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Abstract Chitosan is a natural biopolymer modified from
chitins which act as a potential biostimulant and elicitor in
agriculture. It is non-toxic, biodegradable and biocompat-
ible which favors potentially broad application. It enhances
the physiological response and mitigates the adverse effect
of abiotic stresses through stress transduction pathway via
secondary messenger(s). Chitosan treatment stimulates
photosynthetic rate, stomatal closure through ABA syn-
thesis; enhances antioxidant enzymes via nitric oxide and
hydrogen peroxide signaling pathways, and induces pro-
duction of organic acids, sugars, amino acids and other
metabolites which are required for the osmotic adjustment,
stress signaling, and energy metabolism under stresses. It is
also known to form complexes with heavy metals and used
as tool for phytoremediation and bioremediation of soil.
Besides, this is used as antitranspirant compound through
foliar application in many plants thus reducing water use
and ensures protection from other negative effects. Based
on such beneficial properties, chitosan is utilized in sus-
tainable agricultural practices owing to changing climates.
Our review gathers the recent information on chitosan
centered upon the abiotic stress responses which could be
useful in future crop improvement programs.
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Introduction

Chitosan is obtained from chitin which is considered as the
second most abundant naturally occurring polysaccharides
next to cellulose found in the planet (Rinaudo 2006). Chitin
and cellulose feature prominent biochemical similarities
found in the plant cell walls which include linear
polysaccharide chain and are neutrally charged (Kurita
2006). However, unlike cellulose, chitin provides
mechanical, physical and structural stability. Structurally,
chitin is composed of repeating unit of saccharide mono-
mer of N-acetylglucosamine while cellulose consists of a
linear chain of several hundred to thousands of B linked p-
glucose units. After deacetylation of chitin, chitosan is
obtained which is composed of a linear polymer consisting
of two sub-units, D-glucosamine and N-acetyl-D-glu-
cosamine linked together by glycosidic bonds. The pres-
ence of this amine group facilitates structural modifications
and synthesis of functional derivatives (Shamov et al.
2002). Chitin is basically present in arthropods exoskeleton
materials such as crab, shrimp and some fungi. Commer-
cially, chitosan is prepared by demineralization of chitin
using acids followed by a deproteinization with a base
(Kaya et al. 2015). The prospect for bringing values of
these marine wastes has motivated research worldwide to
find the use of chitin and its derivative, chitosan. Now,
chitosan and its oligosaccharides have gained wide pro-
spects in agricultural application, biomedicine and
biotechnology due to their biocompatibility, biodegrad-
ability and bioactivity (Katiyar et al. 2014).

In plants, chitosan elicits numerous defense responses
related to biotic and abiotic stresses. With the change in
climatic conditions and increased food demand which
result in an unsustainable use of synthetic chemicals, chi-
tosan application as an elicitor has a wide prospect that
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would address the issues concerning stress adaptation due
to abiotic and biotic stresses. Chitosan application was first
studied by Allan and Hadwiger (1979). They demonstrated
the effects on fungi of different cell wall compositions.
Their antifungal, anti-bactericidal and anti-virucidal prop-
erties against invading pathogen and strengthening plant
immune system sparked scientists to offer a varied way of
application in the agricultural system. Several studies of
chitosan inducing resistance mechanism under biotic stress
have been extensively reviewed elsewhere (Katiyar et al.
2014; Pichyangkura and Chadchawan 2015; Sharif et al.
2018). Chitosan and its oligomers have been used in the
plants to confer resistance against abiotic stresses such as
water deficit, salinity, heat stress and heavy metal toxicity
(Malerba and Cerana 2015). Their capacity to scavenge
ROS system and ultimately improved performance under
stress has attracted researchers to offer a more varied
application and continue to explore this novel biopolymer.

In drought or dehydration stress, chitosan treatment
alleviates the adverse effect caused by water stress by
enhanced production of antioxidant enzymes (Guo et al.
2003; Yin et al. 2008), strengthening capability of water
absorption through increased root growth (Zhang et al.
2002; Zeng and Luo 2012) and enhanced photosynthetic
activities (Li et al. 2008). It was reported to improve soil
fertility and enhance nutrient uptake by plant (Dzung
2005, 2007), increased yield and its attributes in cowpea
(Vigna unguiculata), potato (Solanum tuberosum), com-
mon bean (Phaseolus vulgaris) and wheat (Triticum aes-
tivum) under control or stress conditions (Hadwiger 1989;
Kowalski et al. 2007; Farouk and Amany 2012; Muriefah
2013). In common bean, when applied hydroponically,
chitosan can also alter the root and shoot morphology and
accumulation of minerals in plant biomass (Chatelain et al.
2014). The present review describes the mechanism and
signal induced by chitosan under stresses. In particular, we
focus on the application of chitosan in alleviating abiotic
stresses and its abilities to improve the physiological and
biochemical attributes of the plants.

Mechanism of action of chitosan

Mechanism of chitosan in plants has not been fully
understood yet. However, there are many reports suggest-
ing chitosan elicited a number of defense responses in the
plants (Iriti and Faoro 2009; Mejia-Teniente et al. 2013;
Malerba and Cerana 2015). Chitin-specific receptors are
present in plant cell membranes which are known to elicit
defense responses. When treated with chitin-based treat-
ment, plants activate their defense mechanism since they
mimic compounds related to chitin-containing organism
(Iriti and Faoro 2009). Chitin elicitor binding proteins
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(CEBiP) have been isolated in various crops (Miya et al.
2007). These induce defense response directly affecting the
chitosan-responsive differential gene expression profile
interacting with the chromatin and/or it may bind with
specific receptors (Hadwiger 2015). A chitosan binding
glycoprotein (family of lectins) has been isolated from
leaves of mustard (Brassica campestris) (Chen and Xu
2005). Also, research done on Mimosa pudica and Cassia
fasciculate isolated vesicle showed rapid activation of
plasma membrane H*-ATPase, suggesting the presence of
chitosan receptor molecules (Amborabé et al. 2008). In
addition, as reported in an experiment done on A. thaliana
knockout mutants, chitosan can induce a receptor-like
kinase gene, MAP kinase pathway and lysin motif recep-
tor-like kinase, chitin elicitor receptor kinase 1 (CERKI)
which can bind with chitin and chitosan (Petutschnig et al.
2010). On the other hand, Povero et al. (2011) reported that
in A. thaliana seedlings, chitosan signaling does not use
CERKI1 and is perceived through a CERKI1-independent
pathway. Thus, chitosan binding receptors is still uncertain
and remains “a Pathogen-Associated Molecular Pattern
(PAMP) in search of a Pattern Recognition Receptor
(PRR)” (Iriti and Faoro 2009).

Chitosan and its derivatives exhibit numerous eliciting
compounds in several plants (Pichyangkura and Chad-
chawan 2015; Malerba and Cerana 2015). Under biotic
stress, plants exhibited defense response including pro-
duction of phytoalexin, pathogenesis-related proteins such
as chitinase and B-glucanase, proteinase inhibitors, callose
formation, lignin biosynthesis and induction of stress-re-
sponsive genes. However, upon treatment with chitosan
and its oligomers, these defense-related compounds are
found to increase, facilitating the use of chitosan and its
derivatives as strong antimicrobial compounds and elicitors
for plant protection (Katiyar et al. 2014). Induction of
chitinase and glucanase enzymes by chitosan treatment has
been reported in several crops, including peach
(Prunupersica L. Batsch; Ma et al. 2013), tomato
(Sathiyabama et al. 2014), dragon-fruit (Hylocereus
undatus; Ali et al. 2014). Chitinase and glucanase are
compounds associated with resistance to pathogen, how-
ever, in rice seedling, different molecular weight chitosan
exhibit different level of pathogenesis-related protein,
suggesting chitosan has varied functionality depending
upon its type (Lin et al. 2005). Further, Low molecular
weight chitosan (5 kDa) was able to induce phytoalexin
and other pathogenesis-related compounds, chitinase, B-
glucanase, lipoxygenase and activated the generation of
ROS species, Also, changes in the composition of sterol
was found to produce adverse effect against infester (Va-
siukova et al. 2001). Seed treatment with depolymerized
chitosan and its oligosaccharides was reported to increase
the chitinase activity in seedlings by 30-50% (Hirano et al.
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1990). Some of the defense responses elicited by chitosan
are summarized in Table 1.

Signaling induced by chitosan

Signaling induced by chitosan molecule includes specific
cellular receptors which are then transduced by secondary
messenger(s) such as reactive oxygen species (ROS),
H,0,, Ca’", nitric oxide (NO) and phytohormones inside
the cell to induce physiological responses. The inhibitory
effect of radicals like superoxide anion and lipid free rad-
ical by chitosan treatment has been previously reported by
Li et al. (2002). Decrease in molecular weight and increase
in deacetylation degree increased the inhibition of super-
oxide anion and lipid-free radicals. Pongprayoon et al.
(2013) reported that H,O, acts as a signal molecule to
induce resistance to osmotic stress in two rice cultivars,
LPT123 and LPT123-TC171 mutated line, by increasing
plant growth and improved photosynthetic pigments during
osmotic stress. Further, it has been confirmed in wheat to
improve membrane stability through activation of antiox-
idant system (He et al. 2009), and in soybean to increase
oligosaccharides synthesis and enhance drought tolerance
(Ishibashi et al. 2011). Ca®" regulates callose synthase

Table 1 Defense responses elicited by chitin and its derivatives

activity in both monocotyledonous and dicotyledonous
species in response to chitosan elicitation (Kohle et al.
1985; Faoro et al. 2008), mediates programmed cell death
in soybean cells (Zuppini et al. 2003) while treatment with
a calcium channel inhibitor delayed the cell death kinetic in
tobacco plants infected with tobacco necrosis virus (Iriti
et al. 2006).

Nitric oxide (NO) signaling has been investigated in
pearl millet seedlings treated with chitosan where exoge-
nous NO inhibitor LNAME (N-nitro-L-arginine methyl
ester hydrochloride) or NO scavenger c-PTIO [2-(4-car-
boxyphenyl)-4.,4,5,5-tetramethylimidazoline-1-oxy-3-0x-
ide potassium salt] reduced the degree of protection from
pathogen attack (Hadwiger 2013). Chitosan also induced
jasmonic acid (JA) accumulation in rice (Rakwal et al.
2002) and Phaseolus vulgaris (Iriti and Faoro 2009). A
cDNA microarray/semiquantitative RT-PCR analyses of
Brassica napus gene expression showed that JA/ethylene
plays a signaling role in chitosan mediated plant defense
response (Yin et al. 2006). Transcriptional activation of
gene encoding phenylalanine ammonia lyase (PAL) and
protease inhibitors was induced by both chitosan and jas-
monic acid (Doares et al. 1995; Khan et al. 2003). Chitosan
may trigger JA and ABA synthesis (Iriti and Faoro 2008).
In rice seedlings, there was increase in JA and 12-oxo-
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phytodieonic acid accumulation via octadecanoid pathway
when treated with chitosan (Rakwal et al. 2002), while
ABA was also induced via hydrogen peroxide signaling
leading to stomatal closure (Pichyangkura and Chad-
chawan 2015). JA and ABA have similar activities which
play a significant role in the regulation of water use by
plants (Leung and Giraudat 1998). Additionally, chitosan
application results in enhanced defense responses involving
activation of hydrogen peroxide through octadecanoid
pathway and NO in the chloroplast, MAP-kinase activa-
tion, oxidative burst and hypersensitive responses (Rakwal
et al. 2002; Lin et al. 2005; Dwivedi and Singh 2014;
Pichyangkura and Chadchawan 2015). These entire sig-
naling molecules contribute to the adaptive mechanism in
chitosan treated plants in response to stress. Below is the
summarized view of different secondary messengers
induced by chitosan in plants subjected to stresses (Fig. 1).

Chitosan induces ABA activity leading to stomatal
closure

Chitosan induced ABA activity was demonstrated in
tobacco plants where ABA inhibitor (nordihydroguaiaretic
acid) treated before chitosan application was able to reduce
callose synthesis and conferred resistance against tobacco
necrosis virus (Iriti and Faoro 2009). Also, ABA content
was increased upon treatment with chitosan on bean leaves,
proving the involvement of ABA in stomatal closure (Iriti
et al. 2009). The mechanism behind chitosan induced

Chitosan

Resistance to biotic and
} -Membrane stability ablficstress
H -Antioxidant system —/
> 202 -Oligosaccharide synthesis
2 - Callose synthesis
= Ca © - Mediate program cell death
=

-Protection from biotic and
abiotic stresses

-Induction of antioxidant ~—
enzyme

= NO

Phytohormones
> (JA, ABA, ET)

-Regulate water use
-Induce stomatal closure ~ —

Fig. 1 Signaling transduced by chitosan under abiotic and biotic
stresses. H,O, (hydrogen peroxide), Ca%* (calcium ion), NO (nitric
oxide), JA (jasmonate), ET (ethylene), ABA (absisic acid), ROS
(reactive oxygen species)
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stomatal closure which led to the closure of stomata is not
well understood yet. However, transcriptomics and phe-
notypic analysis of ABA and chitosan treated plants sug-
gest that the effect of chitosan is partially due to the
activation of ABA signaling pathway (Azinheiro et al.
2014) where ABA plays an important role in the regulation
of stomatal closure (Kim et al. 2010; Kumar et al. 2016;
Kuyyogsuy et al. 2018). Chitosan mediated role of ABA
synthesis leading to stomatal closure has been depicted in
Fig. 2. Also, studies have already reported that stomatal
closure and reduced transpiration were induced by abscisic
acid (Leung and Giraudat 1998). Increase in H,O, accu-
mulation and induction of stomatal closure was observed
upon treatment with chitosan (Lee et al. 1999). NO acts as
a secondary messenger and it is known to induce PA
(phosphatidic acid) accumulation under pathogen attack. In
tomato cell cultures upon treatment with NO inhibitor,
cPTIO, and chitosan together, there was decreased level of
PA accumulation (Raho et al. 2011). PA interacts with
ABI1 which is a negative regulator of ABA, and induces
ABA-mediated stomatal closure through phospholipase C
and diacylglycerol kinase (DGK) pathways (Zhang et al.
2002). This proves that NO signaling inside the cell is
induced by responses to both biotic and abiotic stresses.
NO was shown to act downstream of ROS production
which is similar to the effects of ABA or methyl jasmonate
(MJ) on closure of stomata (Srivastava et al. 2009). Chi-
tosan treated pepper plant was able to use 26-43% less
water than control plant by inducing stomatal closure
(Bittelli et al. 2001). This provided clear evidence that
chitosan can be effective antitranspirant compound by
reducing transpiration via stomatal closure. Similar effect
has been described in bean (Phaseolus vulgaris) (Khokon
et al. 2010) and barley (Hordeum vulgare) (Koers et al.
2011).

A negative effect of antitranspirant application could
hamper plant productivity. However, upon foliar treatment
with chitosan, there was significant decrease in stomatal
conductance and maximal photosynthetic activity with no
significant change in internal CO, concentration, which
may suggest that decreasing assimilation was not only due
to decrease in CO, transfer from the atmosphere (Iriti et al.
2009). But, it might be the decrease in carboxylation effi-
ciency which does not affect stomatal limitation (Rouhi
et al. 2007). Further, Iriti et al. (2009) compared the anti-
transpirant activity between chitosan treatment and Vapor
Gard (commercial antitranspirant). Vapor Gard results in
better antitranspirant activity than chitosan treatment. Also,
the WUE was higher in case of VP associated with low
internal CO, concentration in leaves which led to lower
photosynthetic rate and carbon gain. However, in chitosan
treated plant, there was no significant increase in water use
efficiency (WUE) but ensured enhanced photosynthetic
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Fig. 2 Role of chitosan
mediated responses in stomata
closing mechanism via ABA
biosynthesis at cellular level.
The signaling induced by
chitosan involves hydrogen
peroxide via octadecanoid
pathway and nitric oxide.
Hydrogen peroxide induces

Chitosan
both the ABA synthesis and

—

Activation of ROS
scavenging

Jasmonic acid system

Hydrogen

while nitric oxide regulates
phosphatidic acid (PA) via
phospholipase C (PLC) and
diacylglyceral kinase (DGK)
(PLC/DGK) pathway, and
initiates ABA synthesis leading
to closure of stomata and
activates biotic and abiotic
stress responsive genes
(Pichyangkura and Chadchawan
2015)

ROS scavenging mechanism ‘

SIGNAL?

activity than Vapor Gard since chitosan treated plant
resulted in better regulation of stomata as compared to
control, while in VP, it formed thin antitranspirant film on
the leaves and did not affect the stomatal opening which
suggests that photosynthetic activity and stomatal con-
ductance changes proportionally, thus reducing assimilated
carbon as water consumption decreases. The authors also
suggested that chitosan application as an antitranspirant
compound would be more suitable in plant subjected to
minor or occasional drought events. In these conditions,
chitosan-treated plants would let their innate physiological
mechanism to rapidly recover a maximal carbon uptake
while maintaining biomass and yield (Bittelli et al. 2001).

Chitosan influence on abiotic stress

Chitin and its derivatives have evolved as natural polymers
which elicit beneficial responses in plants. However, their
functionality is dependent on its structure, concentration,
species and developmental stage of the plant. They are
reported to possess antioxidant activity due to their pres-
ence of hydroxylated amino group which offers an effec-
tive scavenger of ROS (Xie et al. 2001; Sun et al. 2008).
Interesting results were obtained with chitosan treated
plants against various abiotic stresses (Table 2).

—> | octadecanoid

> Nitric oxide

pathway peroxide
v
o : Adivation of pfot[and ahiotic
J, sl responsie ene

—>

Stomatal
closure
PLD PLC/DGK

N

PA

Drought stress

Drought stress or deficit irrigation limits the agricultural
production causing many deleterious effects on plant health
which mainly include the production of reactive oxygen
species causing lipid peroxidation of membrane and
interaction with other macromolecules, leading to reduced
plant growth and yield (Yang et al. 2009; Bistgani et al.
2017). However, application of chitosan stimulated plant
growth and increased the availability and uptake of water
and essential nutrients, thereby contributing to enhanced
reactive oxygen species (ROS) scavenging activities (Guan
et al. 2009). Chitosan treatment in white clover (Trifolium
repens) (pretreated with Hoagland’s solution containing
1.0 mg/ml chitosan, 2 days before induction of dehydra-
tion stress) alleviated drought stress and increased pro-
duction of stress protective metabolites (Li et al. 2017).
Foliar application of chitosan (200-400 pL/L) sprayed
three times before flowering stage, 50% flowering and full
bloom, reduced the negative impact of drought condition
on the oil yield and dry matter of Thymus daenensis Celak
(Bistgani et al. 2017). Also, chitosan application
(0.2-0.4 g/L) under drought stress, foliar sprayed three
times before flowering and 2 weeks later, increased plant
growth attributes in two species of sweet basil (Ocimum
ciliatum and O. basilicum) (Pirbalouti et al. 2017). Foliar
application of chitosan at a concentration of 250 mg/L in
cowpea improved growth and yield parameters in both
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Table 2 Chitosan effects in different plants under abiotic stresses

Plants Stress Formulations Methods/effects References

White clover (Trifolium Drought Viscosity: 5-30 mPaS 1 mg/mL, accumulation of stress protective Li et al.
repens) metabolites in drought stress (2017)

Thymus daenensis Celak Drought Origin and characteristic not Foliar applied (200-400 pL/L) reduced negative Bistgani et al.

specified impact on dry matter and oil yield (2017)

Sweet basil (Ocium Drought Origin and characteristic not Foliar applied (0.2-0.4 g/L), increased plant growth  Pirbalouti
ciliatum and Ocium specified parameters et al. (2017)
basilicum)

Pepper (Capsicum sp.)  Drought Degree of polymerization is 130  Foliar applied (1 g/L chitosan + 0.1% w/w lactic Bittelli et al.

and degree of N-acetylation is acid solution), antitranspirant coating, able to use (2001)
24% 26-43% less water and induced stomatal closure

Potato (Solanum Drought Origin and characteristic not Foliar applied (100 mg/L), relieved drought stress Jiao et al.
tuberosum) var. specified damage in young potato (2012)
Favourite

Safflower (Carthamus Drought Origin and characteristic not Seed treatment (0.05-0.4%), reduced enzyme activity Mahdavi et al.
tinctorius L.) specified and stimulated seedling growth and tolerance to (2011)

oxidative stress

Apple (Malus sieversii)  Drought About 5000 Da Foliar applied (100 mg/L) enhanced leaf membrane  Yang et al.

stability, increased antioxidant enzymes (2009)

Basil (Ocimum Drought Origin and characteristic not Foliar applied (0.4 g/L), enhanced plant growth Malekpoor
basilicum L.) specified et al. (2016)

Cowpea (Vigna Drought Origin and characteristic not Foliar applied (250 mg/L), increased all growth Farouk et al.
ungiculata L. Walp.Cv specified parameters (2011)
Cream 7)

Common bean Drought Origin and characteristic not Foliar applied(200 mg/L) increased plant growth and Abu-
(Phaseolus vulgaris specified yield Muriefah
L) (2013)

Wheat (Triticum Drought Origin and characteristic not Seed treatment, improved chlorophyll content, growth Zeng and Luo
aestivum L.) specified parameter and antioxidant enzymes (2012)

Coffee (Coffea Drought From shrimp shell, deacetylation Foliar applied, increased mineral uptake, total Dzung et al.
canephora var degree of 80%, viscosity chlorophyll content and increased resistance to (2011)
Robusta) molecular weight is 750,000 drought stress

Rice (Oriza sativa L.) Drought Degree of deacetylation 80% Seed treatment with 40 mg/L solution of oligomeric ~ Pongprayoon

chitosan, H,O, production and induce drought et al. (2013)
resistance

Petunia x atkinsiana Salinity  Molecular weight of 970 kDa Shoot explants on MS medium supplemented with Krupa-

D. don chitosan stimulate growth and alleviated salt stress Malkiewicz
and Fornal
(2018)

Wheat (Triticum Salinity  Origin and characteristic not 0.0625% oligochitosan added to nutrient solution Ma et al.
aestivum L. Liaochun specified alleviated adverse effect of salt stress (2012)

18)

Isabgol (Plantago ovate Salinity  Origin and characteristic not Seed treated with 0.2% chitosan increased roots hoot Mahdavi
Forsk) specified and alleviated salt stress (2013)

Ajowan (Carum Salinity  Origin and characteristic not Seed treated with 0.2% chitosan increased shoot and Mahdavi and
copticum) specified root length and adjusted salt toxicity Rahimi

(2013)

Maize (Zea mays) Salinity  Origin and characteristic not Foliar application of chitosan enhanced all the growth ~Al-Tawaha

specified parameters and alleviated salt stress et al. (2018)

Sunflower (Helianthus Salinity  Origin and characteristic not Seed treatment (0.25%), increased germination Jabeen and
annuus)/Safflower specified percentage, alleviates salt stress through reduction Ahmad
(Carthamus tinctorius) of enzyme activity on both crops (2013)

Fenugreek (Trigonella Salinity  Origin and characteristic not Seed treatment with 1 g/L improved leaf water Yahyaabadi
foenum-graecum L.) specified content, photosynthetic parameters and alleviated et al. (2016)

salt stress

Edible rape (Brassica Heavy  Deacetylation degree of 80% Foliar application of chitosan (molecular weight of ~ Zong et al.
rapa L.) metal 1KDa) showed decreased Cd**concentration in (2017a, b)

shoot of edible rapeseed
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drought stress and non-stress conditions (Farouk and
Amany 2012). Similar observation was made where chi-
tosan induced drought resistance in rice (Boonlertnirun
et al. 2007), apple (Yang et al. 2009) and coffee (Dzung
et al. 2011). Besides, plants soaked and sprayed with
0.05% chitosan reversed the harmful effects caused by
ozone as compared to control treatment (Phothi and
Theerakarunwong 2017).

Influence on biochemical activities

Under drought stress, proline accumulation increases.
Proline is a vital osmoprotectant responsible for osmotic
adjustment, quenching of ROS and maintenance of redox
balance under abiotic stresses (Matysik et al. 2002; Ashraf
and Foolad 2007; Hidangmayum and Dwivedi 2018).
Under severe drought stress, metabolic factor such as free
proline content in leaves significantly increased (Din et al.
2011) as a part of an adaptive mechanism. Proline accu-
mulation contributes to reduced water loss by lowering the
leaf water potential. It also favors the water transport to
leaves and increases their turgor. Amino acids such as
isoleucine, threonine, lysine and aspartic acid were also
identified as osmoregulants and supply nutrition when
plants suffer from abiotic and biotic stresses (Joshi et al.
2010; Chang et al. 2014; Du et al. 2015; Singh and Dwi-
vedi 2016). Studies done on white clover when subjected to
drought stress reported that chitosan treatment enhanced
the production of metabolites and amino acids such as
proline, GABA, aspartic acid, valine, serine, lysine, thre-
onine, isoleucine and phenylalanine (Li et al. 2017).
Treatment with chitosan increased the accumulation of
proline level in thyme plant (Bistgani et al. 2017). How-
ever, in safflower, low concentration of chitosan
(0.05-0.4%) decreased proline level, but at high concen-
tration, increased its level (Mahdavi et al. 2011). Similarly,
in Ricinus communis, it did not influence proline level
(Karimi et al. 2012). Thus, the effect of chitosan on dif-
ferent plant species may follow different mechanisms.
Membrane integrity is often disturbed when the plant is
subjected to water deficit condition. Membrane relative
permeability and MDA (malondialdehyde) concentration
are used to represent membrane stability. In water deficit
condition, there is an increase in MDA level which is a
product of lipid peroxidation and may cause membrane
leakage due to the accumulation of free radicals. However,
chitosan functions as a positive regulator in osmotic
adjustment and eliminate the adverse effect of drought
stress symptoms. Many researchers have reported that
pretreatment with chitosan in bean, potato, thyme, Hydrilla
verticillata, apple seedlings decreased lipid peroxidation,
eliminated ROS and increased membrane stability (Xu
et al. 2007; Yang et al. 2009; Jiao et al. 2012; Karimi et al.

2012; Bistgani et al. 2017). Due to the presence of abun-
dant hydroxyl and amino groups present in chitosan, these
react with ROS and form stable, non-toxic macromolecular
radicals. Chitosan can scavenge OH and O,— radicals and
possesses DNA-protective properties (Prashanth et al.
2007). Enhanced level of SOD and catalase enzyme
activities promote the production of MDA and reduces
lipid peroxidation in apple seedlings subjected to drought
stress (Yang et al. 2009). Yin et al. (2002) and Sun et al.
(2004) also reported that superoxide anion can be scav-
enged by chitosan and SOD. The ability to scavenge
by chitosan may be attributed to its structure, which con-
sists of hydroxyl and amino groups available to react with
ROS (Xie et al. 2001; Li et al. 2002; Sun et al. 2004).

In response to drought, accumulation of total soluble
sugar increases due to the breakdown of polysaccharides
which help in the maintenance of turgor (Nazarli et al.
2011). Soluble sugars contribute to drought tolerance of
peas, sugar beets and black poplars (Liu et al. 2011). Sugar
such as glucose and fructose contribute to drought-resis-
tance including signal transduction to modulate plant
growth, development and stress responses (Rolland et al.
2006). In chitosan treated plants, these carbohydrates
increase glucose, fructose, mannose, trehalose, sorbitol,
myoinositol, while other detected sugars also up-regulated
many genes involved in carbohydrate transport and meta-
bolism in leaves of white clover (Li et al. 2017). These
might contribute to improved drought resistance via
increase in osmotic adjustment and maintenance of carbon
balance in response to dehydration stress.

Also, drought stress impairs the photosynthetic ability,
thus reducing chlorophyll synthesis. This might be due to
destruction of chlorophyll pigment complexes encoded by
the cab gene family (Allakhverdiev et al. 2003; Farouk and
Amany 2012), or destruction of light-harvesting protein
complexes or by oxidative damage incurred on chloroplast
lipids, pigments and proteins (Lai et al. 2007). However,
chitosan has been found to alleviate these effects in cowpea
(Vigna unguiculata L.), where chlorophylls and total car-
bohydrate increased when sprayed with chitosan at
250 mg/L (Farouk and Amany 2012). Similarly, increased
photosynthesis level was observed when maize, soybean
and bean were treated with chitin oligosaccharides (Khan
et al. 2002; Sheikha and Al-Malki 2011). This may be due
to increase in nitrogen and potassium content in plant shoot
which helps in increasing the number of chloroplast per
cell, thus contributing to increased synthesis of chlorophyll
(Possingham 1980). Also, higher availability of amino
compounds released by chitosan treatment (Chibu and
Shibayama 2001) contributes to stimulation of chlorophyll
synthesis. Proline and photosynthetic complexes are both
synthesized from the same substrate, so increase in pro-
duction of proline leads to decrease in synthesis of
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photosynthetic pigments under drought (Paleg and Aspinall
1981).

Salinity stress

Salinity affects whole plant, both physiologically and
biochemically, and in severe cases, it also inhibits plant
uptake of nutrients and water either due to low external
osmotic potential or toxic effect caused by higher accu-
mulation of Na™ and CI~ ions as a result of direct ionic
effects. Salt stress results in biochemical alteration and
induces ROS which hampers the cellular machinery lead-
ing to oxidative stress. Various studies have found that
higher accumulation of MDA was observed in salt-affected
plant which is primarily due to lipid peroxidation of
membrane caused by ion toxicity. However, several
researchers have reported that treatment with chitosan at
low concentration could alleviate the negative effects
caused by salt stress. Low concentration chitosan treated
seeds of safflower (Carthamus tinctorius L.) and sunflower
(Helianthus annuus L.) are able to alleviate the oxidative
stress caused by salt stress by reducing enzyme activities in
both crops (Jabeen and Ahmad 2013). Similarly, pretreat-
ment with chitosan during salinity stress results in
increased antioxidant enzyme activities and lower level of
MDA content which ultimately reduces the negative effect
caused by salt stress in Oryza sativa (Martinez et al. 2015),
Zea mays (Al-Tawaha et al. 2018), Vigna radiata (Ray
et al. 2016), Trachyspermum ammi (Mahdavi and Rahimi
2013) and Plantago ovata (Mahdavi 2013). Further,
hydroponic  experiment done on wheat showed
that 0.0625% oligochitosan treated seed resulted in posi-
tive effects by significantly increasing antioxidant enzyme
(SOD, POD and CAT) during salt induced stress and
was able to alleviate the oxidative stress (Ma et al. 2012).
Oligochitosan is one of the effective oligosaccharides
comprising of B-1, 4-linked 2-amino-p-glucose units and
contains small amounts of 2-acetomido-p-glucose unit
which are obtained by degradation of chitosan.

Influence on biochemical activities

In salt stress, plant exhibits a significant reduction in
chlorophyll content due to the instability of protein com-
plexes and accumulation of chlorophyllase (chlorophyll-
degrading enzyme) (Reddy and Vora 1986). On the other
hand, excessive accumulation of Na™ caused by direct
ionic effect induces stomatal closure which may reduce
internal CO, and lead to the reduction of photosynthesis
rate. However, upon seed treatment with oligochitosan
(0.0625%), photosynthetic rate and stomatal conductance
were found to increase in wheat since photosynthesis is
dependent on the stomatal movement and protein
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associated with chlorophyll metabolism (Ma et al. 2012).
While in other study, foliar application of chitosan resulted
in reduced stomatal conductance and photosynthetic rate
with no change in internal CO, concentration (Iriti et al.
2009). These contrasting results might be due to the fact
that chitosan functionality is dependent on various factors
such as method of application, degree of deacetylation,
molecular weight and different species perceiving different
responses. However, in this condition, the method of
application is critical as foliar treatment results in reduced
stomatal conductance and photosynthetic rate, while in
seed treatment, the reverse was shown. Production of ROS
is obvious in plant subjected to stresses as discussed earlier.
Plants have acquired their innate ROS scavenging mecha-
nism by the production of enzymatic and non-enzymatic
antioxidant compounds. SOD, POD, and CAT are enzy-
matic antioxidants which are found to increase when plants
are subjected to salt stress (Jabeen and Ahmad 2013).
Higher accumulation of these enzymes indicates efficient
detoxification of ROS. Chitosan treated plants were found
to increase these enzymes and play an important role in
alleviating salt stress through enhanced antioxidant
enzymes (Ma et al. 2012; Jabeen and Ahmad 2013). Sim-
ilarly, lipid peroxidation caused by accumulation of MDA
was found in salt-induced stress condition (Meloni et al.
2003). However, upon treatment with chitosan and its
derivatives, there was reduction in MDA content ultimately
stabilizing membrane damage which could be the reason to
confer tolerance against salt stress (Jabeen and Ahmad
2013). Enhanced level of proline was also observed in salt
stress which might be due to the induction of proline
biosynthesis or decrease in oxidation of proline to gluta-
mate or reduction in utilization of protein synthesis or
increase in protein turnover (Khan et al. 2010). Interest-
ingly, seed soaked with oligochitosan at 0.0625% for 5 h,
led to significant increase in proline level (Ma et al. 2012).
Similar observation was reported in pre-sowing seed
treatment of chitosan in safflower and sunflower, where
increasing chitosan concentration was found to enhance
proline level, while the decrease in proline content was
found at low concentration (0.25%) of chitosan (Jabeen and
Ahmad 2013).

Heavy metal toxicity

Several studies confirmed that chitosan has the ability to
form complexes with non-nutrient elemental ions including
a number of heavy metals due to presence of functional
amino and hydroxyl group; it has recently been reported to
alleviate toxic effects of cadmium through foliar applica-
tion of different molecular weight chitosan such as 10 kDa,
5 kDa and 1 kDa in a hydroponically grown edible rape
(Brassica rapa L.) (Zong et al. 2017a). Similarly, in the
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same experiment done under greenhouse conditions, a
protective effect of cadmium (Cd) toxicity was observed
(Zong et al. 2017b). Kamari et al. (2011, 2012) also
reported that chitosan could bind Ag, Zn, Cd, and Pb and
provided evidence of metal accumulation in perennial rye
grass and rapeseed under chitosan application. Addition-
ally, Vasconcelos (2014) extensively reviewed the impact
of chitosan and chitosan oligosaccharides in phytoremedi-
ation and biofortification programmes. These findings
provide a potential mechanism to alleviate phytotoxicity
under heavy metal stresses, and also it can be hypothesized
that since chitosan and its oligomers can take up a higher
concentration of toxic elements, it could be possible that
they also increase the absorption of essential minerals.

Influence on biochemical activities

Under heavy metal stress, heavy metal toxicity in shoot and
roots leads to cellular dysfunction and metabolism. Cad-
mium (Cd) toxicity is reported to suppress stomatal con-
ductance and photosynthesis while foliar application of
chitosan tends to alleviate these effects and increase
stomatal conductance, gas exchange and promote photo-
synthesis (Zong et al. 2017a). However, it was inconsistent
with the earlier report where foliar application of chitosan
induced stomatal closure and reduced transpiration in
pepper (Bittelli et al. 2001). This might be due to chitosan’s
response following different mechanisms in different spe-
cies. SOD, POD and CAT content which were reported to
increase under Cd stress, further increases when treated
with chitosan. However, ascorbic acid was found to be
reduced when subjected to Cd stress which might be due to
its potential mechanism to directly scavenge ROS, indi-
cating its role as first line of defense against oxidative
stresses. While chitosan treatment significantly increased
ascorbic acid in Cd stress plant, glutathione level was
found to increase under Cd stress but remained unchanged
under chitosan treatment as reported by Zong et al.
(2017a). This shows that glutathione has no effect under
chitosan treatment.

Heat stress

Heat stress is often considered a complicated issue as it
usually coincides with drought stress and it’s difficult to
monitor these two stresses (McKersie and Lesheim 2013).
It has been reported that foliar spraying of chitosan in
combination of zinc and humic acid on dry bean could
tolerate heat stress under late sown plants (Ibrahim and
Ramadan 2015). There is a dearth of published information
regarding chitosan application under heat stress. However,
there are reports that suggest ABA can trigger heat shock-
related genes (Choi et al. 2013) like overexpression of

ABF3 (Abscisic acid responsive-element-binding factor 3)
could alleviate heat stress tolerance. Therefore, use of
chitosan could overcome high-temperature stress by
inducing ABA activity which is linked with the previous
report on stomatal closure (Bittelli et al. 2001), and further
induces defense-related ABA-responsive genes.

Application of chitosan nanoparticle in plants

Apart from biomedical application, chitosan nanoparticles
have evolved as a promising alternative for various carrier
molecules because of their proven biocompatibility,
biodegradability, adsorption abilities and low-toxicity, thus
offering a great tool for inducing multifaceted disease
resistance (Malerba and Cerana 2015). Chitosan nanopar-
ticle preparation requires a simple procedure which makes
them versatile and user-friendly drug delivery (Kashyap
et al. 2015). Oliveira et al. (2016) reported that chitosan
nanoparticle containing S-nitroso-mercaptosuccinic acid
(S-nitroso-MSA), in which nitric oxide (NO) was able to
control release, could alleviate the potential harm caused
by salt stress in maize plant. NO is involved in plant
response to various abiotic stresses such as salinity,
drought, heavy metal and extreme temperatures, and it
offers beneficial effect on physiological and biochemical
processes of plant growth and development (Singh et al.
2018). Chitosan nanoparticle encapsulated with NO donor
(S-nitroso-MSA) is able to mitigate the effects of salinity in
maize plant. This might be due to slower release of NO by
the nanoformulation (Oliveira et al. 2016). Also, the
encapsulated S-nitroso-MSA in chitosan domain may
protect the NO donor from heat and decomposition (Seabra
et al. 2014). Encapsulations of active ingredient in the
chitosan domain offer a wise strategy in the promotion of
sustainable agricultural practices and their control release
facilitates an efficient gene delivery system for plant
transformation (Kashyap et al. 2015). Chandra and his
colleagues demonstrated the effects of chitosan nanoparti-
cle on plant system where they found that chitosan
nanoparticles induced significant plant innate immune
responses and various defense-related enzymes. They also
suggested that chitosan nanoparticles could be better
strategies for phytosanitation and disease management in
sustainable agriculture as compared to natural chitosan
(Chandra et al. 2015).

Chitosan as a different formulation of bio-fertilizer

Chitosan has attracted scientists for its use as bio-fertilizer
due to its biodegradability and non-toxic nature which
could be an alternative for synthetic fertilizers with less
impact on environmental contamination. Chitosan as a bio-
fertilizer has been reported to stimulate crop yield; in
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potato infested with late blight it significantly reduced the
tuber infestation and increased plant nutrient uptake
(O’Herlihy et al. 2003). In another study, combination of
chitosan (1%) and fertilizer increased the nitrogen and
phosphorous content in the roots and shoots of Eustoma
grandiflorum (Raf) compared to non-treated ones (Ohta
et al. 2000). Similar results were recorded when chitosan
was used as bio-fertilizer in different crops, for instance,
chitosan in combination with N, P, K reduced the effect of
Botrytis cinerea-causing grey mold disease in bego-
nia x hiemalis Fotsch (Chen et al. 2016); irrigation with
chitosan has shown to reduce root-knot nematodes and
Pochonia chlamydosporia infection (Escudero et al. 2017).
These results prove that chitosan has a potential role as bio-
fertilizer application.

Conclusion and future prospect

The most commonly reported utilization of chitosan has
been in the biomedical industry. Due to its proven
biodegradable, biocompatibility, non-toxic and non-aller-
genic nature, chitosan application offers a wide possibility
for use as a bioactive material (Katiyar et al. 2011, 2015).
However, application of chitosan in plants has been less
diverse, especially under abiotic stresses. As far as drought
is concerned, chitosan induces numerous beneficial
responses in plants such as antitranspirant, activation of
ROS scavenging system, enhanced stomatal conductance,
improved root growth and overall plant development. It is
non-toxic and environmental friendly which will gain
much value in the use of sustainable agricultural practices.
However, the heterogeneity of preparation is still
unavoidable which can greatly affect the physical proper-
ties of chitosan. Despite the work done till date, the mode
of action of chitosan in the plant system is not understood
in totality. So, further transcriptomic and proteomic studies
of abiotic stress responsive genes and proteins need to be
identified to provide a better use of chitosan in the abiotic
stress management.
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