to the presence of
phosphate groups in its structure which gives it a small negative charge that makes
it less bound to chitosan. The stopping of the teichoic acid biosynthesis pathway in
Staphylococcus aureus, led to an increase in chitosan resistance [35]. Gram-negative
bacteria are more hydrophilic than gram-positive bacteria and also have a thinner cell
membrane [79]. This explains why gram-negative bacteria react to chitosan differ-
ently from gram-positive bacteria (Figure 2).

Chitosan has potent antibacterial activities against a variety of plant pathogenic
bacteria like S. aureus [80], Streptomyces scabies [36] Ralstonia solanacearum [81],
Xanthomonas spp. [26, 37], Pseudomonas spp. [38, 80], and Acidovorax spp. [39, 40].
The inhibitory activity of chitosan against bacteria varied with molecular weight [82],
concentration [39], solvent type [29], bacterial type (gram-positive/gram-negative)
[83], cell wall structure [84], period of incubation and abiotic factors [85]. Chitosan
binds to the negatively charged surface of bacteria at low concentrations (less than
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0.2 mg/ml) to cause agglutination, but at higher concentrations, the presence of

more chitosan positive charges may have given the bacteria a net positive charge

that keeps them suspended [86]. Moreover, Goy et al. [87] suggest that chitosan is
responsible for the hydrolysis of peptidoglycans, the main component of the bacterial
cell wall, increasing electrolyte leakage, and potentially causing the death of the plant
pathogens. Additionally, Liang et al. [88] reported that chitosan is the responsible
substance for the destruction of the bacterial cell membrane, which causes death due
to the leakage of intracellular substances. Chitosan applied to tomato plants inhibited
the growth of Xanthomonas vesicatoria [26]. Chitosan-protected cucumber from
Pseudomonas syringae pv. lachrymans that causes bacterial angular leaf spot damage
[89]. Chitosan has decreased the disease incidence of broccoli that was infected with
Pseudomonas fluorescens [38]. The disease index of watermelon seedlings infected with
Acidovorax citrulli was significantly reduced by chitosan at 0.4 mg/ml [40]. Chitosan
solution at 0.10 mg/ml markedly decreased the surviving cell number of Xanthomonas
pathogenic bacteria isolated from different geographical origins compared with the
control after 6 h of incubation, regardless of the bacterial strain [90].

3.3 Antiviral activity

One of the most destructive plant diseases is the viral disease which causes serious
damage to many plant species, affecting agroecosystems and food security. For that
reason, searching for new eco-friendly application technologies to suppress the inva-
sion of viral plant diseases is urgently needed to fulfill the nutrients required to feed
the world’s population [91]. Chitosan and its derivatives have been used as a promising
and powerful tool against plant viruses. Chitosan has demonstrated antiviral activity
against Potato virus X (PVX) through the possible mechanism of induced resistance
and responsive defense mechanisms or the inhibition of systemic propagation of plant
viruses in potato plants [4]. Complete inhibition or suppression of systemic virus
multiplication in the host plant has not clearly proven the capability of chitosan to stop
the virus activation. However, the multiplication block may be due to the binding of
chitosan molecules with the nucleic acid of a targeted virus, causing serious damage to
the viral genome [92]. Studies by Jia et al. [41] explained the role of chitosan in induc-
ing systemic acquired resistance in Arabidopsis plants infected with Tobacco mosaic
virus (TMV) and which signaling pathways are involved in the processes of defense
mechanisms. Their obtained results revealed that chitosan application induced TMV
resistance through specific pathways in the plant. The induction in the Arabidopsis
plants happened through the jasmonic acid pathway-deficient (Arabidopsis plants jarl)
and at the same time did not induce the salicylic acid pathway-deficient (Arabidopsis
plants NahG). The application of chitosan as a protective and curative treatment
against Alfalfa mosaic virus (AMV) on Nicotiana glutinosa plants under greenhouse
conditions was studied by [42]. They proved that the AMV concentration was sig-
nificantly reduced through both protective and curative treatment with 70.43% and
61.65%, respectively. On the other hand, possible ways of inducing systemic resistance
and responsive defense mechanisms were measured, resulting in an increase of total
phenols and carbohydrates as well as phenylalanine amonialyase (PAL) and peroxidase.

3.4 Antinematode activity

Serious, highly damaging, and economic losses to a wide range of plant hosts,
including fruit trees, vegetables, agronomic crops, foliage crops, grasses, nuts, and
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forest trees, were reported to be caused by several nematode species under different
genera. Economic losses to more than 2000 kinds of higher plant species are often
great when certain plant species are grown in warm regions around the world. The
development of efficient new and eco-friendly nematode management strategies
such as biological control, natural products, plant extracts, and botanical products is
needed urgently to reduce the high toxicity of chemical nematicides [93]. Studies by
El-Ansary et al. [43] revealed that chitosan significantly reduced the disease severity
of root-knot nematode infection caused by Meloidogyne incognita in banana plants
cv. Williams with an improvement in plant growth parameters and yield production.
Chitosan-treated tomato plants produced less root-knot nematode reproduction,
which enhanced the size, weight, and growth of the plant’s roots and shoots [44].
Recently, Khan et al. [45] evaluated chitosan as a nematicide against the infestation
caused by Megalaima incognita in carrot plants under in vivo and in vitro conditions.
They reported that egg masses and second-stage juvenile (J2s) of M. incognita were
affected by the usage of different concentrations of 500, 1000, 1500, 2000, and
2500 ppm of chitosan. Maximum mortality of J2s and the highest inhibition in egg
hatching was observed at 2500 ppm of chitosan after 36 h incubation period.

4. Role of chitosan in plant protection against abiotic stress

Chitosan improves plant tolerance to drought, salinity, and high temperature [94]
(Table1).

4.1 Effect on drought stress

Agricultural productivity is limited by drought stress, which has a number of
negative effects on plant health and lowers plant growth and yield. Chitosan is one
of the effective solutions to mitigate the harmful effects of drought stress on plants
(Figure 3a). Under extreme drought stress, the free proline content in leaves consid-
erably increases [95]. In chitosan-treated plants, the accumulation of proline produc-
tion in the absence of drought stress was enhanced [96]. After chitosan treatment,
proline accumulation was enhanced in the thyme plants [47]. The accumulation of
proline helps in reducing the leaf water potential, improves the turgor of leaves, and
facilitates water delivery to them. In addition, proline is crucial for maintaining redox
balance, quenching ROS, and osmotic adjustment [97].

On the other hand, a water deficit condition disturbs the plant’s cell membrane
integrity. The membrane permeability and malondialdehyde concentration are related
to each other, indicating membrane stability. Malondialdehyde levels rise in condi-
tions of water deficiency; this lipid peroxidation byproduct has the potential to lead
to membrane leakage because of the accumulation of free radicals. Chitosan functions
as a positive regulator in osmotic adjustment and can eliminate the adverse effects of
drought stress symptoms by decreasing the production of lipid peroxidation. The pre-
treatment of thyme and potatoes with chitosan reduced lipid peroxidation, removed
ROS, and improved cell membrane integrity [47, 48]. In apple seedling leaves exposed
to drought stress, chitosan significantly improved the integrity of cell membranes
and decreased the production of malondialdehyde and electrolyte leakage [49]. Plants
attempt to reduce the harmful effect of drought by raising the level of soluble sugar in
the cell by breaking down the polysaccharides that help in the preservation of turgor
[98]. Chitosan is an important source of sugars, e.g., glucose, fructose, trehalose,

14



Chitosan Is the Ideal Resource for Plant Disease Management under Sustainable Agriculture
DOI: http://dx.doi.org/10.5772/intechopen.107958

| Enhance proline accumulation | —>

| Support plant with polysaccharides [—

| Regulates membrane permeability [—> Eliminate

—— S — . .
S thitosan | Scavenge superoxide anion —> DSI'; léil; t
TN " [ Increase photosynthetic activity >
| Regulates osmotic pressure —
| Maintain cellular redox homeostasis [
(a)
Eliminate
2 Catalase (CAT) | Salinity
5 H202 ﬂ) 02 gy H2 Stress
=]
)
?Q Peroxidase (POD) 1
— ey, H,0, 283 0O,+H
> Chitosan “. £ o o
— Ve
& Superoxide dismutase (SOD)1
&  2H(+)+ 2 superoxide —> H,0, + 0,

Malondialdehyde (MDA) l —> Lipid peroxidationl

Proline t

(b)

—> Down-regulation —> Up-regulation

Figure 3.
Role of chitosan in removing (a) drought stress and (b) salinity stvess.

sorbitol, mannose, and myoinositol that plants need to overcome drought [96]. These
might enhance osmotic adjustment and maintain carbon balance in response to
dehydration stress, which would improve drought resistance.

Additionally, drought stress hinders photosynthetic activity by reducing chlo-
rophyll production. This could be caused by oxidative damage to chloroplast lipids,
pigments, and proteins or by the loss of chlorophyll pigment complexes or light-
harvesting protein complexes [50, 99]. Chitosan spraying resulted in an increase in
chlorophyll and total carbohydrates which increased photosynthesis levels in soybean
and maize [100], cowpea [50], and bean [62]. This might be the result of higher nitro-
gen and potassium levels in plant shoots, which aid in raising the number of chloro-
plasts per cell and boosting chlorophyll synthesis. Additionally, chitosan treatment’s
release of amino compounds with a higher availability level encourages the synthesis
of chlorophyll [63].

Commercial antiperspirants are better than chitosan in raising the efficiency of the
plant in retaining water, but they reduce the photosynthetic rates and carbon uptake
as aresult of reducing the internal CO, in leaves [71]. The efficiency of chitosan as
an antiperspirant is due to its control of the mechanism of opening and closing the
stomata, which allows the entry of carbon from the atmosphere into the plant. Thus,
maintaining the efficiency of the photosynthesis process inside the plant, unlike the
commercial antitranspirant, this acts as a thin antitranspirant membrane that covers
the leaves’ surface and blocks stomata, which prevents the entry of carbon needed for
photosynthesis. Chitosan use as an antitranspirant substance would be more suitable
for plants that experience occasional drought occurrences. Chitosan-treated plants
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would enable their natural physiological system to quickly recover maximum carbon
uptake while sustaining biomass and yield in these circumstances [53]. Histological
examination of chickpea leaves revealed stomatal closure accompanied by decreases
in stomatal conductance and transpiration rate in chitosan-treated seedlings during
Fusarium infection, indicating the presence of stomatal immunity associated with
chitosan [70].

4.2 Effect on salinity stress

Salinity can prevent plants from absorbing water and nutrients due to low external
osmotic potential. In addition, the direct ionic effect results in excessive accumulation
of Na and Cl ions, which causes toxic effects, closes the stomata, lowers internal CO,,
and decreases the rate of photosynthesis. Salt-induced stress conditions were discov-
ered to have lipid peroxidation brought on by the buildup of malondialdehyde [101].
A decrease in malondialdehyde content after chitosan treatment stabilized membrane
damage and may have given salt stress tolerance [54]. Plants have developed their own
inherent ROS scavenging mechanism by producing antioxidant enzymatic com-
pounds, e.g., superoxide dismutase, peroxidase, and catalase; increased abundance
of these enzymes denotes effective ROS detoxification (Figure 3b). These enzymes
were shown to be elevated in chitosan-treated plants, and they are crucial for reduc-
ing salt stress since they are stronger antioxidant enzymes [54, 55]. Chitosan has the
ability to scavenge superoxide anions due to the presence of hydroxyl and amino
groups that react with ROS [102]. Chitosan treatment reduces malondialdehyde levels
and increases antioxidant enzyme activities during salinity stress, which minimizes
the negative effects of salt stress on maize [56]. The low concentration of chitosan
treatment could counteract the harmful effects of salt stress. A small amount of
chitosan applied to sunflower seeds can suppress enzyme activity and decrease the
oxidative damage brought on by salt stress [54]. During salt stress, wheat seed treated
with chitosan showed increased levels of the antioxidant enzymes (superoxide
dismutase, peroxidase, and catalase), stomatal conductance, and photosynthetic
rate [55]. When a plant is exposed to salt stress, its chlorophyll concentration drasti-
cally decreases because of the accumulation of chlorophyllase and the instability of
protein complexes. In salt stress, proline levels were elevated, which might be the
result of increased proline biosynthesis, decreased proline oxidation to glutamate,
or decreased utilization of synthesized proline. Plants are mostly protected against
osmotic stress by proline [103]. Proline levels were shown to increase as chitosan
concentrations increased [54].

4.3 Effect on heat stress

There is a paucity of published data on the use of chitosan in heat stress. Heat
stress is frequently viewed as a complex issue because it frequently occurs in con-
junction with drought stress and is challenging to measure [57]. Foliar application
of chitosan combined with humic acid and zinc is the best treatment that could be
recommended for dry bean production to withstand heat stress [59]. Chitosan use
could reduce the effects of high temperatures by promoting abscisic acid activity
[53]. According to Choi et al. [104], abscisic acid can activate genes associated with
heat shock, such as ABF3, whose overexpression may improve heat stress tolerance.
Applying chitosan to cucumber leaves at low temperatures can improve their proline
and soluble protein levels as well as the activity of antioxidant enzymes [60].
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5. The role of chitosan in enhancing plant traits

When a pathogen attacks a plant, a coordinated signaling mechanism is induced
which leads to the accumulation of several gene products. Once the pathogen
gets recognized by plant receptors, rapid localized cell death will be developed,
which is known as the hypersensitive response, causing necrosis at the site of infec-
tion. While in the sections of the plants that are not infected, a systemic expression
of a broad spectrum of resistance will be induced to prevent additional pathogen
infection. Then reactive oxygen species are produced, defense-related genes are
activated, and the expression of genes that produce compounds, including terpenes,
phytoalexins, defense enzymes, and pathogenesis-related proteins, is increased.

Chitosan can induce plant resistance and activate several defense processes in
plant tissue [32]. These defense mechanisms include accumulation of hydrolytic
enzymes, synthesis of proteinase inhibitors and pathogenesis-related (PR) proteins,
enhancement of phytoalexins, formation of callose, promotion of lignification, and
induction of reactive oxygen species (ROS) (Figure 4) [46, 105].

5.1 Plant growth promotion

Chitosan promotes plant growth in a variety of crops by significantly influencing the
development rates of shoots, roots, flowering, and the number of flowers. Due to the
great hydrophilicity of chitosan molecules, it adjusts the osmotic pressure in plant cells
by increasing the absorption of water and important nutrients [61] and minimizing
stress damage in plant cells. Chitosan increases the efficiency of plant nitrogen uptake,
acts as a source of energy and an additional carbon source for the synthesis of carbo-
hydrates, and acts as an activator for various metabolic processes [14, 51]. Chitosan
encourages the proliferation of root cells by activating auxin and cytokinin, which fur-
ther boosts nutrient uptake [52]. Chitosan assisted in triggering the hydrolytic enzymes
required for the mobilization and degradation of reserve food components, including
protein and starch [106]. Significant growth enhancements have been recorded after
chitosan application by several studies in artichoke [107], cucumber [64], okra, [65],
eggplant and tomato [66], strawberry [108], potato [109], chili [33], and watermelon
[110]. Chitosan can enhance plant physiological mechanisms, e.g., nutrient absorption,
cell elongation, cell division, enzymatic activation, and protein synthesis [111].

5.2 Increase photosynthetic activity

Chitosan improves the photosynthesis process by enhancing stomatal function
and reducing the breakdown of chlorophyll [112]. Chitosan increased the chlorophyll
levels in leaves by 13.4% compared to control plants [67]. The application of chitosan
improved chlorophyll content and plant productivity in chili [113], peanut, and coffee
plants [52]. The use of chitosan protects chlorophyll content in stressful circum-
stances; it increases the chlorophyll content in fenugreek under a salinity conditions
[58]. Applying chitosan to cucumber leaves at low temperatures can improve their
proline and soluble protein levels as well as the activity of antioxidant enzymes [60].

5.3 Up-regulate pathogenesis-related proteins

Plants produce proteins known as pathogenesis-related proteins (PR) in response
to a pathogen invasion. They are induced as a part of systemic acquired resistance
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Mechanisms of chitosan in the enhancement of plant defense system and inhibition of phytopathogens.

where their corresponding genes are activated by infections. Chitosan has been
characterized as an elicitor that causes plants to create a wide variety of pathogenesis-
related proteins with antimicrobial action. Among these pathogenesis-related proteins
are chitinase and 1,3-glucanase, two hydrolytic enzymes that destroy pathogen cell
walls that contain chitin and/or B-D-glucans as major structural components [114].

Chitosan appeared to use a variety of mechanisms to enhance pathogenesis-related
gene function, including activating membrane receptors and altering the DNA
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structure of the plant. Chitosan of low molecular weight was more effective at induc-
ing the defense-related genes -1,3-glucanase and chitinase than the higher molecular
weight [115]. Chitosan triggered the transcriptional up-regulation of defense-related
genes p-1,3-glucanase and chitinase in rice seedlings [115]. Chitosan significantly
increased the expression of general defense response genes in oat leaves [116].
Chitosan was able to promote resistance in pears and peaches by increasing chitinase
and p-1,3-glucanase activities [74, 117]. Chitosan has been proven to be effective at
triggering plant defense mechanisms by increasing the level of $-1,3 glucanase and
chitinase enzymes in strawberry and pepper plants [118].

5.4 Stimulate defense-related enzymes

Chitosan acts as a physiologic elicitor, enhancing defense-related enzymes, e.g.,
peroxidase, catalase, superoxide dismutase, polyphenol oxidase, and phenylalanine
ammonia-lyase [119]. Peroxidase helps oxidize phenolic and enodiolic compounds
into quinones and hydrogen peroxide [120]. Peroxidase increases pathogen resistance
in plants [121]. The chitosan treatment markedly boosted the peroxidase activity in
the flesh surrounding the pear fruit wound [74]. Chitosan induced peroxidase expres-
sion activity in date palm roots when injected at three concentrations (0.1, 0.5, and
1 mg/ml) [30]. Fruit treated with chitosan maintained relatively higher peroxidase
gene expression than control fruit [117]. Catalase is crucial for plant senescence and
defense [122], it transforms H,0, into H,0 and O, Catalase activity was increased in
the chilling-sensitive and chilling-tolerant maize seedlings after chitosan treatment
[61]. Superoxide dismutase destroys radicals and protects cells against the effects of
oxidative stress. Superoxide dismutase activity has increased after chitosan treatment
of Hydrilla verticillata [123]. Drought stress decreased the activities of the antioxidant
enzymes catalase and superoxide dismutase in apple leaf tissues, but chitosan treat-
ment enhanced their activities [49].

Polyphenol oxidase participates in plant defense by encouraging the production
of lignin, which strengthens the cell wall structure and deters disease penetration
[34]. Chitosan has significant antibacterial efficacy against rice leaf streak and leaf
blight produced by X. oryzae pv. oryzicola and X. oryzae pv. oryzae, respectively, by
increasing polyphenol oxidase activity [37]. Phenylalanine ammonia-lyase trans-
forms L-phenylalanine to ammonia and trans-cinnamic acid [124]. It is induced in
host tissues as a result of pathogen infection [69]. In grape berries, rice, and wheat,
elicitation with chitosan resulted in an increase in phenylalanine ammonia-lyase [37].
When chitosan was injected into the roots of date palm, it enhanced the essential
components of the host resistance against E. oxysporum f. sp. albedinis, increased the
level of phenolic compounds, and stimulated date palm peroxidase and polyphenol
oxidase activities [30].

5.5 Induce signal regulation
5.5.1 Activation of signal transduction

Chitosan can trigger the plant’s defense mechanisms and functions as a
regulatory molecule in signal transduction through several signaling pathways.
When chitosan activates a particular receptor located on the cell membrane or
intracellular, one or more second messengers relays the signal to the cell. This
triggers a range of physiological responses as a single signal can be amplified
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and develop a complex signaling network. This is called signal transduction. The
chitosan-mediated signal pathway includes reactive oxygen species (ROS), Ca*,
nitric oxide (NO), salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA),
and ethylene (ET) [125].

One of the first reactions to a microbial pathogen attack is the oxidative burst, which
has been demonstrated to occur upon chitosan elicitation. It is characterized by the
quick and temporary creation of enormous levels of ROS (hydrogen peroxide (H,0,),
hydroxyl radicals (OH"), singlet oxygen ('0,), and superoxide (072 (Figure 5) [126].
Chitosan induced the accumulation of H,0, in tomatoes [127]. Upon pathogen infec-
tion, one of the quickest responses is an increase in cytosolic Ca** [128]. Within 20 min
of being treated with chitosan, Glycine max suspension-cultured cells began to syn-
thesize callose. However, in the absence of exogenous Ca?*, chitosan-induced callose
production was not achievable [72]. Chitosan increased the amount of free cytosolic
Ca’* in Arabidopsis and stomatal closure [129].

NO, another messenger, implicated in the plant defense response against patho-
gens and involved in chitosan-induced resistance [114]. Downy mildew-infected pearl
millet seedlings treated with chitosan exhibited increased NO buildup commenc-
ing 2 h after inoculation, as well as protection from downy mildew [114]. Chitosan
induced the generation of NO and phosphatidic acid in tomato cell culture while the
phospholipase-mediated signaling pathway was inhibited after using NO scaven-
ger, indicating that the production of phosphatidic acid during the plant defensive
response needed NO [130].

Plant hormones regulate growth processes in plants and play important roles in
plant responses to biotic and abiotic stresses [131]. Salicylic acid, jasmonic acid, and
ethylene play a crucial role as signaling molecules in modulating Arabidopsis’ responses
to biotic and abiotic stress. Jasmonic acid and ethylene are central signaling molecules
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in the induced systemic resistance; on the other hand, salicylic acid is involved in
systemic acquired resistance, which occurs when a pathogenic attack on one area of
the plant results in resistance in other parts. It has been suggested that jasmonic acid

is a component of a signal transduction pathway that controls the activation of genes
involved in plant defensive responses to pathogen invasion. Chitosan significantly
increased the jasmonic acid in wounded rice leaves [132]. ABA regulates the intensity
and speed of callose deposition. Additionally, ABA-mediated signaling transduction is
crucial for plants to respond to abiotic and biotic stresses [133]. Chitosan activated the
defense signaling pathways in tomato plants against A. solani and X. vesicatoria [26].

5.5.2 Activation of symbiotic signaling

Beneficial microorganisms are able to form a symbiotic connection while living in
close proximity to their plant hosts, which aids in the acquisition of nutrients neces-
sary for plant growth. Additionally, the plant meets some of the requirements that
helpful microorganisms need to complete their metabolic processes for growth and
reproduction [134]. Chitosan triggered symbiotic signaling between plants and ben-
eficial microbes [135]. Lipo-chitooligosaccharides, which are chitin oligosaccharides
bound to a lipid moiety, have been discovered to be released by mycorrhizal fungi
and rhizobium bacteria during the development of symbiotic interactions and have
been recognized as key signaling molecules triggering the plant symbiotic response
[136]. Chitosan undergoes enzymatic degradation without harming the beneficial
rhizosphere biota in the soil and promotes symbiotic interactions between plants and
microorganisms, causing changes in the rhizosphere’s microbial balance and harming
plant diseases [44].

5.6 Usage as bio-fertilizer

As aresult of the repeated use of inorganic fertilizers that are difficult to decompose,
the toxicity of the soil increased, which affected the beneficial microorganisms
present in the soil and the properties of the soil. Therefore, the use of chitosan at low
concentrations as a bio-fertilizer was a safe and effective alternative to avoid the risks
of using inorganic fertilizers. Utilizing chitosan as a biofertilizer showed a significant
decrease in late blight infestation of potato tubers and an increase in plant nutrient
uptake [137]. The addition of chitosan to soil improved the phosphorous and nitrogen
content in Eustoma grandiflorum [68].

Large amounts of inorganic fertilizers are lost in the soil due to the inability
of plants to absorb them, causing farmers to over-apply them, resulting in their
presence in the soil at higher than required rates, causing soil toxicity, water pollu-
tion, and damage to crops, particularly vegetables, which are severely affected by
fertilizer toxicity [138]. However, when chitosan coating on fertilizer is added to
the soil, it improves the absorption of inorganic fertilizer by plants, which mini-
mizes the use of fertilizers, makes the soil less toxic, and reduces the production
cost [139].

6. Recovery of contaminated agricultural wastewater and soil

The concentration of heavy metals and other contaminants in the environment
is increasing rapidly as a result of multiple human activities. Heavy metals are
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dangerous because they are highly poisonous, do not biodegrade, and cause cancer
and other disorders. Therefore, it is necessary to find an efficient way to remove
them from the environment and dispose of them. From this perspective, bio
adsorption is acknowledged as an affordable and effective solution [140]. Effective
pollutant removal makes it possible to reuse valuable resources like cultivable soil
and fresh water. The application of chitosan-based adsorbents in these areas has
been extensively studied due to their low production costs, biocompatible and
biodegradable nature, strong resistance to antimicrobial attack, and absence of the
creation of potentially toxic secondary end products [140]. The chemical composi-
tion of chitosan makes it simple to combine with certain ions, molecules, and other
compounds to produce complex structures for specific applications. Carboxylated
graphene oxide-chitosan (GO-COOH/CS) spheres were used for the immobiliza-
tion of Cu** from water and soil, as well as for reducing the bioaccumulation of
Cu”* from wheat plants [141]. Cesium-contaminated clay can be cleaned using ion-
ized chitosan and magnetic microgels functionalized with Prussian blue analogs,
200 mg/g of ionized chitosan hydrochloride can achieve 87.6% cesium release from
clay in about 2 h [142].

A combination of chitosan and duckweed was assessed for its ability to remove boron
from water. Chitosan beads had the maximum boron absorption capacity of chitosan
at 3.18 mg/g [143]. Chitosan can help reduce the environmental effects of industrial
wastewater treatments and soil acidity by reducing CO, and SO, [144]. Columns packed
with chitosan have the ability to remove arsenic from groundwater [145]. A composite
consisting of chitosan and hyacinth extract effectively absorbs Cu, Pb, and Cd ions from
water [146]. Cd removal from the soil and aquatic environments was examined using the
magnesium oxide biochar-chitosan composite (MgO-BCR-W) [147].

The adsorbent made of chitosan/MnO, nanocomposite was employed to extract Cr
(VI) from the aqueous solutions [148]. A magnetic chitosan/polyacrylic acid nano-
composite successfully adsorbed Pb (II) from an aqueous solution [149]. Iron chitosan
microspheres were synthesized by ionotropic gelation for the removal of arsenic (V)
from water [150]. Chitosan contains functional amino and hydroxyl groups, which
enables it to form compounds with heavy metals. Foliar application of chitosan can
reduce the harmful effects of cadmium in Brassica rapa L. [151]. Herbicides can be made
more effective by adding chitosan to formulations, which lowers the amount utilized
and the risk of hazard accumulation in the environment. A formulation consisting of
chitosan and glyphosate exhibits lower phytotoxicity and higher herbicidal efficacy
and releases active substances better than using glyphosate alone [152]. Chitosan and
tripolyphosphate nanoparticles are efficient carriers to reduce soil sorption, cytotoxic-
ity, and mutagenicity of paraquat and enhance their herbicide activity [153].

7. Chitosan future prospect

Despite extensive research on chitosan, the mechanism of action of chitosan in
regulating plant immunity and suppressing the pathogen has not been sufficiently
elucidated. It is thought that the mode of action of chitosan may be more complex
and involve a series of overlapping details that need to be further studied in the
future. Proteomics is one of the contemporary disciplines that has been success-
fully used to investigate the global variations in protein expression in biological
organisms under a variety of environmental conditions [154]. There are a lot of
proteomic studies that explain the chitosan mode of action in withstanding biotic
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and abiotic stresses in plants. The inhibitory effect of chitosan on P. expansum was
proteomic analyzed, and 26 proteins were identified and grouped according to
their potential biological roles [155]. A comprehensive proteomic study of chito-
san-responsive proteins explained the inhibitory mechanism of chitosan against

E. oxysporum f. sp. cucumerinum. This led to the identification of 62 expressed
proteins involved in the hindering of the Fusarium cell wall, disrupting DNA, and
disrupting structural and functional protein biosynthesis and explained how chito-
san influences metabolic pathways [31]. We wish plants and pathogens treated with
chitosan would receive abundant proteomic studies in order to make maximum use
of chitosan in sustainable agriculture.
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