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Abstract Biopolymer “Chitosan” has received much
interest for potential wide application in agriculture due to
its excellent biocompatibility, biodegradability and bioac-
tivity. This naturally occurring molecule with interesting
physiological potential has been getting more attention in
recent years. Chitosan enhanced the efficacy of plants to
reduce the deleterious effect of unfavorable conditions as
well as on plant growth. Chitosan affects various physio-
logical responses like plant immunity, defense mechanisms
involving various enzymes such as, phenylalanine ammo-
nium lyase, polyphenol oxidase, tyrosine ammonia lyase
and antioxidant enzymes viz., activities superoxide dis-
mutase, catalase and peroxide against adverse conditions.
Recent studies have shown that chitosan induces mecha-
nisms in plants against various biotic (fungi, bacteria, and
insects) and abiotic (salinity, drought, heavy metal and
cold) stresses and helps in formation of barriers that
enhances plant’s productivity. This paper takes a closer
look at the physiological responses of chitosan molecule.
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Introduction

Application of new technologies have resulted in rapid
advances in the agriculture, and made it possible to achieve
target of crop production. However, for continuation of
advances in agricultural productivity, more environmental
friendly production technologies must be followed. Some
environmental-friendly products that have been widely
used in agricultural applications are for stimulation of plant
defenses (Yu and Meuhlbauer 2001).

Polysaccharide chitosan, a linear polysaccharide com-
posed of randomly distributed B-(1-4)-linked p-glucosa-
mine (deacetylated unit) and N-acetyl-p-glucosamine
(acetylated unit) is an environmental friendly product.
Chitin can be easily obtained from shellfish waste. The
chitosan molecule triggers defense responses within the
plant, leading to the formation of physical and chemical
barriers against invading pathogens. Chitosan has been
used to stimulate the immunity of plants to protect plants
against microorganisms. This protection leads stimulation
of plant growth (Bautista et al. 2003).

The present review, explores the positive effect of
chitosan on the growth of roots, shoots and leaves of var-
ious plants. Chitosan oligomer “Oligochitosan” has shown
a wide range of biological applications, including health,
food, plant growth stimulator, feed additive, antimicrobial
activity, etc. In addition, oligochitosan is effective at elic-
iting plant innate immunity against plant diseases in
tobacco, rapeseed, rice, grapevine (Agrawal et al. 2002;
Chen et al. 2009; Rakwal et al. 2002). Oligochitosan can be
produced in laboratory by enzymatic hydrolysis. It has a
potent protective effect on plants such as grain crops, fruits,
vegetables and trees (Zhao et al. 2009).

The aim of this review is to collate, summarize and
critically appraise the published evidence on the
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physiological responses of chitosan and assess the existing
beneficial responses on plant immunity, defense mecha-
nisms, germination, plant growth, photosynthesis, heavy
metals stresses etc.

Chitosan and its characteristics

Chitin, a homo polymer comprising B-(1-4)-linked
N-acetyl-p-glucosamine residues, is one of the most
abundant, easily obtainable and renewable natural poly-
mers, second only to cellulose. Chitin derivative, chitosan
is a poly (1, 4)-2-amino-2-deoxy-B-p glucose. It is a
copolymer of 2-glucosamine and N-acetyl-2-glucosamine,
derived from chitin, by deacetylation reaction (Fig. 1). The
D-glucosamine content in chitosan is indicated by the
degree of deacetylation (DDA) (Hejazi and Amiji 2003).
Chitosan is a polymer of high molecular weight, similar to
cellulose. The only difference between chitosan and cel-
lulose is the amine (-NH2) group in the position C-2 of
chitosan instead of the hydroxyl (—OH) group found in
cellulose. However, unlike plant fiber, chitosan possesses
positive ionic charges, which gives it the ability to chem-
ically bind with negatively charged lipids, metal ions,
proteins, and macromolecules (Li et al. 1992).

Chitosan has been widely applied in functional foods,
food additives, environmental protection and biotechnol-
ogy (Shahidi et al. 1999). Moreover, various studies have
shown that chitosan has antifungal and antimicrobial
effects (Kumar et al. 2004). Chitosan and its derivatives
have shown various functional properties, which made it
possible to be used in many fields including, food, cos-
metics (Majeti and Kumar 2000), biomedicine (Felt et al.
1998), agriculture (Yamada et al. 1993), environmental
protection and wastewater management (Kamble et al.
2007). Further, biodegradable, non-toxic and non-aller-
genic natures of chitosan encourage its potential use as a
bioactive material (Kurita 1998; Katiyar et al. 2011).

Application of chitosan in agriculture

The unique physiological and biological properties of
chitosan have led to its use in various industries, in
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Fig. 1 Chemical structure of chitosan (George and Abraham 2006)
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including agriculture, as a coating material for fruits, seeds
and vegetables (Lee et al. 2005). Chitosan stimulate plant
immune systems, protect plants against attack by micro-
organisms, growth and crop productivity (Fig. 2).

Effect of oligochitosan on plant immunity

Unlike animals, plants are sessile and therefore, these have
developed sophisticated mechanisms to adapt to various
biotic (fungi, bacteria, and insects) and abiotic (wounding,
salinity, drought, salt, and cold) stresses. To resist these
stresses, plants have evolved the ability to initiate various
defense reactions such as hypersensitive responses, pro-
duction of phytoalexins, and reinforcement of cell walls
etc. The immunity stimulating activity of oligochitosan
have been documented in many different plant systems.
The potent effect of chitosan on plant diseases is due to its
antimicrobial properties and plant innate immunity elici-
tation activity. The antimicrobial activity is influenced by
several factors, such as molecular weight, DDA, solubility,
positive charge density, chemical modification, pH, con-
centration, chelating capacity and type of microorganism.
Chitosan has also used as a promising postharvest treat-
ment for fruits due to its natural character, antimicrobial
activity and elicitation of defense responses (Katiyar et al.
2014). Chitosan has been used to control postharvest dis-
eases of many fruits such as pear (Yu et al. 2008), straw-
berry (Ge et al. 2010), table grape (Meng et al. 2008),
tomato (Badawya and Rabeab 2009), citrus and longan
(Jiang and Li 2001).

Chitosan is one of the most important elicitors.
Researchers have proved that it elicit plant defense
response to a broad spectrum of phytopathogens, including
plant virus (Terry and Joyce 2004). At present many
experimental results have proved that chitosan can inhibit
viral infection (Pospieszny 1997). Treatment of bean with
chitosan decreased the number of local necroses caused by
alfalfa mosaic virus (AMV) infection. It has been shown
that chitosan inhibited the infection caused by the bacte-
riophage, the efficiency of inhibition of bacteriophage
infection depends directly on the final concentration in the
medium (Ma et al. 2008). Major factors for suppressing
phage infection by chitosan are phage particle’s inactiva-
tion and inhibition of reproduction at the cellular level.
Evidently, chitosan may be used for induction of phago
resistance in industrial microorganism cultures to prevent
undesirable phagolysis caused by inoculum contamination
by virulent bacteriophages or by spontaneous prophage
induction in lysogenic cultures.

These studies have shown that chitosan treatment in
plants could suppress virus infections regardless of virus
types as well as plant species. However, the antiviral
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Fig. 2 Roles of chitosan
mediated plant defense
mechanism changed by the
pathogen
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activity mainly depends on the molecular structure of
chitosan, especially on the molecular weight. It was found
that low molecular-weight chitosan (oligochitosan) is more
effective in suppressing infection of the tobacco mosaic
virus (TMV) in tobacco plants, and antiviral activity of
chitosan increased as its molecular weight decreased (Ku-
likov et al. 2006). The efficient antiviral activity of low
molecular weight fractions is presumably due to its better
penetrability across the integuments of seeds (Kulikov
et al. 2006). Although chitosan has been proved to be
effective in plant resistance against plant virus, the mech-
anism still remains obscure. It has been reported that
chitosan activated systemic acquired resistance against
tobacco necrosis virus (TNV) ensued from a programmed
cell death, which was similar to that occurred in the
hypersensitive response (Iriti et al. 2006).

Chitosan application can also elicit callose deposition,
which has a partial effect on inhibiting virus spreading (Iriti
and Faoro, 2008). The activation of a Ca®"-dependent cal-
lose synthase is one of the most rapid, effective cell
responses to chitosan treatment. Calcium is one of the most
important second messenger in innumerous plant signaling
pathways. In recent years pathogen elicitors have been
shown to induce changes in cytosolic free calcium concen-
tration ([Ca*"]cyt) (White and Broadley 2003). Many plant
defense responses are mediated by changes of [Ca*™]cyt
(Hamel et al. 2005). In tobacco, laminarin sulfate induced
the resistance against TMV infection after Ca*" dependent
oxidative burst (Menard et al. 2004). Lipopolysaccharides
are able to promote plant disease tolerance through activa-
tion of Ca** signal (Gerber et al. 2004). Chitosan, which has
been shown to induce elevation of [Ca®™ cyt, activates plant
defense responses through the calcium signaling pathway
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(Klusenser et al. 2002). So Ca*" is one of the early defense
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Role of chitosan in defense mechanisms

Chitosan has been demonstrated to induce defense mech-
anism in tomato, cucumber (Ben et al. 2003), and rose
shrubs (Wojdyla 2004). Several studies have shown that
chitosan stimulates other systems like transduction, cas-
cades and elicitor-responsive genes involved in resistance
of plants to infection (Vander et al. 1998; Kim et al. 2005).
Chitosan induces the accumulation of phytoalexins result-
ing in antifungal responses and enhanced protection from
further infections (Vasyukova et al. 2001). Spraying with
chitosan has been shown to significantly reduce severity of
leaf spot disease and increase the length of inflorescences
in Dendrobium Missteen.

Chitosan treatment increased polyphenol oxidase (PPO)
activity in disease resistant cultivars (Raj et al.
2006).0Oxidation of phenolic compounds associated with
enhanced resistance to pathogens may involve PPO, which
could generate reactive oxygen species (ROS) (Mayer
2006). Kim et al. (2005) reported that in sweet basil
chitosan and methyl jasmonate increased antioxidant
activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) by 3.5-
and 2.3-folds, respectively. Pre incubation of suspension-
cultured wheat cells in a growth medium of Pantoeaag
glomerans with chitin or chitosan led to a strong increase in
extracellular peroxidase activity (Ortmann and Moerschb-
acher 20006).

Chitosan has been reported to enhance phytoalexin
production in germinating peanut and in legumes and
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solanaceous plants (Cote and Hahn 1994). Chitosan may be
involved in the signaling pathway for the biosynthesis of
phenolics. It has been shown that chitosan can induce
chitinase and chitosanase, which are members of a group of
plant pathogenesis related (PR) proteins. These PR proteins
can degrade the cell walls of some phyto pathogens and
consequently may play a role in host plant defense systems
(Dixon et al. 1994). Moreover, chitosan can also induce
plant immune systems (systemic acquired resistance or
SAR), which is long lasting and often confers broad-based
resistance against different pathogens. SAR can develop in
uninfected parts of the plant, as a result the entire plant
becomes more resistant to a secondary infection. Chitosan
has been shown to elicit defense genes in several species
such as rice (Rakwal et al. 2002). Further studies have
shown that chitosan induces the expression of various
genes involved in plant defence responses such as genes
encoding PAL and protease inhibitors (Vander et al. 1998).
Genetic studies have shown that chitosan may involve
jasmonic acid (JA) pathways, since transcription activation
of genes encoding PAL and protease inhibitors are induced
by both JA and chitosan (Farmer and Ryan 1992). Chitosan
probably could alleviate the membrane lipid peroxidization
and decrease phytotoxicities in plant cells,which can
reduce plant cell stress caused by high chemical oxygen
demand (COD) in polluted water (Xu et al. 2007). There-
fore, the antifungal action of chitosan seems to comprise
more than one mode of action by which chitosan affects
fungal cell wall biosynthesis and/or alteration of the ability
of pathogens to infect and/or its ability to increase plant
resistance.

Chitosan as plant defense booster

Chitosan has been described as “plant defense booster”.
The term ‘plant defense booster’ applies to a group of
compounds, which act by triggering various physiological
and morphological responses within the plant that help to
stimulate natural defense mechanisms. The practical sig-
nificance of plant defense boosters is that they can help to
reduce the amount of crop protection chemicals applied to
crops. Results from the literature indicate variability in
plant responses following application of plant defense
boosters such as chitosan. Quang et al. (2006) reported that
positive effects of chitosan on barely plants depend on the
molecular weight of the applied chitosan. Oligochitosan
application excites a series of defense responses in rice to
enhance the disease resistance to Magnap or the Grisea
(Ning et al. 2003).

Chitosan biosynthesis in fungi (Hadwiger 2009) starts
with the sugar nucleotide, uridine diphosphate N-acetyl-p-
glucosamine (UDP-GIcNAc) that is incorporated into
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chitin.(Fig. 3) Two enzymes, chitin synthetase and chitin
deacetylase produce chitosan (Kafetzopoulos et al. 1993).
Chitinase recognizes B-1, 4-linked N-acetyl glucosamine
residues, cleaving these regions within chitosan producing
oligomers. The commercial production of chitosan origi-
nates as crustacean chitin. Chitosan oligomers can be
derived from HCI or enzymatic digestion of chitosan
(Cabrera and Cutsem 2005). Some plants have lectin-like
proteins that complex with chitosan and are candidate
receptors (Chen and Xu 2005). Protein kinase cascades that
may relay the signal to transcription factors (TRs) have not
been identified. Chitosan as a polycationic polymer elicits
cellular changes (Yin et al. 2010), viz, membrane depo-
larization, oxidative burst, influx and exit of ions such as
Ca2+, kinases, DNA alteration, mRNA, PR proteins, phy-
toalexins, lignifications and callose deposition. A proposed
direct elicitation of gene activity in plant defense impli-
cates both chitosan/DNA interactions and fungal DNase/
DNA interactions (Hadwiger 2008). Direct effects of
chitosan oligomers on defense gene transmission have been
proposed to occur by (a) alterations of DNA helical
structure, single strand cleavage and removal of histones
H,A and H,B, along with reductions in the architectural
transcription factor, HMG A (Weake and Workman 2008),
(b) chitosan may compete with histones for sensitive DNA
sites allowing stalled DNA polymerase complexes to
continue to transcribe through the open reading frames of
PR genes (Schwabish and Struhl 2004). The fungal derived
elicitors, chitosan oligomers and DNase, are capable of
both inducing PR gene products and inhibiting fungal
growth. Signal peptides on some PR proteins enable transit
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Fig. 3 Roles of chitosan in plant defense. Some chitosan points of
origin and their proposed effects on the regulation of plant defense
genes (PR genes) (Hadwiger 2008, 2013))
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from the plant cell to the germinating spore (Benhamou
et al.1994).

Enhancement of antioxidant enzyme activities
by chitosan

Reactive oxygen species (ROS) are related to light
dependent events produced in plants even under optimal
conditions. Therefore, photosynthetic cells are easily
damaged by oxidative stress, which injures the cellular
components like, proteins, nucleic acids and membrane
lipids (Foyer et al. 1994). It has been reported that olig-
ochitosan induces accumulation of H,O, in plants (Lin
et al. 2005). It is involved in the oxidative burst and the
induction of the ROS scavenging system (Agrawal et al.
2002). Enzymatic systems consisting of superoxide dis-
mutase (SOD), catalase (CAT) and peroxidase (POX) are
responsible for scavenging of these ROS in plants (Ahmad
et al. 2013). Guo et al. (2003) reported induction of SOD
and CAT by oligochitosan treatment in leaves. It was
shown that POX activity increased by 0.0625 and 0.125 %
by oligochitosan in wheat leaves compared with control.
Thus, increased CAT and POX activities helped in wheat
seedling development (Ma et al. 2014). Yin et al. (2008)
reported that oligochitosan upregulated the activities of
PAL, PPO, POX, CAT and SOD in tobacco and Brassica
napus.

Chitosan improves the germination

Ma et al. (2014) reported that oligochitosan promoted
wheat growth in terms of germination capacity, root length,
seedling height and increase in root activity. Batool and
Asghar (2013) reported that seeds of Carum copticum
primed with different concentrations of chitosan showed
increase in germination percentage, germination rate,
seedling vigor index, length and dry weight of hypocotyl
and radical compared to control. Shao et al. (2005) reported
that seed soaked with chitosan increased the germination
percentage of maize seed. Manjunatha et al. (2008)
reported that seed priming with chitosan enhanced seed
germination and seedling vigour in pearl millet. Seed
soaked with chitosan increased germination rate, length
and weight of hypocotyls and radical in rapeseed (Sui et al.
2002). Similarly, No et al. (2003) observed that treatment
with 493 kDa chitosan improved growth in soybean sprout.
Chitosan treatment increased total weight as well as the
length and thickness of sunflower hypocotyls compared
with control (Cho et al. 2008).

Zeng and Luo (2012) reported that chitosan has excel-
lent film forming property, making it easy to form a semi

permeable film on the seed surface, which can maintain the
seed moisture and absorb the soil moisture, and thus it can
promote seed germination. Priming with 0.2 % chitosan
was found to be superior to all other concentrations.
Researcher have reported that chitosan increased shoot
length, root length, shoot dry weight and relative water
content under salinity stress. Similar results were reported
by Ma et al. (2012), who reported that wheat seeds treated
with chitosan showed higher growth than control under
salinity stress. Cote and Hahn (1994) suggested that the
oligosaccharides act on plants in a manner similar to
phytohormone in regulation of morphogenesis, growth and
development. It is suggested that chitosan triggers the
defensive mechanisms in plants, stimulates root growth and
induces certain enzymes such as chitinases, pectinases and
glucanases (Hien 2004). Chitosan promotes plant growth
through increasing the availability and uptake of water and
essential nutrients through adjusting cell osmotic pressure
(Guan et al. 2009).

Chitosan in drought tolerance

The content of leaf water reflects the water status of plant.
Chitosan coating can improve the leaf water content of
seedlings. The experimental results showed that chitosan
significantly increased the concentration of chlorophyll
under drought stress, which illustrates that chitosan can
enhance the photosynthesis performance and the accumu-
lation of organic matter in wheat seedlings. Under the
drought condition, a well developed root system absorbs
more water to keep the moisture stable (Zhang et al. 2002).
Chitosan coating can reduce the inhibition of roots and
stem growth under drought stress, which shows chitosan
can effectively promotes the development of root system
and strengthens the capability of water absorption, so as to
enhance drought resistance of wheat seedlings (Zeng and
Luo 2012).

Oligochitosan application reduced the decline in pho-
tosynthetic rate in B. napus seedlings under drought stress
(Li et al.2008), and ameliorated the adverse effects of salt
stress in wheat seedlings (Ma et al. 2012). Therefore,
oligochitosan has a strong potential application value in
agriculture. Electron microscopy and histochemical anal-
yses have demonstrated that foliar application of chitosan
reduced transpiration of pepper plants through partial or
full closure of stomata (Bittelli et al. 2001). Chitosan was
found to reduce plant transpiration in pepper plants
resulting in a 26-43% reduction in water use, while
maintaining biomass production and yield. These results
suggested that chitosan might be an effective anti transpi-
rant to conserve water use in agriculture (Bittelli et al.
2001).
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Effect of chitosan on plant growth

Chitosan also promoted growth of various crops such as
cabbage (Brassicaoleracea L.) Hirano 1988), soybean
sprouts (Lee et al. 2005) and sweet basil (Kim et al. 2005).
Chitogel, a derivative of chitosan, was found to improve
vegetative growth of grapevine plantlets (Barka et al.
2004). This study showed that the average O, production
by plantlets cultured on medium supplemented with
1.75 % chitogel increased 2-fold, whereas CO, fixation
increased only 1.5-fold, indicating that chitogel had a
beneficial effect on net photosynthesis in plantlets and
confirmed its positive effects on grapevine physiology. It
has also been shown that chitosan promotes vegetative
growth and enhances various processes in developing
flower buds (Barka et al. 2004). N-acetyl chitosaccharides
concentration was varied in growth media depending on
the chemo/ physiological conditions of the cells, which
caused much higher root growth than in control production
media. Chitosan treated orchid plants (Dendrobium Sen-
sational ‘Purple’) had more flower shoots and yields tended
to be higher compared to the control plants (Chandrkra-
chang et al. 2005).

Chitosan enhances the production of secondary
metabolites

The use of biotic or abiotic elicitors is one way to increase
the yields of secondary metabolites in in vitro cultures.
Supplementation of hairy root cultures of Brugmansia
candida with chitosan at certain concentrations was found
to increase the content of root scopolamine and hyoscya-
mine, which are valuable anticholinergic drugs employed
as antispasmodics and in the treatment of motion sickness.
Both are members of the tropane group of alkaloids (Ha-
shimoto et al. 1993). Hairy root cultures of Hyoscyamus
muticus supplemented with chitosan produced 5-fold more
hyoscyamine than the control (Sevon et al. 1992). Treating
hairy root cultures of Trigonella foenum-graecum L. with
40 mg 17! chitosan induced a threefold increase in dios-
genin, o spirostanol, important for the synthesis of steroid
hormones (Merkli et al.1997).

Chitosan enhanced storage life and quality of fruits

Chitosan can be used as a coating material for fruit (Jiang
and Li 2001). Results of some previous studies have shown
that chitosan coating has the potential to prolong storage
life and to control decay of many fruit such as strawberries
(Hernandez et al. 2006), and papaya (Sivakumar et al.
2005). Chitosan treatment have been reported to prolongs
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storage life and controls decay of cucumber, carrot, apple,
citrus, kiwifruit, peach, pear, strawberry, and sweet cherry
(Ben et al. 2003). One of the unique characteristics of
chitosan-based coating is that it is a carrier for incorpo-
rating functional ingredients, such as antimicrobial agents
and nutraceuticals (Park and Zhao 2004).

The chitosan based coating can form a protective barrier
on the surface of fresh fruit, reduce water loss, inhibit gas
exchange, decrease nutrient loss, and prevent micro-
organism growth that causes fruit rotting (Qiuping and
Wenshui 2007). The application of chitosan combined with
ammonium carbonate offers a commercially acceptable,
economically viable and effective alternative for posthar-
vest control of anthracnose in stored papaya. Dipping
papaya in chitosan plus ammonium carbonate, significantly
(P < 0.005) retarded color development of skin and flesh,
increased fruit firmness and reduced weight loss (Sivaku-
mar et al. 2005). Chitosan increased the growth of Paphi-
opedium bellatulum x Paphiopedium angthong in tissue
culture. Encapsulating seeds of Spathoglottis plicata with
alginate-chitosan has been reported to minimize infections
by mycorrhizal fungi (Tan et al. 1998). Researchers have
demonstrated that the effectiveness of chitosan depended
on molecular weight, ratio of sugar carbons to glucosamine
and N-acetyl-glucosamine, and the concentration and fre-
quency of applications.

Miscellaneous effects of chitosan on plants

Increasing levels of abscissic acid (ABA) plays a key role
in the regulation of water use by closure of stomata and
decreased transpiration in plants. Stomata closure induced
by foliar application of chitosan may involve ABA bio-
synthesis pathways. It has been shown that plant can sur-
vive in low water environments by chitosan treatment.
Oligochitosan can effectively increased IAA concentration,
which promoted the growth of tobacco plants (Guo et al.
2009). Chitosan application at 200 mg kg™ soil was
effective in alleviating the harmful effects of high cadmium
concentration on radish plant (Farouk et al. 2011).

Implications for future practice and research

The ubiquity, biological and biocompatible properties of
chitosan establishes them as promising bioactive com-
pound for agriculture. Further research is required to val-
idate laboratory results obtained under controlled
conditions in India to become potential agricultural prac-
tice. Its physiological activities, together with the recently-
discovered properties have tremendous utility in agricul-
ture, and could result in development of sustainable
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agricultural practices, by decreasing the use of synthetic
chemical and bringing a new focus to modern plant phys-
iology. These compounds could be of significant use under
adverse conditions, such as in low fertility, high salinity,
heavy metal contaminated soils, and in soils affected by
prolonged drought, under climate change condition. How-
ever, all these depend on gaining the focus of researchers,
and confidence of farmers and producers of these potential
compounds.

Conclusions

Chitosan, derivative of chitin is the second most abundant
natural polymer and one of the most widely distributed
throughout the nature. The numbers of applications of
chitosan and their derivatives have been increasing steadily
in the last decade. Chitosan has been shown to be a ver-
satile nontoxic material with multiple responses. To date,
there is enough evidence indicating that after chitosan
application plants can acquire enhanced tolerance to a wide
variety of pathogenic microorganisms, unfavorable cli-
matic conditions and improve growth, indicating that the
use of natural elicitors such as chitosan might assist in the
goal of sustainable agriculture.
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