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Chitosan stimulates secondary metabolite
production and nutrient uptake in medicinal
plant Dracocephalum kotschyi
Samaneh Kahromi and Jalil Khara*

Abstract

BACKGROUND: A wide variety of secondary metabolites are synthesized from primary metabolites by plants which have a vast
range in pharmaceutical, food additive and industrial applications. In recent years, the use of elicitors has opened a novel
approach for the production of secondary metabolite compounds. Dracocephalum kotschyi is a valuable herb due to pharma-
ceutical compounds like rosmarinic acid, quercetin and apigenin. In the current study, foliar application of chitosan (0, 100,
400 mg L−1) as an elicitor was used.

RESULTS: After chitosan treatment, the amounts of hydrogen peroxide (H2O2) increased and the plant was able to increase the
activities of enzymatic (guaiacol peroxidase, catalase and phenylalanine ammonium lyase) and non-enzymatic (total phenols
and flavonoids) defensive metabolites. Also, foliar spray of chitosan promoted nutrient absorption which led to the accumula-
tion of macroelements in the plant.

CONCLUSIONS: Chitosan was found to be a very effective elicitor for improving rosmarinic acid and quercetin content (up to
13-fold). Also, the content of apigenin (anticancer flavonoid) showed 16-fold enhancement compared to the control. Therefore,
the treatment of D. kotschyi leaves with chitosan caused a very large increase in the induction and production of important
pharmaceutical compounds such as rosmarinic acid and quercetin.
© 2020 Society of Chemical Industry

Keywords: chitosan; Dracocephalum kotschyi; elicitor; pharmaceutical compounds; secondary metabolites; nutrient absorption

INTRODUCTION
Medicinal plants are an important source of nutrition and organic
metabolites for maintaining human health.1 Dracocephalum
kotschyi Boiss. is one of eight endemic species of Dracocephalum
in Iran, and a prominent medicinal plant, the leaves of which are
utilized as an additive to improve the taste and scent of tea and
yogurt.2,3 Also, the essential oil of this plant could be used as a
food additive and safe curative agent for food purposes.4

D. kotschyi using the IUCN grouping criteria is one of the vulnera-
ble species in Iran. Extra harvesting of wild plants, limited distribu-
tion areas and lack of cultivation and domestication are the
principal reasons why D. kotschyi is now listed as an endangered
plant.5,6 This plant is used as a traditional medicine for the treat-
ment of liver and stomach diseases and fever. Some medicinal
properties of this plant have been confirmed such as antioxidant,
anti-nociceptive, antispasmodic, anti-inflammatory, antimicrobial,
antitumor, cytotoxic and immunomodulatory effects.7,8 Research
has revealed that all parts of D. kotschyi have active molecules like
essential oils, monoterpene glycosides, trypanocidal terpenoids
and flavonoids.3 Essential oils of D. kotschyi include citral, caryo-
phyllene, terpinyl, acetate, limonene, ⊍-terpineol, ⊐-3-carene,
⊍-pinene, terpinen-4-ol, geranial, limonene-10-al and
1,1-dimethoxydecane.9 This plant has anticancer properties due
to its content of methoxylated flavones such as xanthomicrol, api-
genin, isokaempferid, cirsimaritin and penduletin. Spinal-Z

(anticancer drug) is produced by Iranian researchers, which has
an effect against leukemia, and is extracted fromD. kotschyi leaves
and Peganum harmala seeds.8,10 Phenolic acids such as cinnamic,
chlorogenic and caffeic acids are found in D. kotschyi. Phenolic
acids can be used as preventive and therapeutic agents for many
diseases that are related to oxidative effects.11 Also, rosmarinic
acid (RA) is one of the efficient natural antioxidants in this plant,
which exhibits various pharmacological activities including astrin-
gent, antibacterial, antiviral, anti-inflammatory and antiallergic
action.12

The enhancement of secondary metabolites of medicinal plants
by elicitors is one of the few strategies that have recently been
commercially used. Elicitors are signal compounds that increase
the synthesis of secondary metabolites by inducing pathways in
response to exogenous stresses.12 The use of elicitors effectively
promotes the production of a range of secondary plant metabo-
lites, both in vivo and in vitro. During elicitor treatment, the elicitor
binds to the receptors on the plasma membrane or endomem-
brane. Then elicitor signal perception initiates signal transduction
that results in activation or de novo biosynthesis of transcription
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factors (TFs), which regulate the expression of some biosynthetic
genes involved in plant secondary metabolism.13 Elicitors can be
classified according to their origin into two types: biotic and abi-
otic. Both biotic and abiotic elicitors are molecules within the elic-
itation pathways and can induce a similar plant defensive reaction
against pathogen infections or herbivore attack.14

The application of both types of elicitors is a strategy that has
been very beneficial in reducing the processing time required to
gain high product concentrations and increase product quan-
tity.15 Biotic elicitors include polysaccharides derived from insects
and fungi, such as chitin and chitosan that are mostly applied for
induction of secondary metabolites.16

Chitosan is a natural, nontoxic, inexpensive compound and has
antibacterial properties, which has been widely used in medi-
cines, foods and cosmetics. Besides, chitosan has agricultural
applications, used to promote plant growth, improve crop yield
and control plant diseases.17 Chitosan can induce plant stress
response with the consequent enhancement in phytoalexin and
reactive oxygen species (ROS) accumulation. Low amounts of
ROS are signal molecules that trigger series of cellular responses
from the expression of certain genes to production of secondary
metabolites, but higher ROS levels cause damage to membranes
and other essential macromolecules, such as oxidation of pro-
teins, DNA and lipids.11 Also, chitosan stimulates other systems;
for example, it can activate mitogen-activated protein kinase
(MAPK) signaling cascades (triggering the production of ROS,
inducing the expression of MPK genes, and boosting the tran-
scription of defense-related genes) in some plants.18 Chitosan is
used both in vivo and in vitro as well as being applied on plant
aerial organs, and as elicitor could enhance secondary metabo-
lites of plants, such as terpenoids and phenolics.19

The low levels of secondary metabolites of D. kotschyi can be
enhanced by the overproduction of these metabolites using sim-
ple methods such as spraying of elicitors to stimulate the synthe-
sis of these metabolites. In the study reported here, an attempt
was made to investigate the effect of chitosan on the content of
shoot elements and plant phytochemical responses, including
the content of phenol, flavonoid and secondary metabolites, anti-
oxidant enzyme activity and phenylalanine ammonia lyase (PAL)
activity. The main purpose of the study was to increase the sec-
ondary metabolites of D. kotschyi using chitosan.

MATERIALS AND METHODS
Plant materials and chitosan treatment
Chitosan (CAS no. 9012-76-4; degree of deacetylation degree of
85%) was purchased from Sigma-Aldrich (Shanghai, China). Chito-
san was dissolved in 5% acetic acid and diluted in distilled water
to the required concentrations (100 and 400 mg L−1). The pH of
chitosan solutions was adjusted to 6.5 with 2 mol L−1 NaOH.
Seeds for the experiment were obtained from Pakan Bazr Com-

pany, Isfahan, Iran. Seeds were soaked in 98% sulfuric acid for
10 min to remove the external germination inhibitor that was pre-
viously established for D. kotschyi.20 Seeds were sterilized using
5% sodium hypochlorite for 5–10 min andwashedwith sterile dis-
tilled water three times. Seeds were put in Petri dishes and, after
germination, seedlings were planted in plastic pots, containing a
mixture of Peat Mas, sandy soil and Perlite (3:2:1). After 5 weeks,
foliar application of chitosan solutions on plants was performed.
The chitosan treatment was sprayed using a hand sprayer on
the aerial parts until complete wetness; untreated control plants
were sprayed with an equivalent volume of distilled water.

Treatment was performed three times at intervals each week.
After 1 week from the last treatment, the plants were harvested.
After finishing the experiment, growth parameters were mea-
sured including the fresh and dry weight of roots and shoots.
The total amount of some elements, hydrogen peroxide (H2O2)
content and activities of antioxidant enzymes and PAL were mea-
sured. Also, phytochemical responses including total phenolic
and flavonoid contents, contents of RA, some phenolic acids
and methoxy flavonoids were determined.
The pot culture experiment was conducted in a glasshouse of

the Department of Biology, Urmia University. The temperature
in the greenhouse was maintained at 18–25 °C with a photope-
riod of 16 h day/8 h night.

Elemental analysis
Samples of shoots were dried at 65 °C for 48 h in an oven. After
drying, samples (500–800 mg) were weighed and ground sam-
ples of the plants were mineralized in a mixture of nitric and per-
chloric acids for 24 h. The total amounts of calcium (Ca),
potassium (K), magnesium (Mg), zinc (Zn), phosphorus (P), man-
ganese (Mn) and nickel (Ni) were determined directly from the
extract using atomic absorption spectrometry (Thermo Scientific
iCE 3000 series).21

Total contents of organic sulfur (S) and nitrogen (N) were deter-
mined in dried ground shoots (50–80 mg) using a CHNS analyzer
(Elementar Vario Macrocube).22

Determination of H2O2 content
Fresh leaves and roots (500 mg) were homogenized in an ice bath
with 5 mL of trichloroacetic acid (0.1% w/v) and centrifuged for
15 min at 10 000 × g. Then 0.5 mL of the supernatant was added
to 0.5 mL of 10 mmol L−1 potassium phosphate buffer (pH 7) and
1 mL of 1 mol L−1 KI. The absorbance of the samples was spectro-
metrically measured at 390 nm.23 The H2O2 content was calcu-
lated by comparison with a standard calibration curve prepared
using various concentrations of H2O2.

Enzyme assays
Roots and leaves (150 mg, FW) were homogenized in 2 mL of
50 mol L−1 Tris–HCl buffer (pH 7) containing 3 mmol L−1 MgCl2
and 1 mmol L−1 EDTA and centrifuged at 12 000 × g for 10 min
at 4 °C. The supernatant was used for catalase (CAT) and guaiacol
peroxidase (GPX) assays.24

Catalase activity
CAT activity was assayed in accordance with Aebi25 with minor
modification. The assay contained 3 mL of 0.1 mol L−1 phosphate
buffer (pH 7.0; potassium salts), 25 μL of H2O2 solution (1%) and
25 μL of the prepared extract, and the absorbance was measured
at 240 nm. One unit of CAT activity was described as the amount
of enzyme required to decompose 1 mmol of H₂O₂ per minute.
For the calculation of CAT activity, an extinction coefficient of
0.026 L mmol−1 cm−1 was used.25

Guaiacol peroxidase activity
GPX activities were assayed according to the method of Chance
and Maehly.26 The test mixture contained 1.5 mL of phosphate
buffer (50 mol L−1, pH 6.8), 1 mL of guaiacol (1%) and 200 μL of
enzyme extract. The reaction was initiated by adding 1 mL of
H2O2 and the changes of absorption were recorded spectropho-
tometrically at 470 nm for 1 min. One unit of GPX activity was
defined the amount of enzyme that causes the formation of

www.soci.org S Kahromi, J Khara

wileyonlinelibrary.com/jsfa © 2020 Society of Chemical Industry J Sci Food Agric 2021

2

http://wileyonlinelibrary.com/jsfa


1 mmol of tetraguaiacol per minute. The GPX activity was calcu-
lated using an extinction coefficient of 26.6 L mmol−1 cm−1.26

PAL activity
Extraction and testing of PAL were performed using the method
of Ke and Saltveit27 with some modifications. Briefly, 0.3 g of the
fresh material was homogenized in 6 mL of sodium borate buffer
(0.1 mol L−1, pH 8.8) including ⊎-mercaptoethanol (5 mm), EDTA
(2 mm) and 1% (p/v) insoluble poly(vinyl pyrrolidone). The extract
was centrifuged at 10 000 × g for 20 min. Then 5 mL of superna-
tant was added to 1 mL of 100 mol L−1 phenylalanine and incu-
bated at 40 °C for 60 min. Finally, the absorbance of the
samples was read at 290 nm using a spectrophotometer.27

Total phenolic content
Leaf and root samples (100 mg) were homogenized in 5 mL of
80% methanol and centrifuged at 10 000 × g for 15 min. Then
the total phenols of the methanolic extract were measured with
Folin–Ciocalteu reagent at 760 nm.28 Briefly, 1 mL of each sample
was mixed with 9 mL of distilled water and 1 mL of Folin–
Ciocalteu phenol reagent and was kept for 5 min at room temper-
ature. Finally, 10 mL of Na2CO3 solution (7% w/v) was added and
all test tubes were incubated for 90 min at room temperature. The
absorbance of samples was measured at 750 nm against a
reagent blank using a spectrophotometer and expressed as gallic
acid equivalents with reference to a calibration curve.

Total flavonoid content
Total flavonoid contents of root and leaf extracts were deter-
mined using a method described as the aluminium chloride assay
by Zhishen et al.29 with some modifications. Firstly, 0.25 mL of
methanolic extracts was mixed with 0.15 mL of a 5% NaNO2 solu-
tion. After 5 min, 0.3 mL of a 10% AlCl3 solution and 2 mL of a
1 mol L−1 NaOH solution were added and the solution was mixed
well. After incubation of the samples for 15 min at 25 °C, the
absorbance was measured at 510 nm and expressed as quercetin
equivalents (QUE) with reference to a calibration curve.29

Extraction of phenolic compounds
Frozen leaves (1 g) were homogenized with 80%methanol (3 mL)
under sonication for 25 min. The samples of extract were centri-
fuged at 2000 rpm for 10 min. After filtration, the supernatant
was used for high-performance liquid chromatography (HPLC)
analysis.

HPLC analysis
Isolation, characterization and quantification of biochemical com-
pounds in the plant were performed using an HP 1100 series HPLC
system (Agilent Technologies, Wilmington, DE, USA) equipped
with a 20 μL injection loop, quadruple gradient pump, degassing
system, column oven (set to 25 °C) and diode array detector, set
at wavelengths of 250, 272 and 310 nm.
Isolation of octadecylsilane was done with a ZORBAX Eclipse

XDB column (particle size: 5 μm; inner diameter: 4.6 mm; length:
250 mm). Chemstation software was used for data processing.
To better isolate the compounds, a washing gradient program
was used. Firstly, themobile phase started with a ratio of 10% ace-
tonitrile (solvent A) and 90% solution of acetic acid (1% v/v in
water) (solvent B). The gradient elution program was as follows:
10–25% (v/v) A at 0–5 min, 25–65% (v/v) A at 5–15 min. The sep-
aration time was 15 min.30 The flow rate used for column elution
was 1 mL min−1.
HPLC chromatograms were obtained using a photodiode array

detector at various wavelengths according to the absorptionmax-
ima of analyzed compounds. Each compoundwas identified by its
retention time (RT) and by spiking with standards under the same
conditions. Quantification of the samples was done by measure-
ment of the integrated peak area and the contents were calcu-
lated using the calibration curve by plotting the peak area
against the concentration of the respective standard sample.
Identification of RA (RT 11.5, ⊗max = 250 nm), gallic acid (RT 4.52,
⊗max = 272 nm), caffeic acid (RT 8.54, ⊗max = 310 nm), chlorogenic
acid (RT 9.3, ⊗max = 250 nm), coumaric acid (RT 10.85,
⊗max = 310 nm), cinnamic acid (RT 14.79, ⊗max = 272 nm),

Table 2. Effect of different concentrations of chitosan on total content of C, S, N, Ca, Mg, K, Mn, Fe, Cu and Zn in D. kotschyi

Chitosan
(mg L−1) S (%) N (%)

Ca
(g kg−1

DW)

Mg
(g kg−1

DW)

K
(g kg−1

DW)

P
(g kg−1

DW)

Ni
(mg kg−1

DW)

Zn
(mg kg−1

DW)

Mn
(mg kg−1

DW)

0 0.43 ± 0.06a 3.41 ± 0.05a 4.69 ± 0.2b 0.53 ± 0.1b 12 ± 1b 5.7 ± 0.6a 6.7 ± 0.1a 48.7 ± 2a 155.1 ± 7a

100 0.48 ± 0.09a 3.52 ± 0.2a 28.3 ± 3a 6.4 ± 0.5a 40 ± 2a 4.9 ± 0.5a 6.4 ± 0.2a 51.5 ± 3a 157.3 ± 9a

400 0.47 ± 0.07a 3.53 ± 0.1a 25.3 ± 2a 6.5 ± 1a 42.1 ± 3a 5 ± 0.6a 5.3 ± 0.3b 38.4 ± 1b 137.8 ± 5b

Ca, calcium; K, potassium; Mg, magnesium; Mn, manganese; N, nitrogen; Ni, nickel; P, phosphorus; S, sulfur; Zn, zinc. Values within a column followed
by the same superscript letter(s) are not significantly different at P < 0.05 based on Duncan's multiple range test. Data are means of three replicates.

Table 1. Effects of different concentrations of chitosan on fresh and dry weight of root and shoot in D. kotschyi

Chitosan (mg L−1) Root fresh weight (g) Root dry weight (g) Shoot fresh weight (g) Shoot dry weight (g)

0 0.196 ± 0.009a 0.022 ± 0.002a 0.524 ± 0.051a 0.082 ± 0.001a

100 0.207 ± 0.025a 0.024 ± 0.005a 0.540 ± 0.039a 0.098 ± 0.002a

400 0.195 ± 0.016a 0.021 ± 0.003a 0.541 ± 0.057a 0.091 ± 0.001a

Values within a column followed by the same superscript letter(s) are not significantly different at P < 0.05 based on Duncan's multiple range test.
Values are the average of three replicates ± standard deviation.
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quercetin (RT 13.31, ⊗max = 250 nm) and rutin (RT 10.47,
⊗max = 310 nm) was done by comparing their RT and UV ⊗max

values with those of the standard compounds. The calibration
curves were prepared using six assays with the standard for each
compound.
The surface flavonoids were separated using the mentioned

Agilent 1100 HPLC system equipped with a Knauer analytical col-
umn (125 cm × 4 mm inner diameter) packed with 5 μm Spher-
image 80 and octadecylsilane as end-capping sorbent (E. Merck)
according the procedure of Fattahi et al.31

Statistical analysis
All data were analyzed using SPSS software (Version 22) and were
introduced as the mean and standard deviation of three

replications (n = 3). The experimental design was based on
completely randomized factorial and one-way analysis of variance
was used. Significant differences were determined among the
means using the Duncan test at P < 0.05.

RESULTS AND DISCUSSION
Growth
In this study, foliar application of chitosan had no significant effect
on the biomass of D. kotschyi (Table 1). Similar to our results, pre-
vious studies have also shown that foliar spray of chitosan did not
impact the growth of plants.32,33 There are various feasible rea-
sons for different impacts on plant growth, including differences
in application methods, application time and the use of different

(a) (b)

(c) (d)

Figure 1. Effects of different concentrations of chitosan on total phenol content in leaves (a) and roots (b) and flavonoid content in leaves (c) and roots
(d) of D. kotschyi. Means ± SD of three replicates followed by the same letters are not significantly different according to Duncan's multiple range test
at P ≤ 0.05.

Table 3. Content of H2O2 and enzymatic activities of GPX and CAT in roots and leaves ofD. kotschyi treatedwith different concentrations of chitosan

Chitosan
(mg L−1)

Root content of
H2O2 (mg g−1 FW)

Leaf content of
H2O2 (mg g−1 FW)

Root GPX activity
(U mg−1 protein)

Leaf GPX activity
(U mg−1 protein)

Root CAT activity
(U mg−1 protein)

Leaf CAT activity
(U mg−1 protein)

0 0.19 ± 0.02b 0.36 ± 0.02ab 0.037 ± 0.003b 0.009 ± 0.001c 4.64 ± 0.57b 8.9 ± 0. 9a

100 0.21 ± 0.01ab 0.50 ± 0.02a 0.039 ± 0.002b 0.013 ± 0.001b 6.53 ± 0.63a 11.2 ± 1.3a

400 0.25 ± 0.01a 0.52 ± 0.04a 0.054 ± 0.002a 0.019 ± 0.003a 8.34 ± 0.92 a 9.4 ± 0.5a

Values within a column followed by the same superscript letter(s) are not significantly different at P < 0.05 based on Duncan's multiple range test.
Values are the average of three replicates ± standard deviation.

www.soci.org S Kahromi, J Khara

wileyonlinelibrary.com/jsfa © 2020 Society of Chemical Industry J Sci Food Agric 2021

4

http://wileyonlinelibrary.com/jsfa


plant species.34 In contrast with our results, significant effects of
chitosan on the growth of many plants have been observed.35,36

Elemental analysis
Table 2 reveals that chitosan increased the total content of most
of the macroelements in D. kotschyi. A significant increase was
observed in the contents of Ca and Mg, as well as the K content,
compared to the control plants. The Ca content was found to
increase sixfold with a treatment of 100 mg L−1 compared to
the control. The K and Mg contents were found to increase
3.5-fold and 12.3-fold, respectively, with a treatment of
400 mg L−1. Previous studies demonstrated that plants treated
with chitosan exhibited an increased accumulation of various
mineral nutrients such as N, K, Mg and Ca.37,38 Ahmad et al. stated
that increases in N and K contents of peppermint leaf were evi-
dent after foliar application of chitosan. Positive effects of chito-
san may come from its providing some amino compounds
required for plant growth.39 Winkler et al. reported that plants
may be capable of degrading chitosan and releasing small frag-
ments of chitin that may be used as a source of nutrients.40 In
our research, chitosan had no significant effect on the content
of P and microelements in D. kotschiy (Table 2).
Foliar exposure to chitosan and chitosan oligosaccharides lead-

ing to an enhanced level of antioxidants might be involved in
maintaining the nutrient status through membrane stabilization
resulting in protection of plasma membranes from oxidative

damage and enhancing plant cell permeability that finally stimu-
lates nutrient absorption.19

Total phenolic and flavonoid contents
Our results indicated that plants sprayed with chitosan showed an
increase in total phenolic and flavonoid contents (Fig. 1). Phenolic
compounds are well known to have antioxidant properties.41 Var-
ious authors have reported that chitosan treatment efficiently
enhanced the total amount of phenolic compounds in some
plants.42,43 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 proteins. These
pathogenesis-related proteins can degrade the cell walls of some
phytopathogens and consequently may play a role in host plant
defense systems.44 Similarly, it has been reported that the applica-
tion of chitosan enhances phenolic compounds.45

Synthesis of flavonoid and phenolic compounds is initiated very
quickly after elicitation. Overall, elicitors like chitosan are involved
in some signal transduction systems that induce gene expression
of enzymes of the secondary metabolic pathway, such as PAL.46 A
positive correlation was observed between PAL activity and the
total content of phenols and flavonoids which shows that chito-
san treatment can regulate the accumulation of phenolic com-
pounds through stimulating PAL activity.
Flavonoids are water-soluble polyphenolic molecules that

exhibit health-boosting effects, are antioxidants and free radical
scavengers and have anticancer, anti-inflammatory and antide-
pressant activities. An increase in flavonoid level indicates an
enhancement in the amount of plant nutrients47 and a positive
relationship was observed between the contents of flavonoids
and macroelements in the current study. Udomsuk et al. reported
that chitosan at 150 mg L−1 enhanced isoflavonoid production in
Pueraria candollei.48

H2O2 content
The results of this study indicated that chitosan spray treatments
had a significant impact (P ≤ 0.05) on the H2O2 content (Table 3).
It was reported chitosan stimulates the oxidative burst and the
induction of the ROS scavenging system, especially the produc-
tion of H2O2.

11,33,49 Also, Chamnanmanoontham et al. stated that
chitosan increased production of H2O2 by expression of NADPH
oxidase in rice.50 A plant's NADPH oxidases regulate the signaling
cascades in response to abiotic stresses. ROS are involved in intra-

(a) (b)

Figure 2. Effects of different concentrations of chitosan on PAL activity in leaves (a) and roots (b) of D. kotschyi. Means ± SD of three replicates followed
by the same letters are not significantly different according to Duncan's multiple range test at P ≤ 0.05.

Figure 3. Effects of different concentrations of chitosan on RA content in
leaves of D. kotschyi. Means ± SD of three replicates followed by the same
letters are not significantly different according to Duncan's multiple range
test at P ≤ 0.05.
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and extracellular cell signaling.51 Generation of these ROS mole-
cules acts as a signal for the synthesis of defensive chemicals,
such as phenolics, flavonoids and phytoalexin, defense
enzymes, etc., in many chitosan-treated plant species.52

Activities of antioxidant enzymes
In the present experiment, chitosan enhanced the GPX activity
of D. kotschyi roots and leaves. The activity of CAT increased in
both leaves and roots, but no significant effect of chitosan on
CAT activity was observed in D. kotschyi leaves (Table 3). Chito-
san stimulates the activities of ROS-scavenging enzymes, includ-
ing CAT and peroxidase, as well as defense-related enzymes
such as PAL and chitinase.51 Our findings indicated that chito-
san induces the accumulation of H2O2 in D. kotschyi. Apparently,
increased H2O2 accumulation in chitosan-treated plants may
have activated antioxidant enzymes, to counteract the increase
in ROS induced by chitosan. The activity of GPX increased more
than twofold in the 400 mg L−1 chitosan treatment; thus the
increased GPX activity appears to compensate the superoxide
accumulation under high concentrations of chitosan. Similar to
our results, the exogenous application of chitosan increased
CAT and peroxidase activities in some plants.17,49 Safikhan
et al. demonstrated that chitosan-sprayed plants had greater
CAT and peroxidase activity in leaves of Silybum marianum.34

Also, it has been reported that chitosan has a potential for scav-
enging systems such as peroxidase, polyphenol oxidase, super-
oxide dismutase and CAT.53

PAL activity
The application of chitosan increased the activities of PAL in
D. kotschyi (Fig. 2). Similar results have been previously
reported.54,55 PAL is the key enzyme involved in the production
of phenylpropanoid compounds. In the current study, the high-
est PAL activity was found for leaves treated with 100 mg L−1

chitosan, which was also associated with an increase in phenolic
compounds such as cinnamic acid. Chitosan stimulates PAL
activity which produces cinnamic acid in the phenylpropanoid
pathway.47 Links between increased PAL activity by chitosan
and accumulation of phenolic compounds have been observed
in various plant species such as tomato56 and spinach.47 In the
current experiment, we observed that an increase in PAL activity
is associated with an increase in H2O2 content. In signal trans-
duction pathways, H2O2 is considered as a secondary messen-
ger producing defense signals by inducing genes of the
phenylpropanoid pathway which also greatly increases the
activity of PAL.57

RA content
As shown in Fig. 3, RA production inD. kotschyi treated with chit-
osan was significantly greater than that of the control. The foliar
application of 100 mg L−1 chitosan increased production of RA
10-fold compared with the control value and the highest value
of RA (429.1 μg mL−1 FW) was obtained at 400 μg mL−1 chito-
san (13-fold increase).

Identification of some phenolic acids and a bioactive
flavonoids
HPLC analysis of methanol extracts of leaves identified and
quantified five different phenolic acids and quercetin and rutin
as two bioactive flavonoids. As evident from Table 4, the highest
amount of all polyphenols was obtained for a concentration of
chitosan of 100 mg L−1, which doubled the production of
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caffeic acid and chlorogenic acid and increased threefold the pro-
duction of gallic acid and coumaric acid. A concentration of chit-
osan of 100 mg L−1 increased production of quercetin and
cinnamic acid 13-fold and 51-fold, respectively. Also, foliar appli-
cation of 400 mg L−1 chitosan significantly increased the poly-
phenol content. However, for our results, the maximum amount
of rutin was detected in control plants.
Yin et al. stated that chitosan stimulates the accumulation of

polyphenols inOriganum vulgare, indicating that chitosan as a sig-
nificant signal molecule can play a prominent role in various plant
processes such as plant growth and production of secondary
metabolites.58 The mentioned research revealed that concentra-
tions of chitosan of 50 and 200 ppm led to an increase in the poly-
phenol content of oregano, by 38% and 29%, respectively. Also,
Ahmad et al. revealed that foliar application of chitosan increased
menthol content by 8%.39

Signaling induced by chitosan molecules involves specific cellu-
lar receptors, e.g. chitosan binding glycoprotein (family of lectins)
isolated frommustard leaves. Besides, chitosan can induce recep-
tor kinase-like genes, the MAPK pathway and lysine motif
receptor-like kinase, such as chitin elicitor receptor kinase
1 (CERK1), which can bind with chitin and chitosan.32 On the other
hand, Povero et al. reported that chitosan signaling is perceived
through a CERK1-independent way in Arabidopsis thaliana seed-
lings. Thus, the involvement of chitosan binding receptors is still
unclear.59 In any case, signaling transduced by secondarymessen-
gers such as ROS, H2O2, Ca

2+, nitric oxide and phytohormones in
the cell triggers physiological responses. Responses elicited by
chitosan include an increase in cytosolic H+, oxidative bursts and
synthesis of phytoalexins. In a narrow sense, phytoalexins fall into
several classes, including terpenoids, isoflavones, alkaloids and
phenolics.60

Concentrations of chitosan of 0.25 and 0.50 g L−1 resulted in
the highest increase in the contents of ⊍-thujone, ⊎-thujone
and camphor of Salvia officinalis.61 Moreover, chitosan doses
of 200 and 400 μL L−1 enhanced the thymol content in
Iranian thyme.36 Chitosan can play a main signaling role in
the activation of many plant defense responses and may affect
gene regulation that leads to the activation of enzymes in the
metabolic pathway linked with the biosynthesis of special sec-
ondary metabolites.62

In this research, an increase in PAL activity was linked with a
higher synthesis of cinnamic acid. The first step of the phenylpro-
panoid pathway is the conversion of L-phenylalanine into cin-
namic acid by PAL and cinnamic acid takes different routes for
the synthesis of other phenylpropanoids such as phenolic acids
and flavonoids.47

Chitosan also causes the accumulation of aromatic amino acids
(phenylalanine and tyrosine) and phenylpropanoid derivatives
which serve as a substrate for secondary metabolite biosynthesis
such as phenolic acids.19 Our results suggest a relationship
between chitosan-induced H2O2 and the accumulation of poly-
phenols. H2O2 is a signal molecule, which plays an important role
in many plant activities such as plant growth and secondary
metabolite production.58

Methoxylated flavonoid content
The HPLC chromatogram with peaks relevant to the standard of
each flavonoid is shown in Fig. 4, which demonstrates the accu-
mulation pattern and RT for each compound at 280 nm. The flavo-
noid content in leaves of plants is presented in Table 4. The
highest value of apigenin was obtained at 100 μg mL−1

(54.2 μg g−1 FW) which increased 36-times more than control
treatment. However, the maximum amounts of cirismartin, iso-
kaempferid and pendultin were detected in control plants in our
study.
Chitosan also stimulates the expression of genes encoding var-

ious TFs which are considered to be the most important regula-
tors of transcription of DNA to mRNA. Chitosan may activate
plant responses through various signaling pathways, including
various secondary messangers and TFs. It appears that chitosan
may act as a biostimulator to transfer signals through MAPKs of
cell walls and hydrogen peroxide.19 Ji et al. demonstrated that a
concentration of chitosan of 150 mg L−1 induced the expression
of TF AabHLH1 followed by the induction of amorpha-4,11-diene
synthase gene which enhanced biosynthesis of artemisinin in
Artemesia annua.63 Furthermore, it has been reported that treat-
ment of plants with chitosan efficiently enhanced the synthesis
of RA of Ocimum basilicum62 and oleanolic acid in Calendula
officinalis,64 and anthocyanin and phenolic acid in Vitis vinifera.15

Besides, Xoca-Orozco et al. observed that chitosan application
induced a high expression of some genes related to the

Figure 4. HPLC-DAD chromatogram peaks corresponding to apigenin, cirsimaritin, isokaempferid and penduletin.

Chitosan stimulates secondary metabolite production www.soci.org

J Sci Food Agric 2021 © 2020 Society of Chemical Industry wileyonlinelibrary.com/jsfa

7

http://wileyonlinelibrary.com/jsfa


production of secondary metabolites. When plants are treated
with chitin-based compounds, they activate their defense mecha-
nisms by secreting such secondary metabolites.65

Chitosan and nano-chitosan cause a high accumulation of flavo-
noids in plants, which can be a direct result of upregulation of PAL
and flavanone 3-hydroxylase (F3H) genes. F3H is involved in the
pathway of flavonoid biosynthesis which encodes a large family
of flavonoid compounds with different biological activities. In
addition, F3H catalyzes the production of dihydroflavonolols such
as (2R,3R)-dihydrokaempferol and (2R,3R)-dihydroquercetin,
which act as mediators for the biosynthesis of various flavonoids.
Also, high levels of flavonoid accumulation may be a sign of
increased resistance in plants. Exposure of plants to various biotic
or abiotic stresses leads to regulation or disruption of the electri-
cal transport chain, resulting in the production of ROS.66

Chitin elicitor binding proteins have been isolated in various
crops, which induce defense responses. Subsequently, they affect
the expression of various chitosan-responsive genes that can
react with chromatin or may bind to specific receptors.67 Chitosan
enhances defense responses such as activation of H2O2 through
the octadecanoid pathway and nitric oxide in chloroplasts, MAPK
activation, oxidative burst and hypersensitive responses.32 Then
they lead to cascading events involving TFs for plant growth
and biosynthesis becomes secondary to metabolites.19

Conclusively, in the current study application of chitosan led to
increased production of valuable metabolites, particularly the
content of RA and quercetin that increased 13-fold in
D. kotschyi. Quercetin (3,39,49,5,7-pentahydroxyflavone) inhibits
the growth of human mammary, ovarian, colorectal, leukemic
and lung tumor cells.68 RA is widely used in the pharmaceutical
industry due to its antioxidant, antimicrobial, anti-inflammatory
and antiviral properties. So our study suggested that chitosan is
an efficient elicitor for the biosynthesis of valuable secondary
metabolites and anticancer drugs.

CONCLUSIONS
Our results indicated that aerial spraying of D. kotschyi by 100 and
400 mg L−1 chitosan improves macroelement uptake, particularly
the enhancement of Ca (up to 6-fold) and Mg (up to 13-fold). Also,
production of secondary metabolites (phenolic compounds and
flavonoids) is increased, associated with PAL activity. Defensive
mechanisms of cells play an important role in oxidative stress
caused by chitosan through the increase in antioxidant enzyme
(CAT and GPX) activities. The results revealed that chitosan at con-
centrations of 100 and 400 mg L−1 could be considered as an
effective abiotic elicitor for improvement of the production of
valuable secondary metabolites, particularly RA and apigenin
(13- and 16- fold increase compared to control, respectively). Api-
genin suppresses the occurrence and development of autoim-
mune diseases, such as lupus and asthma. Our results are
directly related to nutrient supplementation and level of second-
ary metabolites. It could be concluded that exposure to chitosan
as an appropriate factor is a simple method for the production
of anticancer compounds, particularly RA, inD. kotschyi. Neverthe-
less, molecular-level investigations are needed to determine the
function of chitosan as a stimulator and further studies of several
genotypes are required to confirm this proposition.
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