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Abstract

Chitosan encourages the growth of plants, controls their metabolic processes and homeostasis, and
activates their defence mechanisms. On one side, it hinders the ability of pathogens by preventing their growth
and limiting their reproduction, so it will become a more common and ideal asset for agricultural sustainability.
Additionally, cesium (Cs) stimulated the SOS1 pathway and raised a number of gene transcripts related to
energy generation, phenol metabolism, proton motive force, salt compartmentalization, and other processes.
However, plants exposed to salt stress were treated with cesium nanoparticles (CsNPs) and modified CsBMs,
which boosted indole terpene alkaloid metabolism, defense-related genes, decreased ROS formation by
boosting jasmonic acid (JA) signalling, increased essential oil, anthocyanins, membrane stability, alkaloids, and
diterpene glycosides. This is the first review that specifically compares Cs/CsNPs/modified CsBMs treatment
options under salt stress and offers insights about the biological and biochemical parameters of the plants. It
also recommends using CsNPs and modified CsBMs rather than Cs for better plant function under salinity
stress.
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Introduction

Infection, predation, drought, floods, excessive salinity, subzero, high, or low temperatures, as well as
natural or synthetic hazardous substances, can all be stressful to plants if they last for an extended period of
time. We will concentrate on plant responses that adapt to resource pressures that cause osmotic inequalities,
such as part-day temperatures, temporary lack of rain, or changing sodium salinity, and set aside hazardous
conditions, such as overabundance of heavy metal ions or persistent lack of water in a genuine desert. Research
on environmental stressors has focused on the sensing and signalling of osmotic stress, which is converted into
biochemical responses, metabolic changes, and changed physiological states, reprogramming the phase of
development (Saini ¢z al., 2018). The understanding that stress signals are induced by a variety of channels and
that those channels are interconnected is pertinent to the subject of stress-mediated changes in metabolism
(Singh ez al., 2022). There are at least four routes in plants for signalling that are used to react to drought, salt,
and cold temperatures as shown in Figure 1. Signals of salinity and drought are reacted to via an ABA-
dependent pathway (Pastori and Foyer, 2002). Another bifurcation may be seen in a second signalling pathway
that is independent of abscisic acid and exhibits divergent responses of genes that are either impacted by cold,
salinity, and drought, or by salinity and drought alone (Munnik and Meijer, 2001). The focus of this article is
on the biochemical processes elicited by plant counterparts of common signal transduction pathways, similar,
for instance, to the yeast HOG (phosphorylation cascade)-pathway determining changes in carbohydrate
allocation and analogous to the yeast phosphorylation-relay in which the amino acid phosphatase calcineurin
plays an important role (Desai ez al., 2023 ), managing water and ion uptake and ion exclusion or export over
environmental stress (Rose, 2023).

Early research that took into account various biotic, abiotic, and anthropogenic influences addressed the
fundamental idea of physiological buildup of stress in plants (Li e al., 2023). As opposed to that, molecular
investigations into stress combinations in plants started around 20 years ago, with an emphasis on the
combination of heat and drought stress (Percival, 2023). There are competing demands on plant physiological
systems and metabolism as a result of this stressor combination has caused large production losses in agriculture
(Patel ez al., 2023). It may also be a great illustration of the conflicting pathways that are activated in plants
when several stresses are present. Stomatal regulation is a prime illustration of them. Stomata respond to heat
stress by opening, allowing plants to cool themselves through transpiration, whereas they close in reaction to
stress caused by drought, preventing water loss (Hassan ez al., 2022b). The openings of stomata on leaves remain
closed as a result of the interaction of drought and heat stress, and leaf temperature rises to potentially lethal
levels. While stomata on leaves close in response to the mixed impacts of heat stress and drought, stomata on
flowers keep open, allowing flowers to sustain evaporation and cool the reproductive tract (representing a new
acclimation strategy in plants known as “differential transpiration” (Javaid ez 4/, 2022). Many additional stress
combinations of two or at most three distinct stresses applied concurrently to plants were studied after the
original studies of drought and heat stress mixture (similar to the impact of multiple stresses on the Indian
River lagoon ecosystem in Florida (Zandalinas and Mittler, 2022). Additional research has also looked at the
impact of various stressors happening in succession on plants (in a manner akin to how storms followed by an
extended drought, followed by insect assault and fires, on European woods (Coolen ez 4/., 2019).

Abiotic stress on plants causes a variety of alterations to their physiology, molecular activity, and
developmental processes. These changes may increase stress sensitivity, resistance, or tolerance (Harb ez 4/,
2010). Under heat and drought extremes, detrimental consequences on plants have been recorded, including
disturbances in cellular homeostasis, obstructions to growth and development, decreased yield, and plant
mortality (Sharma ez 4/.,2019). Plants must react to and adapt to such pressures in order to live. However, they
are today faced with challenges that go beyond their ability to adjust to existing temperature and precipitation
changes brought on by climate change (physically, biochemically, and molecularly) (Rizwan ez 4/., 2019). This
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is partly because plants lack the resources and energy needed to adapt to such abiotic stress circumstances; for

instance, there isn't enough energy to produce stress response proteins like heat shock proteins (HSPs) or late

embryogenesis abundant (LEA) proteins (Mittler, 2006).
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Figure 1. Representation of abiotic stresses that effects the plant growth (Delezuk ez 4/., 2017)
Chitosan

A natural, biodegradable, less poisonous and biocompatible substance is chitosan. Chitosan has attracted
due to its high level of interest, physical qualities in a variety of commercial uses, including food, cosmetics,
biomedicine, agriculture, preservation of the environment, and wastewater management (Morin-Crini ez 4/.,

2019).
Properties and mechanism of action

Chitin and CHT, a derivative of it, have a reputation for having the ability to act as biocontrol agents
(Riseh ez al., 2022a). Chitin may be found in a wide range of invertebrates, including the outermost layers of
insects and the exoskeletons of crustaceans. It also makes up structural polysaccharides in fungi and flexible
fungal cell walls, as well as the cell walls of fungus, yeast, and algae. It accounts for roughly 16% of the organism's
dry weight (Synowiecki and Al-Khateeb, 2003). Chitin is N-deacetylated using a chemical or enzymatic process
to create CHT. Instead of referring to a single specific substance, the term “chitosan” designates a group of
commercially available polymer chains that are varied with respect to deacetylation level, molecular mass,
degree of polymerization, and acid dissociation constant (pKa value) (Peniche ez 4l., 2008). The level of

deacetylation and molecular weight, in particular, affect the physicochemical qualities (such as viscosity and
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solubility) and directly affect the substance's biological properties, including its impact on plants and pathogens
as shown in Figure 2 (Raafat and Sahl, 2009). Chitosan has a broad range of industrial uses because of its
biological (biodegradable, nontoxic, and biocompatible) and biochemical qualities (Islam ez 4/, 2017). A highly
basic polysaccharide, chitosan possesses special qualities such as the capacity to form films, interact with
polyanions, and chelate and remove metal ions. Furthermore, the qualities of CHT that particularly support
its prospective application as a bioactive material are that it is biodegradable, nontoxic, and non-allergenic. In
addition, CHT is easier to change without affecting its fundamental qualities than other biologic polymers
involving chitin, cellulose, gelatin, and glucans (Kumar ez al., 2004). As a result, by changing its physical and
chemical and biophysical characteristics, CHT has been widely employed for a variety of applications. A novel
strategy for crop security is to strengthen the defence systems of the plant against discases (Ab Rahman ez 4/,
2018). The initial description of CHT's impact on plant response was that it served as an elicitor, activating
plant defence systems and enhancing plants' resistance to pathogens including bacteria and fungus (Song ez 4/,
2021). Chitosan inhibits bacterial growth, possibly as a consequence of its sensitivity for cell surfaces. Recent
studies claim that CHT stimulates plant defence genes and fosters plant development and growth through the
octadecanoid pathway (Arif ez al, 2022). Based on the protective gene induction activity, CHT was
demonstrated to provide disease resistance in a variety of plants, with disease and plant cultivar specificity
(Malerba and Cerana, 2016). Chitin and CHT treatment causes plants to develop chitinase, which dissolves
the chitin and CHT chain into highly soluble types (Kumari and Kishor, 2020). According to Boonlertnirun
et al. (2007), In some cases, CHT stimulates the expression of a variety of genes associated in plant defence
responses, which in turn promotes the synthesis of secondary plant metabolites. Chitosan influences pathways
involving jasmonic acid. Jasmonate has several behaviours that are comparable to those of the plant hormone
Abscisic Acid (ABA), which is essential for controlling how much water plants utilize (de Ollas ez 4/,
2015). According to Jwa ef al. (2006), CHT increased the expression of the rice endosperm kinase (REK)
mRNA as a result of acting as a fungal elicitor. Jasmonic acid (JA), salicylic acid (SA), and hydrogen peroxide
all have an effect on REK, a crucial mediator of the plant self-defense/stress response. Utilizing CHT-based
compounds, a wide range of antibacterial and regulatory properties have recently been analyzed in plants. Lee
et al. (2003) discovered that Chitosan CHT reduced the size of the stomatal aperture and inhibited light-
induced stomatal opening by generating reactive oxygen species (ROS), such as super oxide and hydrogen
peroxide, which inhibit stomatal opening and promote stomatal closing. According to reports, CHT possesses
antifungal and antimicrobial properties (Martins ez al., 2014).

Introduction to chitosan as a potential mitigating agent for plant stress

Chitosan, a naturally existing biological molecule and the second-most common polysaccharide after
cellulose, is produced via the deacetylation of chitin. Its biocompatibility, biodegradability, nontoxicity, and
wide range of antibacterial action have made it a crucial area of research for drug delivery systems. As
nanotechnology has developed, chitosan-based nanoformulations have attracted a lot of interest in agricultural
sciences (Gao and Wu, 2022).

Chitosan has come out as the viable solutions to minimize these difficulties without damaging agro-
ecosystem and soil. Chitosan has demonstrated to have remarkable qualities such as broad range of antibacterial
capabilities, anti-inflammatory, biocompatibility with other compounds. Chitosan, which is the the second-
highest common polysaccharide after cellulose, is the deacetylated form of chitin. In marine species, chitin may
be found in the cell walls of fungi, insects, and crab shells (Elich-Ali-Komi and Hamblin, 2016). Chitin is
converted into chitosan by the alkaline deacetylation of the linear chain of D-glucosamine and N-acetyl-D-
glucosamine subunits, which are joined by glycosidic linkages. Chitosan possesses an amine group compared to
chitin, which makes it easier to generate functional derivatives and change the structure. Chitosan increases
plant growth and yield and triggers a variety of defence responses in plants (Pongprayoon ez al., 2022).
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Figure 2. An overview of chitosan-mediated plant growth regulation under stress conditions (Chakraborty
et al., 2020)

Because of its beneficial qualities, which include biodegradability, biocompatibility, non-toxicity, the
capacity to boost plant growth and productivity, and the ability to promote resistance against a range of biotic
and abiotic problems, chitosan utilization in agriculture is receiving interest on a global scale. Numerous studies
have shown that chitosan increases productivity and growth in a variety of crops, including rice , soybeans,
maize , potatoes, and tomatoes (Boamah ez 4/., 2023). The capacity may be related to enhanced physiological
processes, increased nutrition absorption, cell division, and protein synthesis (da Silva ez 4., 2011). Using
chitosan inhibits a wide range of bacterial, viral, fungal, and nematode infections. Examples of fungi that have
been greatly decreased by chitosan treatment include Alternaria, Rhizophus, Bortrytis, Fusarium, etc. (Al-Hetar
et al.,2011). Additionally, resistance to powdery mildew as well as antibacterial properties against many plant
pathogenic bacteria, including Xanthomonas spp. and Pseudomonas spp. and enhance tomato development
(Kagale ez al., 2004). Chitosan increased growth and productivity while conferring resistance to the tomato
mosaic virus in tomatoes (Abdelkhalek ¢z 4/, 2021). Numerous nematodes that cause plant disease, including
Meloidogyne species in tomato plants, can be effectively controlled by chitosan (Asif ez 4/., 2017). The primary
elements of the mechanism that results in immunity to insects, pests, and diseases are the production of
defensive biomolecules and the increased expression of defense-related genes (Khalil and Badawy, 2012).

Drought, salinity, temperature, and heavy metal toxicity are examples of abiotic stresses that have been
reported to be induced by chitosan and its byproducts (Hidangmayum ez al, 2019). They affect the
physiological aspects of the plant and the gene for the stress-protective metabolite. Additionally, they can
scavenge ROS, trigger defensive reactions, and eventually promote plant growth and development. As
nanotechnology has developed, chitosan biomolecule has shown to be a more trustworthy choice for creating
nanoparticles that are more effective and efficient than bulk chitosan. Additionally, chitosan nanoparticles
have significant promise for achieving the objective of sustainable agriculture as a polymer carrier for various
bioactive compounds that are useful to plants and methods for encapsulating metals (Risch ez /., 2022b).
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Chitosan NMs' essential physicochemical characteristics that contribute to their functionality

It is crucial to comprehend the fundamental physicochemical properties of chitosan NMs in order to
comprehend the cutting-edge functioning of these materials. One amino group (-NH2), two groups of
hydroxyl (-OH), and three carbon atoms at the C-2, C-3, and C-6 positions, respectively, make up a chitosan
polymer. Chitosan with high levels of elimination has few acetyl groups and no obvious bioactivity. Because of
the significant steric resistance, C3-OH is less active than the other -OH groups; nonetheless, C6-OH is the
most active due to its ease of rotation and low steric hindrance. The accessibility of -NH2 and C6-OH groups
on the chitosan biopolymer's strand is a consequence that renders it particularly bioactive (Wang ez al., 2020).
Chitosan has a net positive charge due to the -NH2 group, which enables it to come into contact with anionic
molecules which include cell wall phospholipids and functional and structural anionic proteins. By interacting
with cell receptors and accelerating metabolic processes, the -OH functional group functions as an electron
acceptor and speeds up signal transmission. However, by linkage linear chitosan biopolymer substrate into tiny
structures using tripolyphosphate, the chitosan polymer's functionality can be improved. Linear chitosan
fragments' cationic -NH2 groups are bound by anionic TPP, resulting in the formation of chitosan NMs. The
resulting chitosan NMs have greater surface area compared to volume ratio and more surface functional groups,
which increases their likelihood of interacting with plant cells. Due to advancements in synthesis approaches
and thorough characterization, the process of implementing chitosan NMs with the required properties has
become easier, leading to the synthesis of customised chitosan NMs (Azmana ez a/., 2021). Chitosan NMs may
be tailored by altering their physicochemical characteristics, such as their size, distribution of size, shape, and
charge on the surface, dispersity, porousness, and rheological factors like viscosity. The bioactivity in plants is
influenced by three key characteristics of chitosan NM, including its tiny particle size, dispersity, and surface
electrical charge (zeta potential). Size is crucial for greater contact with physiological surfaces and intra-tissue
penetrability. To guarantee product homogeneity, stability, and consistency of bioactivity, a reduced dispersity
index is needed. Zeta potentiai influences both surface contact with biomolecules and NMs' ability to enter
intracellular spaces. The physicochemicai characteristics of chitosan NMs may be altered by modifying the
quantity of the unprocessed product, in this case chitosan, and other physical elements involved in the synthesis
process, such as pH and temperature (Saharan ez 4/, 2016). Particularly for chitosan NMs, symmetric
nanoarchitecture develops, such as developing nano-fibrous, nano-spherical, or nano-porous. Therefore, they
ought to be able to penetrate the size-exclusion barriers that are present in the cuticle, trichome, stomata,
stigma, and hydathode, as well as through physical wounds and root connections, to enter plant tissues. These
barriers range from 1 to 1000 nm (Huang ez 4/., 2021). Numerous active ingredients (Als), such as nutrition,
may connect to the functional groups of chitosan NMs via a covalent bond or electrostatic interaction (He ez
al., 2022). Additionally, analysis of several chitosan NMs found extremely porous surface and interior layers
that can accommodate a number of Als (Kumaraswamy e# al., 2018). Based on the aforementioned key
characteristics, chitosan NMs have been mixed with a variety of organic and inorganic substances to create
chitosan nanoconjugates, which have been shown to improve plant growth and development (Prajapati ez 4/,
2022).

Derivatives of chitosan as biotic elicitors

The potential use of chitosan and its associated compounds in the elicitation process is linked to the
bioiogicai function of this substance, which primai’iiy includes its ability to activate natural piant defence
systems and enhance plant tolerance to stress (Ferri and Tassoni, 2011). This has been connected to various
physical and biochemical changes, including oxidative stress, H,O; buildup, production of supplemental
substances and development agents, as well as accumulation of lignin and callose as shown in Figure 3. Plant
responses to chitosan include modifications in chromatin structure, suppression of H*-ATPase activity in the
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cell membrane, stimulation of MAP kinases, and an increase in the cytosolic Ca** concentration (Hong ez 4l.,
2006). Plant responses to chitosan include modifications in chromatin structure, suppression of H+-ATPase
activity in the cell membrane, stimulation of MAP kinases, and an increase in the cytosolic Ca** concentration.
By supplying high-quality raw materials with increased levels of health-improving chemicals, it can benefit
consumers and assist address issues related to the lack of bioactive compounds produced by plants to meet
current needs (Yang ez al., 2021). The most often used chitosan salts, such as lactate or acetate, are a result of
this polymer's solubility, which dictates how effectively it stimulates reactions (Stasifiska-Jakubas and
Hawrylak-Nowak, 2022).

The usefulness of chitosan and its byproducts in the method of elicitation has been documented in a
large number of research articles. Studies on the Curcuma longa plant (Sathiyabama and Manikandan, 2018)
shown that the plants' defensive mechanisms were activated by the foliar application of a 0.1% chitosan
solution, which also had a positive effect on plant growth and the accumulation of curcumin in their rhizomes.
It was also demonstrated in a study on Stevia rebaudiana that chitosan solutions at concentrations of 0.1% and
0.2% had a stimulating effect. Chitosan treatment enhanced biomass, phenolic compound concentration, and
rebaudioside levels (Mehregan ez 4l., 2017). The usage of various chitosan oligosaccharide concentrations (50,
200, 500, or 1000 ppm) had a positive impact on plant development and the amount of polyphenolic chemicals,
according to a field experiment on Origanum vulgare ssp. hirtum.

Improved soil properties &
prevent nutrient leaching

Delivery of plant growt
promotors

Stimulation of immunity i \ e
plants and seeds A

Induce plant growth and Chelate heavy metals

development

Waste water treatment
Act as resistance
elicitor

Figure 3. The most important effects of chitin and its derivatives” applications (Shahrajabian ez 4/., 2021)

According to the research of Gerami ez /. (2021), it may be possible to increase S. rebaudiana's resistance
to salt and lessen the phytotoxic effects of salinity on these plants by using chitosan as an elicitor. Similar resules
were found in an experiment by Safikhan ez 4/. (2018), where chitosan increased the physiological parameters
of Silybum marianum and hastened development while reducing the harmful effects of salt stress.

Furthermore, chitosan applied to Salvia officinalis decreased the harmful effects of drought stress,
according to a study carried out under water-scarce settings. Additionally, it improved the amount and purity
of essential oils, the total amount of phenolic and flavonoid components, and the antioxidant qualities of sage
extracts (Ghorbanpour, 2015). Chitosan suspension and chitosan solutions in 1% acetic acid were shown to
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stimulate the synthesis of flavonoids in Ononis arvensis under in vitro condition. When chitosan solution in
acetic acid was used as an elicitor in Mentha piperita suspension cultures, the accumulation of menthol rose
considerably (Qiu ez 4/., 2021). Consequently, the greenhouse treatment of M. piperita with chitosan raised
the overall concentration of phenolic and flavonoid components and improved the antioxidant capacity of the
extracts (Salimgandomi and Shabrangi, 2016). Additionally, triterpenoid saponin synthesis was boosted by
chitosan in Psammosilene tunicoides hair root cultures. Ocimum basilicum, O. sanctum, and O. gratissimum,
three types of basil, were cultured in cell cultures, and it was discovered that the polymer had a positive impact
on biomass accumulation (Ahmad ef 4l., 2019). Other studies on O. basilicum shown that the elicitation of
chitosan was effective in stimulating biomass development, accelerating the production of total phenolic and
terpene elements, increasing the quantities of rosmarinic acid and eugenol, and improving antioxidant activity.
The foliar application of chitosan lactate increased the levels of rosmarinic acid, anthocyanins, and phenolic
substances in plant material from O. basilicum and M. officinalis (Stasiriska-Jakubas ez al., 2023).

Drought stress

Reduced growth and yields are the result of drought's impact on a variety of morpho-physiological,
biochemical, and molecular elements of plant development. Stress brought on by drought impairs chloroplast
function, lowers chlorophyll concentration, and increases activity of enzymes involved in the photosynthesis
process. Due to the stomata closing, it disrupts CO, uptake, which reduces photosynthesis and plant
development (Sukhova ez 4/, 2022). Chitosan, on the other hand, causes stomatal closure and does so via an
ABA-dependent route. Although the exact mechanism underlying chitosan-induced closure of stomatal pores
is unknown, ABA activity has been shown to support stomatal closure and reduce transpiration (Khan ez 4.,
2023). Bean leaves treated with chitosan have been demonstrated to stimulate ABA activity, which causes
stomatal closure (Iriti ef 4/., 2009). Similar to this, pepper's foliar application of chitosan has antitranspirant
properties and decreases water usage by 26-43% through stomatal closure (Farouk and Amany, 2012). Similar
antitranspirant properties were discovered in barley (Hordeum vulgare) and bean (Phaseolus vulgaris L.)
(Hidangmayum ez al, 2019). Chitosan pretreatment increased the production of stress-protective
phytochemicals in white clover, which reduced drought stress (Li ¢z al., 2017). Drought stress was reduced in
Thymus daenensis with foliar application of chitosan without affecting the plant's ability to produce essential
oils or its dry matter content (Emami Bistgani e al., 2017). Excessive accumulation of proline in plants is a sign
ofan adaptive response to stress, which lowers the leaf water potential and reduces water loss. Numerous studies
have noted that chitosan increased the level of proline content. For instance, in safflower and the thyme plant
(ESPOSITO, 2020). Proline levels, however, are said to have little effect on castor bean (Ricinus communis)
(Saraet al.,2012). Similar outcomes were discovered in oligo-chitosan-treated blackberry plants, where neither
the treated nor control plants showed any appreciable levels of proline (Yeboah ez 4., 2020). Increased proline
accumulation suggested plant stress, although a steady level might also mean that the plant had adapted to the
stress (Rasheed er al., 2022). As a resuls, it is believed that various plant species have distinct methods for
treating chitosan. Chitosan stimulates a number of antioxidant enzymes and aids in the development of plants.
This was demonstrated in seeds of apple, where chitosan treatment boosted SOD, CAT, and MDA activity,
lowering lipid peroxidation and mitigating the effects of drought stress (Altaf ez a/., 2022). Black poplars, sugar
beets, and peas all have more soluble sugar content as a result of chitosan (Rkhaila ez 4/, 2021). These sugars,
including glucose and fructose, can modify the stress response, enhance drought mitigation strategies, and
foster growth and development through signal transduction. A number of stress-related genes involved to
glucose transport and metabolism were also elevated in white clover after chitosan treatment, which may assist
to mitigate the consequences of drought stress (Elansary ez 4/, 2020). Additionally, it was noted that chitosan
treatment increased the amount of chlorophyll and photosynthetic activity (Varamin er al, 2020).
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Additionally, it was shown that adding chitosan to apple explants cultured on agar medium at a dosage of 40
mg/L reduced the negative effects of salt stress (Regni ez al., 2022). Treatment of maize, soybeans, and beans
with chitin oligosaccharides has also been reported to boost photosynthetic levels (Li ez a/., 2020a).

Relative water content (RWC), vegetative development, and yield all increased when chitosan
nanoparticles were applied to barley plants in soil and epidermal forms at doses of 60 and 90 ppm to mitigate
the deleterious effects of late-season drought stress (Verma ez al., 2022). By lowering stomatal conductance and
transpiration, the foliar application of nanochitosan improved the water status of plants in pearl millet that was
under salt stress (Attaran Dowom ez al., 2022). Increased proline buildup and antioxidative activity in
periwinkle (Cartharanthus roseus) following foliar treatment with chitosan nanoparticles helped to reduce
drought stress. Additionally, it is said to boost alkaloid quantity and activate a gene that produces defence
enzymes (Tangez al., 2022). Sugarcane plants treated with S-nitrosoglutathione, a NO donor, and encapsulated
in chitosan nanoparticles have demonstrated to lessen the deleterious effects of drought stress, as seen by
increased root biomass and higher rates of photosynthesis than those treated with free S-nitrosoglutathione
alone (Silveira ez 4., 2021). In addition, a study on wheat plants subjected to a water shortage scenario and
subsequently given soil and foliar treatments with chitosan nanoparticles at 90 ppm revealed improved
physiological and biochemical traits in the plants (Dolatkhah Dashtmian e al., 2023).

Chitosan (CTs) is one of these growth promoters. It is a biopolymer that is not poisonous, nitrogenous,
and biodegradable, made by the shells of chitin of aquatic crustaceans like lobsters, crabs, prawns, and other
creatures like insects. Chitosan can increase plant development by reducing the effects of environmental
challenges including salt and drought when used in plant cultivation (Limpanavech ez al., 2008). In contrast to
other biopolymers, it can also be easily manipulated without altering its basic qualities. Therefore, by altering
CTs' physicochemical and biophysical characteristics, they have been widely exploited for a variety of
applications. Recently, drugs based on CTs have demonstrated a variety of antibacterial and regulatory
properties in plants (Singh Dhillon ez al., 2013).

One method to boost yield per unit area and improve product quality is to use growth stimulants that
have an impact on plant growth and development (Giglou ez 4., 2022). Growth stimulants are used to speed
up plant development, particularly of the roots and leaves, and to boost stress tolerance. Plant growth
promoters increase seed germination and biological activity in crops (Nardi ez a/., 2021).

The interplay of stress from water and growth stimulation therapy on Kitoplas' physiological and
morphological features had a considerable impact, as demonstrated by Torabi Giglou ez /. (2020). The same
authors demonstrated that plants treated with 10 ppm of Kitoplus® had the greatest concentration and
proportion of essential oils. Chitosan, a component in the growth stimulant Kitoplus®, has been employed in
the current investigation to minimize the effects of drought stress (Giglou ez 4/., 2022).

The current study also sought to determine how Fe-CTS NPs can alleviate the detrimental impacts of
drought stress on peppermint. Despite the fact that many nanomaterials have been used in agriculture, the
usage of iron oxide nanoparticles with chitosan coating is a novel method of giving plants the nutrients they
require (Kashyap e al.,2015). There has to be more study on the use of Fe-CTS NPs in medicinal and aromatic
plants because there haven't been many studies done in this area. Due to the economic significance, growing
demand, and widespread use of mint in many industries, as well as the knowledge gap regarding the effects of
NPs in this herb under drought, the role of nanomaterials (Fe-CTsNPs) and plant growth stimulants was
evaluated in this study with a view to mitigating the crucial impacts of drought stress (Giglou ez al., 2022).

Salinity stress

Salinity has a big influence on how plants grow all around the planet. The expected high salinity rate for
all agricultural land throughout the world is over 20% (Paul and Nair, 2008). Salinity affects arable land
covering 800 million hectares, or about 6% of the total land surface, which has a detrimental impact on crop
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growth and development (Selvakumar ez 4/, 2014). Salinity inhibits nutrient and water absorption across the
whole plant system on a physiological and biochemical level (Nawaz ez al., 2022). Oxidative stress is caused by
the accumulation of reactive oxygen species (ROS), which disrupts cellular function and is modulated by salt
stress. Numerous investigations have shown that MDA buildup brought on by salt led to cellular membrane
lipid peroxidation. However, there are important data showing that chitosan and its byproducts control and
reduce stress brought on by salt (Hassan ez al., 2021).

The osmotic stress brought on by salinity stress in safflower (Carthamaus tinctorius) and sunflower
(Helianthus annus L.) plants was able to be reduced by modest concentrations of chitosan (Mahdavi e 4L,
2011). Furthermore, wheat, legumes such as chic lentils, isagbol, ajowan, sunflower, fenugreek, and corn have
shown signs of chitosan and oligo-chitosan treatment lowering salt stress (Hidangmayum and Dwivedi, 2022).
Previously, chitosan's ability to cause abiotic stress in many crops has been succinctly examined as shown in
Table 1. These crops may respond better to nanochitosan because they have a bigger surface area as a result of
their tiny particle size, increased adsorption capacity, nontoxicity, and ability to effectively encapsulate other
compounds. When seeds are treated with chitosan nanoparticles at concentrations of 0.1%, 0.2%, and 0.3% at
asalt concentration of 100 mM, research on salt-sensitive bean plants demonstrates increased seed germination
(Zayed et al., 2017). Nitric oxide in the chitosan domain has been shown to be more efficient than free donor
NO at decreasing salt stress in maize. Additionally, they observed enhanced levels of PSII and chlorophyll in all
treated plants, as well as better S-nitrosothiol concentration in the leaf and increased NO bioavailability in the
plant (Mahmood e al., 2022). Solid matrix pumping with nanochitosan improved plant development, the
amount of chlorophyll, and protein levels in mungbean seedlings while reducing the negative effects of salt
(Balusamy ez 4/., 2022). When tomato plants were exposed to salt stress followed by treatment with chitosan-
polyvinyl ethanol hydrogels with or without copper nanoparticles, it was shown that the expression of genes
for jasmonic acid (JA) and superoxide dismutase (SOD), which are crucial for detoxification, increased
(Hidangmayum and Dwivedi, 2022).

As a result, CsBMs are often employed in a variety of biomedical applications. It has been reported that
they may be produced via the reverse micellar method, emulsion droplet coalescence, ionic gelation, rainfall,
screening, and spray drying (Balusamy ez 4/., 2022). However, the chitosan nanoparticles (CsNPs) utilized in
the salt stress tolerance research were made using ionotropic gelatin (Mendes ez 4/., 2016). The capacity of Cs
to encapsulate a variety of molecules, make nanoparticles in an extensive variety of sizes, encapsulate
pharmaceuticals with medium to high effectiveness, and produce stable nanoparticles demonstrates the
method's adaptability for usage in the biomedical area (Ahmed and Aljacid, 2016).

Heavy metal stress

There are several publications on the usage of bulk chitosan, despite the paucity of studies on the
utilization of chitosan nanoparticles giving resistance against heat and heavy metal stressors (Zafar ez a/., 2023).
Maize seeds primed with chitosan nanoparticles at 15 °C were demonstrated to increase seedling characteristics
with a shorter mean germination time (Boamah ez 4/.,2023). Similar outcomes were recently seen in ball pepper
(Capsicum annum L.) treated with chitosan, which had improved germination characteristics at low
temperatures as well as higher activity of the stress-defending enzymes glucanase and chitinase. Wheat exposed
to oligo-chitosan at various degrees of polymerization was protected from chilling stress (Moenne and
Gonzélez, 2021). Similarly, oligo-chitosan protected tea plants from cold stress by activating genes involved in
photosynthesis, carbon metabolism, and antioxidants (Ji e# 4/., 2022). Use of chitosan with different molecular
weights 5 kDa and 1 kDa in edible rapeseed grown hydroponically led to protection from cadmium toxicity
(Zong et al., 2017). Additionally, applying large amounts of chitosan and zinc to late-sown Phaseolus vulgaris
L. dry bean plants minimized the harmful effects of heat stress (Hassan ez /., 2022a). Due to the presence of

both amino and hydroxyl groups, chitosan has shown to successfully form compounds with metal ions Pb(II),
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Cu(II), and Ag(I) in soil as well as other mineral ions including Cl, K*, and NOj that are advantageous for
phytoremediation and biological fortification programmes (Hidangmayum and Dwivedi, 2022). This
circumstance may benefit from the use of bulk chitosan or chitosan nanomaterials, either by themselves or in
combination with other potent substances known to activate defense enzymes or lessen heavy metal stress or
toxicity. Additionally, chitosan nanoparticles may be more important than bulk form in terms of the
adsorption, dissolution, movement, and bioactivity of the contained active components with controlled release
mechanisms (Maluin and Hussein, 2020).

Tcmpcraturc stress

Given the swift change in the environment worldwide and growth in the usage of synthetic chemicals,
extreme temperatures and metal-contaminated soil are having an impact on the world's agricultural situation
and the production of food.

Hot stress

Due to the fact that heat stress frequently coexists with severe drought and is challenging to assess, heat
stress is frequently seen as a complex problem (McKersie and Lesheim, 2013). According to reports, late-sown
plants may withstand heat stress when chitosan, zinc, and humic acid are sprayed foliarly on them (Ibrahim
and Ramadan, 2015) There is a paucity of published data on the use of chitosan under heat stress. Nevertheless,
other data indicate that ABA may activate genes linked to heat shock. Choi ez /. (2016) suggest that heat stress
tolerance may be mitigated by ABF3 (abscisic acid responsive-clement-binding factor 3) overexpression Thus,
by promoting ABA activity—which is connected to the earlier study on closing stomatal pores (Bittelli ez 4/,
2001) and further activating defense-related ABA-responsive genes, the application of chitosan might
potentially mitigate the negative effects of high temperatures.

Cold stress

It has been established that one of the most significant abiotic factors that lower agricultural crop
productivity by affecting the condition of crops and post-harvest life is cold stress. Cold has been discovered to
significantly hinder the reproductive development of many agricultural plant species, with rice demonstrating
sterility when subjected to cold temperatures during anthesis as one example (Thakur et al., 2010). Since plants
are sessile by nature, they have developed special mechanisms to deal with changes in environment temperature
(Imran e al., 2021). Plants are subjected to cold and freezing temperatures in temperate climates, which are
particularly detrimental to plants as a kind of stress. Through a process known as acclimatization, plants
develop chilling and freezing resistance against such deadly cold shocks in order to adapt (Guy, 1990). Many
significant crops, however, are still unable to adapt to the cold.
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Table 1. Effect of chitosan to mitigate abiotic stress in various crops

Plant

Stress

Application
method

Chitosan s effect

References

Tomato

Salinity

Spray method

Enhanced
morphological
characteristics,
photosynthetic

pigments, electrolytes,
total phenol, and
antioxidative
properties

(Eleaweil et al.,
2021)

Wheat

Heavy metal

Seed priming

Minimize
concentration up to
0.25% ameliorated
the damage found due
to Al antioxidant
activity

(Yuetal.,2018)

Soya bean

Heavy metal

Foliar application

Lower nickel
absorption and lessen
nickel toxicity via
increasing
physiological traits,
proline, and
antioxidant enzymes

(Sadeghipour, 2021)

Barley

Drought

Soil treatment

Boosted morpho-
physiological
characteristics and
antioxidant activity
when combined with
biochar, reducing
drought stress

(Guo et al., 2021)

Potato

Drought

Oligo-chitosan
spray

Plant growth traits
increased, alleviate
drought stress

(Muley ez 4l., 2019)

Safflower

Salinity

Media supplement

Increased formation
of secondary
metabolites.

Minimize salt stress

(OZKURT and
BEKTAS, 2022)

Maize

Salinity

Soil application

Increased growth
traits, antioxidant
activity, combat salt
stress

(Sathiyabama and
Parthasarathy, 2016)

Tea

Cold

Exogenous
application

Increased antioxidant
activity,
photosynthesis, and
carbon processes, as
well as the activation
of genes involved in
stress signalling, all
reduced cold stress

(Liang ez al., 2017)

Chrysanthemum

Drought

Foliar spray

enhanced
morphophysiological

traits, antioxidant

(M Younis ez 4l.,
2019)

12




Arshad T ez al. (2024). Not Bot Horti Agrobo 52(3):13538

capacity, and stress-
associated gene
expression led to
better resistance to
drought stress.
improved morpho-

physiological
characteristics,
Marjoram Drought Foliar treatment activity of (Al-Ghamdi, 2019)
antioxidants, and oil
composition-related
gene expression

Overall growth and
Milk chisele Droush Foliar method phytochemicals traits (Shokraei et al.,
& improved, increase in 2021)
flavonoids

Biotic stresses

A range of biotic stresses, such as those brought on by nematodes, insects, fungus, viruses, and bacteria,
are imposed on plants (Gull ez 4/, 2019). These biotic stressors reduce agricultural productivity by causing a
range of illnesses, and harm to crop plants. Therefore, the use of research approaches, many methods for
mitigating biotic stresses have been developed. By researching the genetic mechanisms of the agents producing
these stressors, biotic stresses in plants can be mitigated (Meena ez al., 2017). By creating resistant kinds of
agricultural plants, genetically modified plants have demonstrated to be a significant effort against biotic
stressors in plants as shown in Table 2. All parts of the plant can be consumed by plant-parasitic nematodes,
although they mostly harm the root system and spread disease through the soil. They produce stunting and
wilting, which are symptoms of inadequate nutrition. Despite the fact that they seldom kill their hosts, viruses
can harm plants both locally and systemically, producing stunting, chlorosis, and malformations in many
different parts of the plant (Kumar, 2023). When insects cat or place their eggs on plants, it harms the plants.
Through their stylets, piercing-sucking insects can spread viruses to plants. Fungus parasites come in two
different varieties: biotrophs, which do not employ toxins to destroy host cells, and nectrotrophs, which do.
When coupled with bacteria, they can infect various parts of the plant and cause symptoms such vascular wilts,
leaf spots, and cankers (Cordon ez al., 2022) .

Plants produce ROS as a result of biotic stressors brought on by insects or pathogens, for which they
have honed defence and management systems. The excessive accumulation of ROS as a defence against insects
or pathogens becomes hazardous to plants if it reaches baseline levels. Plants engage a highly specialized and
strict scavenging mechanism for the elimination of excess ROS and maintenance of baseline levels to prevent
this self-toxicity (Huang ez a/., 2019). Effective ROS regulation is essential for plants' capacity to reduce stress,

and it plays a critical role in whether or not plants can withstand biotic stress (Berrios and Rentsch, 2022).
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Table 2. Chitosan’s effect to mitigate biotic stresses in different plants

Features of the protective
Plant Species molecules and Protective effect Reference
administration tcchniquc

Being resistant to

Phytophthora capsici (Motahharifar et al., 2020)

Bell pepper 1% chitosan, spray method

accumulation of phenolic

0.005,0.01, 0.015%

Lemon balm . .
chitosan, shoot spraying

chemicals and enzymes (Tarassoli ez 4l., 2021)
linked to defence

0.1% chitosan .
strengthening of natural

Date palm nanoparticles, seedling . . (Hassani et al., 2020)
L immunity
irrigation
0.001, 0.01, 0.1% chitosan A lati ¢
ccumulation of enzymes
Tomato microparticles, exogenous ] ) Y (Sucharitha ez al., 2018)
R involved in defence
application
0 : _
) 0.001% cbltosan {-\g Defeat of the psendomonas .
Stone fruit trees nanoparticles, foliar ‘ (Shahryari ez 4l., 2020)
application ringe

0.2% chitosan; 0.05% nano | Ability to resist Pegomya

Garden beet (Muzzarelli et al., 2012)

chitosan, foliar spraying hyoscyami
P
Potato 04 @ chltosa'n, tuber Resistance to Fusarium spp. (Elshamy et al., 2019)
immersion
0.3% chi Tolerance
. . 3% c. frosan . . . (Van Toan and Hanh,
Rice oligosaccharide, seedlings against Fusarium 2013)
spraying oxysporum
0.05% chitin . .
(@) Candid
Orange oligosaccharide, leaf p'13051.t10n o .an' 1aa (Zhai et al., 2018)
o . Liberibacter asiaticus
infiltration

Mechanisms of chitosan action in alleviating plant stress

Mechanism of action of chitosan

The mechanism of chitosan in plants is currently poorly understood. But according to various accounts,
chitosan prompted the plants to establish a number of defensive systems (Hidangmayum ez 4/, 2019). Chitin-
specific receptors, which are known to set off defensive responses, are present in plant cell membranes. Because
they mimic chemicals present in chitin-containing species, plants activate their defence systems in response to
chitin-based therapies (Iriti and Faoro, 2009). Chitin elicitor binding proteins (CEBiP) have been found in a
number of crops. These result in defensive responses that interact with chromatin and/or may bind to specific
receptors, directly changing the different gene expression profile that is sensitive to chitosan. There is evidence
that mustard (Brassica campestris) leaf extracts include a lectin family member that binds to chitosan. The
plasma membrane H+-ATPase was also quickly activated in tests on isolated vesicles from Mimosa pudica and
Cassia fasciculate, showing the presence of chitosan receptor molecules (Amborabé ez al., 2008). Furthermore,
lysin motif receptor-like kinase, chitin elicitor receptor kinase 1 (CERK1), which may bind to both chitin and
chitosan, and the MAP kinase pathway gene may all be activated by chitosan. This was carried out in an
experiment with mutant knockout strains of A. thaliana. However, it has been found that chitosan signalling
in A. thaliana seedlings does not need CERKI1 and is detected through a CERKI-independent pathway
(Povero et al., 2011). Due to this, chitosan binding receptors are still thought to be “a Pathogen-Associated
Molecular Pattern (PAMP) in search of a Pattern Recognition Receptor (PRR)” because their existence is
unknown.
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In most plant species, chitosan and its byproducts display a range of eliciting chemicals (Pichyangkura
and Chadchawan, 2015). Plants responded to biotic stress by producing phytoalexin, pathogenesis-related
proteins including chitinase and -glucanase, proteinase inhibiting agents, callose formation, lignin biosynthesis,
and the stimulation of stress-responsive genes, among other defence mechanisms. However, it has been found
that chitosan and its oligomers cause these defense-related molecules to increase, allowing for the use of
chitosan and its byproducts as effective antimicrobial agents and stimulants for plant protection (Katiyar ez al.,
2014). Chitosan treatment has been shown to induce chitinase and glucanase enzymes in a number of crops,
including tomato, peach and dragon fruit. However, in Oryza sativa seedlings, variable molecular mass of
chitosan exhibits various levels of pathogenesis-related protein, indicating chitosan has diverse functions
depending on its forms. Chitinase and glucanase are substances linked to pathogen resistance (Yeh ez al., 2010).
Additionally, chitosan with a low molecular weight (5 kDa) was able to stimulate the production of chitinase,
-glucanase, lipoxygenase, phytoalexin, and other pathogenesis-related chemicals. Additionally, it was shown
that changes in the content of sterol had a negative impact on insect resistance. It has been noted that seedlings'
chitinase activity increases by 30-50% after being exposed to depolymerized chitosan and its fatty acids
(Choudhary ez 4., 2007).

Induced systemic resistance (ISR) and enhanced disease resistance

Both types of induced resistance, which may be broadly categorized as systemic acquired resistance
(SAR) and ISR, call for preconditioning before the infection that eventually leads in resistance to a pathogen's.
The plant gains improved defensive capability as a result of the induced resistance once it has been activated as
shown in Figure 4. The well-known PGPR process includes the competition for niche and substrate, mineral
dissolution, production of inhibited allelochemicals, and ISR against a variety of pathogens (Das ez 4/., 2019).
ISR mediated by non-pathogenic rhizobacteria is comparable to pathogen-induced SAR in that both share the
non-expresser of pathogenesis-related gene 1 (NPR1) signalling receptor, which eventually offers a wide range
of resistance to plant diseases. In both ISR and SAR, growth regulators for plants that include salicylic acid
(SA), jasmonic acid (JA), and ethylene (ET) are crucial. Numerous elements relevant for the ISR response have
been identified through experimental research. To defend Solanum lycopersicum plants from Fusarium
oxysporum and Pseudomonas corrugata, which cause Fusarium wilt and pith necrosis, respectively, the
nonpathogenic Pseudomonas putida strain LSW17S produces systemic immunity (Hyung ez al., 2016). ISR
provides a system for naturally fostering resistance to plant diseases. Lipopolysaccharides, siderophores, and
developmental regulators have all been identified as ISR determinants. For instance, it has been observed that
the lipopeptides of Bacillus amylolequifaciens and plant-growth-promoting rhizobacteria promote systemic
immunity in plants and aid in the control of thizomania brought on by the sugar beet necrotic yellow vein virus.
Lipopeptides from the Bacillus amylolequifaciens bacteria offer defence against the viral vector Polymeyxa betae.
It has been demonstrated that lipopeptides may successfully activate ISR in sugar beet's roots and leaves. Plant
resistance is induced by lipopeptides such Bacillus elicitors fengycin and surfactin. When pepper plants were
exposed to B. pumilus strain S2-3-2, pathogenesis-related (PR) protein genes such CaPRI, CaPR4, and
CaPR10 were shown to be upregulated. Application of the Bacillus pumilus strain S2-3-2 resulted in the
formation of indole-3-acetic acid (IAA), which facilitated the development of the tobacco plant (Li et 4/,
2020b).
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Figure 4. Regulation and mechanism of signaling pathways to mitigate stresses (Chakraborty et al., 2020)

Activation of defense-related genes and signaling pathways

Calcium-mediated disease resistance pathway

Ca’* serves as the primary mediator of plants' immunological and stress responses and is a conserved
second messenger. Apparently encoding a Ca**-permeable channel is NRG1.1, a plant nucleotide-binding
leucine-rich repeat receptor role in ETI, according to a recent study. As a pervasive signal molecule, Ca**
governs a variety of cellular metabolic activities, such as the control of the oxidative burst, the expression of
genes, and signal transmission, as well as several crucial stages of the apoptotic cycle. It is essential for the control
of several stress genes that contribute to plant tolerance (Rivero ez a/., 2022). In plant cells, Ca2+ is distributed
in a very uneven manner. Transmembrane Ca** transport or Ca chelate modulation can both lead to changes
in the cellular free Ca** level (Vercesi et 4l., 2018). For plants to mount an immune response in response to
Ca’*"dependent PAMPs, the Ca’* concentration is essential. The imprinted cyclic nucleotide-gated valve is a
crucial factor in Ca®* signalling and PTT responses brought on by PAMPs and ROS when the external Ca™
concentration is high enough. The inhibitory kinase Botrytis-induced kinase 1 of the pattern-recognition
receptor complex phosphorylates and activates the channel upon pathogen invasion, causing an excess quantity
in the intracellular Ca** level (Wu et 4l., 2014). Stomatal closure often happens when a plant experiences stress
brought on by a disease. During immunological signal transduction, the Ca** osmotic channel OSCAL1.3 of the
plant Arabidopsis thaliana and its activation by Botrytis-induced kinase 1 can regulate closing of stomata. Ca**
participation in early apoptosis is crucial, and Ca** signals are also implicated in the control of biotic/abiotic
stress-induced PCD in plants (Ding ez a/., 2022).

ROS-mediated disease resistance signaling pathway

Plants create ROS quickly and temporarily in response to biotic or abiotic stresses, which causes the
cellular ROS content to be much greater than usual. This is the 'oxidative explosion' that is commonly
referenced (Gechev ez al., 2006). In addition, pathogenic fungus and the plants they infect can cause ROS to
be produced by plants and enhance cell death by the use of glucan, galactosaldehyde, peptides, and SA. There
are five different kinds of ROS, with H,O; being the most medically significant since it is a very stable variety
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and may spread into intracellular spaces (Kim ez /., 2015). The NADPH oxidase in plants, the principal ROS
producer during innate immunity is RBOHD, and NADPH oxidase activity is probably what causes the ROS
oxidative burst. To guarantee the entire elicitor-induced ROS burst, the C-terminal of RBOHD is controlled
by the phosphorylation and ubiquitination of different kinases (Bardo ez 4/, 2021). A phosphorylation site
mutation compromises a plant’s ability to fight against pathogen invasion. However, it is still unknown how
pathogens respond to ROS stress and how the ROS amount is precisely controlled to prevent cell damage
caused by excessive ROS generation.

In stressful situations, ROS performs two different roles (Das and Roychoudhury, 2014). Moreover,
because of their potent oxidative capabilities, ROS may harm cells, impair regular physiological processes, and
even cause death by interfering with an organism's normal metabolism and degrading macromolecules
(Hancock ez al.,2001). For instance, ROS exhibit direct toxicity towards invasive infections and can be utilised
as antibacterial agents. Additionally, ROS help the cell wall generate lignin, cross-link proteins with the cell
wall, and reinforce the cell wall, all of which increase the host's structural resistance to disease (Santiago ez 4/.,

2013).

Conclusions

Our data suggests that an alternate bactericide to prevent plant infections may be made using chitosan
and COS. Despite the intriguing buildup of theoretical and practical evidence in recent years, more study is
needed to completely comprehend the mechanisms governing the way of action of these drugs. Future research
should focus on elucidating the molecular specifics of the underlying mechanisms and their significance to the
antibacterial capabilities of chitosan in this specific instance of the antibiotic mechanism of action. The
engagement and collaboration of businesses, government regulatory agencies, and research institutes will be
essential for the bactericidal mechanism to be effective when applied widely. Therefore, additional research
should concentrate on identifying their molecular details, which may reveal the unexplained biochemical
activities. To solve these crucial and related issues, new fertilizers must be created that provide nutrients to
plants and promote plant metabolism to withstand environmental challenges. Numerous proteomic studies
describe the mechanism through which chitosan helps plants endure biotic and abiotic stressors. After a
proteomic analysis of chitosan's inhibitory impact on P. expansum, 26 proteins were found and categorized
according to their putative biological functions. The suppressive strategy of chitosan against F. oxysporum f. sp.
cucumerinum was explained by a thorough proteome analysis of chitosan-responsive proteins. In order to
understand how chitosan affects metabolic pathways, this led to the discovery of 62 expressed proteins that are
involved in the obstruction of the Fusarium cell wall, disruption of DNA, and disruption of both functional
and structural protein biosynthesis (Zhang ¢ /., 2020). In order to utilize chitosan as effectively as possible in
sustainable agriculture, we desire that plants and pathogens treated with chitosan would undergo a lot more
proteome investigations.

Natural biopolymers such as chitin, chitosan, and chitosan oligosaccharides have a wide range of
functions in plants. These substances have so far been successfully used in practical applications to protect
horticulture plants against diseases, and on plant productivity and growth, especially under environmental
constraints which highlight its promising roles for crop cultivation under drought conditions in arid and semi-
arid regions. Regarding drought, chitosan causes a variety of advantageous reactions in plants, including
antitranspirant, activation of the ROS scavenging system, better stomatal conductivity, improved root growth,
and improved plant development in general. It is safe for the environment and non-toxic, which will be very
useful when using sustainable agriculture methods. The variability of preparation, which can significantly alter
the physical characteristics of chitosan, is nevertheless unavoidable. Despite the work that has been done thus
far, the exact mechanism by which chitosan acts inside the system of plants is not fully known. To improve the
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use of chitosan in the control of abiotic stress, more transcriptome and proteomic investigations of genes and
proteins sensitive to abiotic stress are thus required.
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