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Medicinal plants have been used to cure human diseases since decades.

Silybum marianum, a medicinal plant, is regarded as a source of secondary

metabolites with therapeutic value against liver diseases and diabetes.

The present study was conducted to enrich the production of secondary

metabolites in the vegetative parts of Silybum marianum using elicitation

strategy in hydroponic system with different elicitors. The elicitors of fungus

Aspergillus niger (0.2 g/L), methyl jasmonate (MeJA) (100 µM) and silver

nanoparticles (AgNPs) (1 ppm) were added in hydroponic medium, individually

and in combination form to the 15 days old plant. The elicitor-treated plants

were harvested at different time points (24–144 h; increment 24 h) and

their biochemical parameters like phenolics, flavonoids, nitric oxide (NO),

and superoxide dismutase (SOD) were analyzed. The results showed hyper-

accumulation of these biochemical contents, especially in response to MeJA

(100 µM), followed by AgNPs (1 ppm) and co-treatment of AgNPs (1 ppm) with

other elicitors. The results revealed that the treatment with MeJA (100 µM)

exhibited the highest flavonoid (304 µg g−1), phenolic (372 µg g−1), and SOD

(16.2 U g−1) contents. For NO levels, the maximum value of 198.6 nmole g−1

was achieved in response to the treatment with MeJA + Green synthesized

AgNPs (100 µM + 1 ppm). Our findings depicted an enhanced production of

medicinally important plant secondary metabolites and antioxidants; hence,

the method applied in this study can play a significant role to improve

therapeutic values of the plants.
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Introduction

Silybum marianum (milk thistle), a natural herb, is a rich
source of medicinally important antioxidant biocompounds
such as phenols. These natural compounds are known
for their medicinal properties particularly for anticancerous
activity (Shah et al., 2020). S. marianum is a major source
of medicinally important secondary metabolites; however,
problems pertaining to its low production due to seasonal,
geographic or environmental changes remain a challenge
(Mosihuzzaman, 2012; Shah et al., 2020). Therefore, there
is a need to develop systems to elicit the production of
bioactive compounds of medicinal importance specifically in
the vegetative parts of the plant. S. marianum possesses
a great commercial value and in order to maintain its
huge market demand continuous efforts have been made
in the field cultivation of this medicinal herb (Isah et al.,
2018). Unfortunately, the secondary metabolite content of
field-grown S. marianum is significantly affected by genetic,
physiological, ecological and environmental factors (Maggini
et al., 2014; Mahanom, 2018). All these factors lead to
qualitative and quantitative changes in commercially produced
pharmaceutical preparations of S. marianum. Therefore, in
order to improve its yield, there is a need to establish a
protocol for culturing S. marianum under in vitro conditions
to yield standardized concentrations of biologically active
compounds (Graf et al., 2007; Bekheet, 2011). A lot of
experimental work has been conducted to achieve higher
yields in the production system, and alterations in composition
of culture media are the most common methods used in
recent decades (Del Campo et al., 2007; Weathers et al.,
2010).

There are several methods to improve secondary metabolite
production, including changes in environmental conditions, use
of elicitors or precursors and biotransformation (Ruiz-García
and Gómez-Plaza, 2013; Liu et al., 2019). Among these methods,
elicitation is one of the effective techniques which activates the
defense mechanisms of plants (Baenas et al., 2014). In fact,
elicitors mimic the effects of plant signal molecules and produce
reactive oxygen species (ROS), which consequently produce
defense hormones, enzymatic and non-enzymatic antioxidants
to reduce the effects of ROS mechanisms (Ruiz-García and
Gómez-Plaza, 2013; Abdul Malik et al., 2020).

Thus, the use of biological or non-biological elicitors as
product stimulators is a promising approach to obtain high
product concentration and increased volumetric productivity
in comparatively less time (Smetanska, 2008; Liu et al.,
2019). However, the choice of an appropriate elicitor or a
combination of elicitors is crucial to produce a particular
set of secondary metabolites on a large scale (Ahmad et al.,
2017). Abiotic elicitors are physical and chemical stresses
which may include metal ions, inorganic compounds, ultraviolet
radiation, or electric current (He et al., 2018). In contrast,

biotic elicitors are the substances which have biological origin,
such as polysaccharides of plant cell walls (gum, pectic acid,
cellulose) and components of microbial cell walls (chitin,
glucans, chitosan) (Goyal et al., 2012). Therefore, elicitation
of secondary metabolites by the activation of stress signaling
factors might be an effective strategy.

Methyl jasmonate (MeJA) is a significant signaling molecule
which enables plants to respond to injury or invasion
by the pathogens (Yang et al., 2015; Hall et al., 2020).
Under in vitro conditions, it induces the production of
various plant secondary metabolites such as indole terpenoids,
alkaloids, and rosmarinic acid (Smetanska, 2008). Various
studies revealed the effect of MeJA on the amassing of
secondary metabolites and antioxidants (Ali et al., 2015).
Fungal elicitors, the fragments of fungal cell wall, have
been used in various studies to boost secondary metabolite
production in plants (Naik and Al-Khayri, 2016). According
to different studies, secondary metabolites including ajmalicine,
indole alkaloids, catharanthine, and serpentine were five
times overproduced in cell suspensions of Catharanthus
roseus (Moreno et al., 1993; Rijhwani and Shanks, 1998;
Liang et al., 2018), while cultures of Rauwolfiacanescens
also exhibited a significant rise in 12–oxophytodienoic acid
and raucaffrincine.

Nanoparticles-induced oxidative stress can also be
employed to induce medicinally important secondary
metabolites production and accumulation in the plants
(Fazal et al., 2016; Naik and Al-Khayri, 2016). Nanoparticles
(NPs) are known to induce oxidative stress and act as
effective elicitors which, in turn, results in overproduction
of secondary metabolites under in vitro conditions (Tee
et al., 2016; Fazal et al., 2019). The use of NPs is one of
the most effective strategies for obtaining higher amounts
of secondary metabolites as they also reduce the harmful
effects of abiotic stress on plants (Jampílek and Král’ová,
2019; Xiao et al., 2019; Adrees et al., 2020; Linh et al., 2020).
Various studies have revealed the accumulation of valuable
secondary metabolites in culture medium due to abiotic
stress induced by NPs as elicitors (Ramirez-Estrada et al.,
2016; Jasim et al., 2017; Paramo et al., 2020). Therefore, it
is a promising approach as it offers an alternative of using
other chemicals having ecotoxic effects (Jasim et al., 2017;
Javed et al., 2018; Mosavat et al., 2019). Silver nanoparticles
(AgNPs) are among the top ten types of nanoparticles produced
all over world as they possess antimicrobial, phytotoxic and
cytotoxic properties (Nel et al., 2006; Keller et al., 2013).
Different studies indicate the accumulation and biosynthesis of
secondary metabolites including phenolic compounds (Chung
et al., 2018), phytoalexins (hydroxycamalexin O-hexoside,
camalexin, and hydroxylcamalexinmalonyl-hexoside) (Kruszka
et al., 2020; Rivero-Montejo et al., 2021), Chicoric acid
(Ramezannezhad et al., 2019), and flavonoids (Khan et al., 2021)
in the presence of AgNPs.
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Hydroponics is a modern agricultural system of soilless
crops where plants are grown in a nutrient-rich solution with
sufficient dissolved oxygen (Roberto, 2003; Liu et al., 2019). It is
a technique of soilless cultivation in which the roots, anchored
by growth substrates such as rocks, clay or perlite, are suspended
in water supplemented with mineral nutrients (Maucieri et al.,
2019; Lee et al., 2020). In order to maximize plant yield, a careful
and regular monitoring is needed to optimize the composition
of nutrient solution (Jung, 2004; Kumar and Cho, 2014).

Keeping in view the medicinal value of S. marianum
and issues related to its low yield due to various factors,
the current study was designed to establish hydroponic
culture system and stimulate pharmacologically important
secondary metabolites in response to different elicitors, like
MeJA, AgNPs, and fungal elicitors. The elicitors used both
individually and in combination, to investigate the amount of
secondary metabolites production under in vitro conditions.
The combined effect of these elicitors has not been studied
previously in the hydroponic system.

Materials and methods

Sterilization of seeds and preparation
of sand

Seeds of Silybum marianum were obtained from National
Agriculture Research Centre (NARC) Islamabad, Pakistan. The
seeds were first rinsed with distilled water and then washed with
70% ethanol (C2H5OH) for 1 min. The seeds already washed
with distilled water were treated with ethanol, followed by three
times washing with distilled water to eliminate the traces of
ethanol. Then, 0.01% mercuric chloride solution was used for
2 min followed by four to five times washing with distilled
water (Ramakrishna et al., 1991; Ahmad et al., 2016). The sand
was prepared by treating already washed sand with sodium
hypochlorite for 5 min, followed by washing again for 3–5
times with distilled water to exterminate the residues of sodium
hypochlorite. Sand was then placed in oven at 70◦C for drying.

Seed germination and shifting to
hydroponic system

The seeds were sown in sterile sand under controlled
conditions in climate control room (24–25◦C, 20–700 µmol
m−2s−1). After germination, the seedlings were regularly
watered and supplemented with Hoagland solution
containing macronutrients [Ca(No3)2.4H2O, KNO3, KH2PO4,
MgSO4.7H2O], micronutrients (H3BO3, MgCl2.4H2O,
ZnSO4.7H2O, CuSO4.5H2O, and NaMoO4) and trace elements
essential for plant growth (Hoagland and Arnon, 1950).
Initially, six seedlings were sown in each pot that were thinned

to one seedling per pot and transplanted to hydroponic system
after 15 days of germination (Walters and Currey, 2018).

Hydroponic culture

Hydroponic system was used following the protocol of
Hoagland and Arnon (1938) with slight modifications. For the
hydroponic system, a plant holder was made using foam with
a hole plugged with the autoclaved cotton plug. The foam
panel was cut a little smaller than the size of container. The
hydroponic container was then filled with Hoagland solution.
The seedlings were transplanted and an air-pump system was
installed in the system in order to ensure proper aeration
(Nguyen et al., 2016). The seedlings were then allowed to grow in
seven different treatments and one was set as control (Table 1).
The control was supplemented with Hoagland solution only,
while different elicitors were used for the experimental cultures.
The experiment was performed in Complete Randomized
Design (CRD) using five replicates. For this purpose, 30
seedlings were set in hydroponics system for each treatment. To
be specific, 6 harvests were carried out for each treatment and
5 seedlings were grown for each harvest. First harvest was done
after 24 h of treatment, second harvest was done after 48 h of
treatment, third harvest was done after 72 h of treatment, fourth
harvest was done after 96 h of treatment, fifth harvest was done
after 120 h of treatment, and finally sixth harvest was done after
144 h of treatment. The treatment time was of 6 days with an
interval of 24 h among each harvest.

Elicitors and their composition

Different elicitors were used in the experiment to induce
the production of secondary metabolites. For this purpose,
methyl jasmonate (Sigma-Aldrich) (100 µM), fungal elicitors
(200 mg/L) prepared as described in the literature (Gong et al.,
2018) and sonicated green synthesized AgNPs (1 ppm) were
added, individually and in combination, in the hydroponic
medium. The green synthesis of AgNPs was done by the
reaction of AgNO3 and extract obtained from Fortunella
margarita as described by Al-Kalifawi et al. (2015), with slight
modifications in temperature and pH conditions. For all the
hydroponic treatments, Hoagland’s solution was pre-added in
the containers. The combinations of elicitors used as different
treatments are shown in Table 1. The plants were kept under
controlled conditions at 24–25◦C.

Phytochemical analyses

Plants were harvested after every 24 h and washed off. First
harvest was done after 24 h followed by 48 h, 72 h, 96 h, 120 h,
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TABLE 1 Different treatments with tags.

No. Treatments Concentrations Tags

1 Control No treatment t1

2 MeJA 100 µM t2

3 Fungal elicitors 200 mg/L t3

4 Green synthesized AgNPs 1 ppm t4

5 MeJA + Fungal elicitors 100 µM + 200 mg/L t5

6 MeJA + Green synthesized AgNPs 100 µM + 1 ppm t6

7 Fungal elicitors + Green synthesized AgNPs 200 mg/L + 1 ppm t7

8 Fungal elicitors + Green synthesized AgNPs + MeJA 200 mg/L + 1 ppm + 100 µM t8

and 144 h of treatment. After harvesting, plants were subjected
to phytochemical analyses after recording their fresh weight
in grams. Plant leaves were used for various phytochemical
analyses which included total flavonoid content (µg g−1 FW),
total phenolic content (µg g−1 FW), determination of nitric
oxide (nmol g−1 FW), and estimation of superoxide dismutase
(Ug−1 FW).

Total flavonoid content
Total flavonoid content was measured following the

protocol of Zhishen et al. (1999). Extract was placed in
a 10 mL volumetric flask. Distilled water was added to
make 5 mL, and 0.3 mL sodium nitrite (NaNO2) (1:20 v/v),
0.3 mL aluminum chloride (AlCl3) (1:10 v/v) were added
5 min later. After 6 min, 2 mL of 1 M sodium hydroxide
(NaOH) was added keeping the total volume up to 10 mL
with distilled water. The solution was mixed well again and
the absorbance was measured against a blank at 510 nm
by a spectrophotometer. The calibration curve was used to
determine flavonoid content and expressed as percentage
of quercetin (C15H10O7) in the extract (Eberhardt et al.,
2000).

Total phenolic content
Total phenol content was calculated by bringing slight

modifications in Folin-Ciocalteu method (Wolfe et al., 2003).
The extract was mixed with 5 mL of Folin-Ciocalteu reagent
(previously diluted to 1:10 v/v with water) and 4 mL (75 g/L)
of sodium carbonate (Na2CO3). The mixture was vortexed for
15 s and incubated at 40◦C for 30 min to develop color. The
absorbance was read at 765 nm and total phenol content was
expressed in mg/g of tannic acid (C76H52O46) equivalent using
the following equation based on calibration curve: y = 0.1216x,
r2 = 0.9365, where x is absorbance and y is tannic acid
equivalent (mg/g).

Determination of nitric oxide
Nitric oxide (NO) is produced by different types of cells

in picomolar to nanomolar range, and has a very short half-
life in biological fluids (t1/2 < 5s). It is very difficult to

directly measure its production and, therefore, nitrite (NO2
−)

and nitrate (NO3
−) contents are determined as they are the

stable products of NO oxidation. For this reason, NO2
− and

NO3− are often used to estimate the levels of NO in biological
fluids and cell culture medium (Muller). The concentration
of nitrite is generally measured by a well-known method, i.e.,
Griess colorimetric test (Hu et al., 2019). According to this
method, Griess reagent (C12H14N2 + C6H8N2O2S + H3PO4)
(100 µL), nitrite (NO2

−) containing sample (300 µL) and
deionized water (2.6 mL) were mixed in the spectrophotometer
cuvette. The mixture was then incubated at room temperature
for 30 min. A photometric reference sample was prepared by
mixing 100 µL of Griess reagent and 2.9 mL of deionized water.
The absorbance of nitrite containing sample was measured
at 548 nm relative to the reference sample. Finally, the
absorbance value was compared with a standard curve generated
from the known NO.

Superoxide dismutase activity
The modified method by Kakkar et al. (1984) was used to

determine the activity of SOD. The assay mixture contained
0.1 mL of plant sample, 1.2 mL of sodium phosphate
buffer (pH 8.3, 0.052 M), 0.1 mL of phenazinemethosulphate
(C14H14N2O4S) (186 µM), 0.3 mL of nitro blue tetrazolium
(C40H30Cl2N10O6) (300 µM) and 0.2 mL of NADH (750 µM).
The reaction was initiated by the addition of NADH. After
incubation at 30◦C for 90 s, the reaction was stopped
by adding glacial acetic acid (0.1 mL). Then after adding
4 mL of n-butanol (C4H10O), the reaction mixture was
agitated vigorously and incubated at room temperature for
10 min. After 10 min, the mixture was centrifuged and
the butanol layer was separated. The absorbance of butanol
layer was measured (560 nm) and the concentration of
SOD was expressed as units/g of plant tissue. Then, the
absorbance values were compared with a standard curve
generated from known SOD.

Statistical analysis
The data collected was subjected to analysis of variance

(ANOVA) and Scheffe post hoc test using repeated measurement
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FIGURE 1

Hydroponically grown seedlings of Silybum marianum.

TABLE 2 Flavonoid content (µg g−1) of Silybummarianum exposed to different treatments of elicitors.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

Treatments Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D

t1 284 ± 0.4 18 ± 0.4 224 ± 0.4 184 ± 0.4 135 ± 0.4 103 ± 0.4

t2 180 ± 0.4 153 ± 0.5 304 ± 0.3 195 ± 0.3 164 ± 0.4 165 ± 0.4

t3 20.2 ± 0.4 193 ± 0.4 217 ± 0.4 226 ± 0.4 109 ± 0.3 154 ± 0.4

t4 22.9 ± 0.4 245 ± 0.4 217 ± 0.4 192 ± 0.4 113 ± 2.5 168 ± 0.4

t5 13.5 ± 0.4 164 ± 0.4 215 ± 0.4 210 ± 0.4 150 ± 0.3 117 ± 0.5

t6 18.1 ± 0.4 197 ± 0.4 121 ± 0.4 180 ± 0.4 180 ± 0.5 165 ± 0.4

t7 12.5 ± 0.4 215 ± 0.4 214 ± 0.4 135 ± 0.3 150 ± 0.5 7.7 ± 0.4

t8 12 ± 0.4 151 ± 0.4 169 ± 0.4 7.8 ± 0.3 152 ± 0.3 129 ± 10.7

The values were recorded using least significant difference (LSD) at 5% significance level. t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles, t4 = fungal elicitors, t5 = methyl
jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver nanoparticles, t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.
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TABLE 3 Pairwise comparison of the treatments for flavonoids by Scheffe post hoc test.

t1 t2 t3 t4 t5 t6 t7 t8

t1 − 0.798 1.000 0.778 0.021 0.21 0.000* 0.000*

t2 0.798 − 0.643 1.00 0.000* 0.004* 0.000* 0.000*

t3 1.000 0.643 − 0.61 0.042 0.33 0.000* 0.000*

t4 0.778 1.000 0.619 − 0.000* 0.004* 0.000* 0.000*

t5 0.021 0.000* 0.042 0.000* − 0.97 0.36 0.000*

t6 0.211 0.004* 0.335 0.004* 0.97 − 0.04 0.000*

t7 0.000* 0.000* 0.000* 0.000* 0.365 0.048 − 0.028

t8 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.028 −

*Significance at the 0.05 level.

TABLE 4 Pairwise comparison of the harvests for flavonoids by Scheffe post hoc test.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

24 h harvest − 0.000* 0.000* 0.000* 0.000* 0.000*

48 h harvest 0.000* − 0.000* 0.000* 0.000* 0.000*

72 h harvest 0.000* 0.000* − 0.000* 0.000* 0.000*

96 h harvest 0.000* 0.000* 0.000* − 0.000* 0.000*

120 h harvest 0.000* 0.000* 0.000* 0.000* − 1.000

144 h harvest 0.000* 0.000* 0.000* 0.000* 1.000 −

*Significance at the 0.05 level.

TABLE 5 Total phenolic content (µg g−1) of Silybummarianum exposed to different treatments of elicitors.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

Treatments Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D

t1 257.6 ± 2.1 152 ± 2.9 305.3 ± 2.6 321.5 ± 1.9 247.8 ± 2.5 285.1 ± 2.5

t2 348.2 ± 2.8 110.9 ± 2.9 332.0 ± 5.9 146.9 ± 2.5 372.0 ± 2.4 127.6 ± 2.5

t3 258.7 ± 2.5 221.1 ± 2.6 231.5 ± 2.4 175.5 ± 2.9 355.5 ± 2.03 228.4 ± 2.6

t4 274.5 ± 2.8 282.2 ± 2.5 242.9 ± 1.7 182.9 ± 2.6 175.8 ± 2.2 431.8 ± 2.5

t5 347.5 ± 2.6 127.3 ± 2.9 194.0 ± 4.7 295.3 ± 80.4 397.3 ± 3.5 357.1 ± 2.07

t6 340 ± 2.9 121.5 ± 2.5 229.1 ± 2.9 193.3 ± 1.5 265.6 ± 2.6 294.2 ± 2.5

t7 128.7 ± 2.2 268.9 ± 2.6 168.7 ± 2.1 167.1 ± 3.2 306.7 ± 2.1 236.9 ± 2.2

t8 129.6 ± 2.2 231.5 ± 2.1 266.4 ± 2.8 220 ± 2.03 227.6 ± 2.5 290.9 ± 2.9

The values were recorded using least significant difference (LSD) at 5% significance level. t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles, t4 = fungal elicitors, t5 = methyl
jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver nanoparticles, t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.

TABLE 6 Pairwise comparison of the treatments for total phenolics by Scheffe post hoc test.

t1 t2 t3 t4 t5 t6 t7 t8

t1 − 0.002* 0.037 0.997 0.000* 0.003* 0.000* 0.000*

t2 0.002* − 0.959 0.000* 0.000* 1.000 0.000* 0.278

t3 0.037 0.959 − 0.005* 0.000* 0.987 0.000* 0.022

t4 0.997 0.000* 0.005* − 0.002* 0.000* 0.000* 0.000*

t5 0.000* 0.000* 0.000* 0.002* − 0.000* 0.000* 0.000*

t6 0.003* 1.000 0.987 0.000* 0.000* − 0.000* 0.191

t7 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* − 0.084

t8 0.000* 0.278 0.022 0.000* 0.000* 0.191 0.084 −

*Significance at the 0.05 level.
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TABLE 7 Pairwise comparison of the harvests for total phenolics by Scheffe post hoc test.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

24 h harvest − 0.000* 0.000* 0.000* 0.000* 0.000*

48 h harvest 0.000* − 0.000* 0.001* 0.000* 0.000*

72 h harvest 0.000* 0.000* − 0.000* 0.000* 0.000*

96 h harvest 0.000* 0.001* 0.000* − 0.000* 0.000*

120 h harvest 0.000* 0.000* 0.000* 0.000* − 0.000*

144 h harvest 0.000* 0.000* 0.000* 0.000* 0.000* −

*Significance at 0.05 level.

TABLE 8 NO levels (nmole g−1) of Silybummarianum exposed to different treatments of elicitors.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

Treatments Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D

t1 29.3 ± 0.87 37.1 ± 0.7 39.5 ± 0.7 35 ± 0.6 42.1 ± 0.8 39.4 ± 0.7

t2 33 ± 0.81 39.5 ± 0.7 54.2 ± 0.8 63.5 ± 0.7 35.4 ± 0.7 36.7 ± 0.7

t3 28.6 ± 0.5 43.7 ± 9.8 56.4 ± 10.3 38.4 ± 2.9 43 ± 1.5 40.4 ± 3.2

t4 40.8 ± 12.5 63.9 ± 0.8 62.7 ± 1.0 64.5 ± 1.2 57.3 ± 11.8 42.3 ± 11.7

t5 63.1 ± 2.1 54.3 ± 13.3 31.7 ± 0.4 31.9 ± 3.3 38.3 ± 1.01 37.7 ± 4.8

t6 31.4 ± 5.7 41.4 ± 2.5 36.9 ± 0.6 38 ± 1.04 198.6 ± 0.5 197.2 ± 1.4

t7 32.3 ± 1.8 29.5 ± 1.4 32.7 ± 1.9 24.1 ± 15.3 44 ± 2.6 44.2 ± 9.5

t8 54.8 ± 14.3 32.6 ± 3.9 39 ± 3.6 34.7 ± 3.2 39.9 ± 0.9 39.9 ± 0.7

The values were recorded using least significant difference (LSD) at 5% significance level. t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles, t4 = fungal elicitors, t5 = methyl
jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver nanoparticles, t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.

TABLE 9 Pairwise comparison of the treatments for NO by Scheffe post hoc test.

t1 t2 t3 t4 t5 t6 t7 t8

t1 − 0.001* 0.054 0.000* 0.007 0.000* 0.666 0.462

t2 0.001* − 0.888 0.000* 0.999 0.000* 0.000* 0.265

t3 0.054 0.888 − 0.000* 0.996 0.000 0.000 0.963

t4 0.000* 0.000* 0.000* − 0.000* 0.000* 0.000* 0.000*

t5 0.007 0.999 0.996 0.000* − 0.000* 0.000* 0.631

t6 0.000* 0.000* 0.000* 0.000* 0.000* − 0.000* 0.000*

t7 0.666 0.000* 0.000* 0.000* 0.000* 0.000* − 0.009

t8 0.462 0.265 0.963 0.000* 0.631 0.000* 0.009 −

*Significance at 0.05 level.

TABLE 10 Pairwise comparison of the harvests for NO by Scheffe post hoc test.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

24 h harvest − 0.484 0.002* 1.000 0.000* 0.000*

48 h harvest 0.484 − 1.000 1.000 0.000* 0.000*

72 h harvest 0.002* 1.000 − 0.283 0.000* 0.000*

96 h harvest 1.000 1.000 0.283 − 0.000* 0.000*

120 h harvest 0.000* 0.000* 0.000* 0.000* − 1.000

144 h harvest 0.000* 0.000* 0.000* 0.000* 1.000 −

*Significance at 0.05 level.
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TABLE 11 SOD levels (U g−1) of Silybummarianum exposed to different treatments of elicitors.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

Treatments Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D Mean ± S.D

t1 6.74 ± 0.3 15 ± 0.6 12.9 ± 0.5 14.3 ± 0.5 11.4 ± 0.3 14.8 ± 0.4

t2 11.6 ± 0.6 14.6 ± 0.5 14.9 ± 0.4 16.2 ± 0.3 14.5 ± 0.7 14.6 ± 0.6

t3 12.9 ± 0.4 9.6 ± 0.3 12.6 ± 0.5 14.3 ± 0.5 15.3 ± 0.5 9.9 ± 0.4

t4 11.5 ± 0.4 15.8 ± 0.4 13.1 ± 0.4 14.4 ± 0.6 11.9 ± 0.3 5.9 ± 0.4

t5 5.8 ± 0.4 7.5 ± 0.4 14.5 ± 0.5 11.5 ± 4.7 14.2 ± 0.4 14.6 ± 0.7

t6 14.5 ± 0.5 14.8 ± 0.6 16.5 ± 0.4 13.9 ± 0.5 13.8 ± 0.6 16.2 ± 0.5

t7 17.8 ± 0.8 6.7 ± 0.8 14.5 ± 0.4 14.1 ± 0.6 14.4 ± 0.5 8.6 ± 0.4

t8 14.5 ± 0.4 5.2 ± 0.7 14.5 ± 0.8 15.6 ± 0.7 11.4 ± 0.4 2.2 ± 0.5

The values were recorded using least significant difference (LSD) at 5% significance level. t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles, t4 = fungal elicitors, t5 = methyl
jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver nanoparticles, t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.

TABLE 12 Pairwise comparison of the treatments for SOD by Scheffe post hoc test.

t1 t2 t3 t4 t5 t6 t7 t8

t1 − 0.000* 0.999 0.593 0.006 0.000* 0.000* 0.000*

t2 0.000* − 0.000* 0.000* 0.000* 0.620 0.000* 0.000*

t3 0.999 0.000* − 0.901 0.028 0.000* 0.000* 0.000*

t4 0.593 0.000* 0.901 − 0.442 0.000* 0.000* 0.000*

t5 0.006 0.000* 0.028 0.442 − 0.000* 0.025 0.143

t6 0.000* 0.620 0.000* 0.000* 0.000* − 0.000* 0.000*

t7 0.000* 0.000* 0.000* 0.000* 0.025 0.000* − 0.997

t8 0.000* 0.000* 0.000* 0.000* 0.143 0.000* 0.997 −

*Significance at 0.05 level.

TABLE 13 Pairwise comparison of the harvests for SOD by Scheffe post hoc test.

24 h harvest 48 h harvest 72 h harvest 96 h harvest 120 h harvest 144 h harvest

24 h harvest − 0.000* 0.000* 0.000* 0.000* 0.000*

48 h harvest 0.000* − 0.000* 0.000* 0.000* 0.105

72 h harvest 0.000* 0.000* − 0.000* 0.000* 0.000*

96 h harvest 0.000* 0.000* 0.000* − 0.032 0.000*

120 h harvest 0.000* 0.000* 0.000* 0.032 − 0.000*

144 h harvest 0.000* 0.105 0.000* 0.000* 0.000* −

*Significance at 0.05 level.

with the help of statistical software SPSS version 2025. The
difference, among means of treatments, was determined using
least significant difference (LSD) at 5% significance level.

Results

In the current study S. marianum was hydroponically grown
to investigate the effect of different elicitors on production of
secondary metabolites (Figures 1A–C).

The results indicated a substantial rise in secondary
metabolite production in response to the elicitors used in the
study (Tables 2, 5, 8, 11). Pairwise comparisons of treatment by

treatment (Tables 3, 6, 9, 12) and harvest by harvest (Tables 4, 7,
10, 13) were also conducted using Scheffe post hoc test as done
in previous studies (Nunes et al., 2011; Jacotot et al., 2019;
Pérez-Castiñeira et al., 2021).

Flavonoids levels in treated plants

The effect of treatments of different elicitors used in
the study showed significant effect on flavonoids contents
(Table 2). The highest concentration of flavonoids was observed
in the presence of MeJA (100 µM) after 72 h of treatment
(Figure 2). The pairwise comparisons of treatments (Table 3)
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FIGURE 2

Effect of different treatments of elicitors on flavonoid content of Silybum marianum in hydroponics. The harvest time is on x-axis; 1 = 24 h,
2 = 48 h, 3 = 72 h, 4 = 96 h, 5 = 120 h, 6 = 144 h. For different treatments, t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles,
t4 = fungal elicitors, t5 = methyl jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver
nanoparticles, t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.

and harvests (Table 4) showed both significance and non-
significance among them.

Total phenolic content in treated plants

In present study a notable rise in total phenolics levels
was observed under different treatments as indicated in
Table 5. Among different treatments, MeJA (100 µM),
MeJA (100 µM) + fungal elicitors (0.2 g/L), and MeJA
(100 µM) + AgNPs (1 ppm) application showed improved
total phenolic content after 24 h. After 72 h, MeJA (100 µM)
exhibited higher total phenolic content compared to other
treatments. However, after 120 h, MeJA (100 µM) and MeJA
(100 µM) + fungal elicitors (0.2 g/L) were the most effective
in modulating total phenolics production. The highest total
phenolic production was observed after 144 h under AgNPs
treatment (1 ppm) (Figure 3). The pairwise comparisons of
treatments (Table 6) and harvests (Table 7) showed both
significance and non-significance among them.

Nitric oxide levels in treated plants

In our study, the treatments with different elicitors
showed a significant effect on NO activity (Table 8). The
highest NO activity was observed under the combination

of MeJA (100µM) + AgNPs (1 ppm) after 120 and 144 h
(Figure 4). The pairwise comparisons of treatments (Table 9)
and harvests (Table 10) showed both significance and non-
significance among them.

Superoxide dismutase levels in treated
plants

A remarkable effect of different elicitors was observed
on SOD content (Table 11). A sharp increase in SOD
concentration was observed after 24 h under fungal elicitors
(0.2 g/L) + AgNPs (1 ppm). However, this treatment showed
the lowest SOD levels after 72 h of treatment. Among other
treatments, MeJA (100 µM) + AgNPs (1 ppm) application
showed the highest concentration of SOD after 72 and 144 h
(Figure 5). The pairwise comparisons of treatments (Table 12)
and harvests (Table 13) showed both significance and non-
significance among them.

Discussion

Exogenously used elicitors modulate the expression of
a number of genes during plant development both under
normal and stress conditions (Horbowicz et al., 2011b;
Donati et al., 2019; Wang et al., 2021). These act as signaling
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FIGURE 3

Effect of different treatments of elicitors on total phenolic content of Silybum marianum in hydroponics. The harvest time is on x-axis; 1 = 24 h,
2 = 48 h, 3 = 72 h, 4 = 96 h, 5 = 120 h, 6 = 144 h. For different treatments, t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles,
t4 = fungal elicitors, t5 = methyl jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver
nanoparticles, t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.

molecules in response to environmental challenges and
are crucial in the overproduction of important secondary
metabolites, including flavonoids (Akula and Ravishankar,
2011). Among different elicitors, MeJA, a signaling molecule, is
known to induce plant defense response by the production of a
variety of secondary metabolites (Vezzulli et al., 2007; Balbontín
et al., 2018). It has been observed that jasmonates take part
in oxidative and physiological responses in plants following
an abiotic stress event. Due to these facts, MeJA remained
the prime focus of research in viticulture during the past few
years, primarily because of its role in the synthesis of phenolic
compounds (Gómez-Plaza et al., 2017; Portu et al., 2018).
Likewise, fungal elicitors and AgNPs can initiate plant defense
response which, consequently, results in augmentation of total
phenolic contents and provides certain level of protection
against pathogenic attack (Polkowska-Kowalczyk et al., 2013;
Goyal and Mattoo, 2014). In addition to these compounds, early
plant defense activation events also include NO production
(Wang and Wu, 2005), which typically occurs in plant cells
in response to pathogen invasion (Beligni and Lamattina,
2001). Plant growth, development, and defense mechanisms
are regulated by NO as it is cucial in regulating plant defense
or stress responses (Delledonne et al., 1998). The molecular

characteristics of NO, such as its small size, short half-life,
and high diffusivity, make it an excellent intercellular and
intracellular signaling molecule for plant defense responses.
Furthermore, superoxide dismutase (SOD) is an antioxidant
enzyme useful for physiological defense mechanisms in
plants against free radicals and reactive oxygen species (ROS)
in response to biotic and abiotic stresses (Stephenie et al.,
2020). The role of elicitors in overproduction of these crucial
compounds is now evident in different researches. It has been
observed that MeJA (Vezzulli et al., 2007), fungal elicitors
(Foissner et al., 2000), and abiotic stressors (Garcês et al., 2001)
imitate infectious pathogens, causing the accumulation of
significant plant metabolites (Xu et al., 2005).

Keeping in view the crucial role of elicitors in the synthesis
of valuable plant metabolites, different types of elicitors were
used in the current study. The results indicated a substantial rise
in secondary metabolite production in response to the elicitors
used in the study (Tables 2, 5, 8, 11). Pairwise comparisons
of treatment by treatment (Tables 3, 6, 9, 12) and harvest by
harvest (Tables 4, 7, 10, 13) were also conducted using Scheffe
post hoc test as done in previous studies (Nunes et al., 2011;
Jacotot et al., 2019; Pérez-Castiñeira et al., 2021). According
to different studies, pairwise comparison is a useful method
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FIGURE 4

Effect of different treatments of elicitors on nitric oxide levels of Silybum marianum in hydroponics. The harvest time is on x-axis; 1 = 24 h,
2 = 48 h, 3 = 72 h, 4 = 96 h, 5 = 120 h, 6 = 144 h. For different treatments, t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles,
t4 = fungal elicitors, t5 = methyl jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver
nanoparticles, t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.

to determine relationships between pairs of means in group
comparisons (Makkar, 2010; Nunes et al., 2011; Jacotot et al.,
2019; Pérez-Castiñeira et al., 2021). The statistical analyses
showed significant differences among treatments and harvest
times. Our results, indicating increased flavonoid contents due
to MeJA application, are in line with the studies conducted by
Mohamed and Latif (2017). They found that the application of
MeJA is effective in regulating quercetin acid and rutin contents
that lead to enhanced flavonoids in all soybean genotypes.
Since the accumulation of flavonoids contributes to the defense
mechanism of plants (Dixon and Paiva, 1995), the application
of MeJA could be effective in inducing stress response (Karami
et al., 2013). MeJA can also regulate the expression of wound-
induced flavonoid genes, thereby increasing the concentration
of flavonoids (Tamari et al., 1995). Moreover, MeJA has the
ability to regulate plant secondary metabolism by stimulating
the accumulation of flavonoids, alkaloids and phenols (Yan et al.,
2013). Its methyl ester and jasmonic acid are thought to play a
central role in the synthesis of flavonoids and other secondary
metabolites (Horbowicz et al., 2011a). A study conducted on
blackberries also showed that the flavonoid content and the

antioxidant activity of the plant were enhanced under MeJA
treatment (Wang et al., 2008).

In our study, the increase in enzymatic antioxidant activity
is in line with the results (Nojavan-Asghari and Norastehnia,
2006), who found that MeJA (50 and 100 µM) stimulates the
production of several antioxidant enzymes. It appears that MeJA
plays a unique role in oxidative stress transduction pathways by
increasing the activity of SOD and POX. It is also reported that
signal transduction by MeJA occurs at approximately 50 µmol
and is inhibited at concentrations greater than 100 µmol
(Batool et al., 2009). In strawberry leaves, MeJA alters the
ratio of membrane fatty acids which mainly target the free
radicals (Li et al., 1998). The goal is to repair the damage
caused by ROS which includes enzymes such as SOD and
non-enzymes such as ascorbic acid and glutathione (Li et al.,
1998). In another report by Aftab et al. (2011) SOD activities in
leaves increased due to MeJA treatment. They also mentioned
that application of MeJA further enhanced the activity of
all antioxidant enzymes in unstressed and stressed plants by
complementing ROS scavenging mechanism. MeJA can induce
the antioxidant defense activity of plants, thus eliminating the
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FIGURE 5

Effect of different treatments of elicitors on SOD levels of Silybum marianum in hydroponics. The harvest time is on x-axis; 1 = 24 h, 2 = 48 h,
3 = 72 h, 4 = 96 h, 5 = 120 h, 6 = 144 h. For different treatments, t1 = control, t2 = methyl jasmonate, t3 = silver nanoparticles, t4 = fungal
elicitors, t5 = methyl jasmonate + fungal elicitors, t6 = methyl jasmonate + silver nanoparticles, t7 = fungal elicitors + Silver nanoparticles,
t8 = methyl jasmonate + silver nanoparticles + fungal elicitors.

possible toxic effects of free radicals and making plants more
stress resistant. MeJA is reported to attenuate the ROS effect of
strawberry and paraquat on corn seedlings underdrought stress
(Choudhury and Panda, 2004).

Ulloa-Inostroza et al. (2019) also support our findings which
showed that MeJA administration reduced oxidative damage
through SOD. MeJA generally increases the concentration of
SOD because it induces stress and hydrogen peroxide in plants
(Soares et al., 2010). According to different studies, MeJA can
induce hydrogen peroxide and SOD more effectively at low
concentrations compared to high concentrations. Moreover,
SOD levels are further increased when MeJA is applied directly
to the leaves of Brassica napus grown under light and dark
conditions (Comparot et al., 2002; Maksymiec and Krupa, 2002).

Our results showed that the application of MeJA increased
plant NO content in accordance with Wang and Wu (2005),
who explored the involvement of NO in secondary metabolic
activity and defense response induced by MeJA. Their results
showed MeJA-induced NO burst and its relationship to the
number and timing of other defense responses in Taxuschinensis
cell cultures. The kinetics of NO production induced by MeJA
is similar to the kinetics induced by fungal elicitors in tobacco

leaves and in tissues of Taxusbrevifolia (Foissner et al., 2000;
Pedroso et al., 2000). Therefore, the production of NO is an
early event that triggers plant defense responses. In addition
to this, MeJA-induced NO production in yew cell cultures was
increased by NO generators and inhibited by NO inhibitors
and NO scavengers. In other plant species, NO donors and
inhibitors have similar effects on the production of NO induced
by microbial pathogens and mechanical stress (Delledonne et al.,
1998; Garcês et al., 2001). Garcês et al. (2001) observed the
maximum NO scavenging potential of cell extracts in MeJA
treated plants. In our study, plants treated with MeJA showed
a higher concentration of nitric oxide which is also evident
with the fact that NO also acts as a stressor and causes the
production of H2O2; thereby increasing NO levels (Wang
and Wu, 2005). A study conducted on blueberries explained
that H2O2 produced by NO further induces the pathway of
phenylalanine and defense-related enzymes, thereby conferring
disease resistance in plants (Wang et al., 2020). Therefore, NO is
a very good ROS scavenger, which can reduce stress, induced by
H2O2 in plants stimulated by MeJA (Hung and Kao, 2004).

Different concentrations of AgNPs used on Brassica napus
have shown increased plant growth (Sharma et al., 2012). In the
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current study, AgNPs showed an increase in the concentration
of plant metabolites including SOD which is consistent with
the findings of Bagherzadeh Homaee and Ehsanpour (2016),
where AgNP induced stress conditions in plants to synthesize
SOD. AgNPs are known to modify the antioxidant system,
thereby accumulating SOD and other antioxidant enzymes
(Jiang et al., 2014). Another study conducted on red blood
cells also proved that AgNPs affect the antioxidant system and
thus induce H2O2 and SOD production (Fang et al., 2019).
Lin and Xing (2007) also explained that AgNPs had a positive
effect on silicon maleate levels leading to a significant rise
in secondary metabolite synthesis. The application of AgNPs
on mustard seeds caused increase in seedling vigor, plant
height, root, and shoot weight (Sharma et al., 2012). In fact,
AgNPs play an important role in plant growth as they interfere
with different pathways in plant cells and regulate secondary
metabolites production (Vannini et al., 2013). Hasanloo et al.
(2013) studied the effects of different amounts of fungal
elicitors on the cultivation of hairy roots of S. marianum.
The study showed an enhanced production of flavonoids and
improved root growth compared to the control hydroponics
(Hasanloo et al., 2013).

Therefore, Aspergillus niger, MeJA, and AgNPs are proven
to elicit cellular stress response communications connected with
biosynthesis of the plant secondary metabolites (Masarovic̀ová
et al., 2010; Szõllõsi et al., 2020). From the results of this
study, it can be concluded that the application of MeJA
is the most effective method to improve the production
of phenolic compounds and enzymatic antioxidants of S.
marianum. MeJA + AgNPs and AgNPs + fungal elicitors
also exhibited enhanced production of secondary metabolites
and enzymatic antioxidants. Under the influence of fungal
elicitors and AgNPs + MeJA, the content of total flavonoids
was increased. These results provide clear evidence that the
plant defense mechanism is stimulated in the presence of these
elicitors which, in turn, result in the biosynthesis of medicinally
important compounds from vegetative plant parts.

Conclusion

It can be concluded from the results of the present study that
MeJA application is the most effective treatment to enhance the
production of total phenolics and SOD activity in S. marianum
followed by MeJA, MeJA + AgNPs, AgNPs, and fungal
elicitors with improved secondary metabolites production
and increased enzymatic antioxidants while, Increased total
flavonoids were observed under the influence of fungal elicitors
and MeJA + AgNPs application. We can also conclude that,
treating S. marianum with elicitors in hydroponic culture
could be a valuable tool to study the regulation of plants cells
metabolism in response to different stress factors by increasing
the metabolites production within short period of time.

Recommendations

This technique is cheap and less laborious as compared to
other biotechnological techniques to change plant’s response by
modulating genetic expression and is therefore recommended
that these elicitors should be apply on different plants which are
grown under different culture mediums including tissue culture,
sand culture, petri plate culture, soil culture, and hydroponics.
Moreover, there are many types of nanoparticles with different
sizes; therefore, using various culture techniques for application
of these elicitors may produce extraordinary results.

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author.

Author contributions

BM and AH: conceptualization, devised methodology,
experimental strategy, validation, investigation, and writing—
original draft. BM, RR, RM, and IU: formal analysis. AH:
resources. AR, SE, MS, and TF had critically reviewed and
revised the manuscript. All authors had participated in this
study by working on different aspects including study design,
statistical analysis, experimental work, write-up, finalization,
and critical review.

Acknowledgments

This original research article is part of BM’s doctoral thesis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Frontiers in Plant Science 13 frontiersin.org

https://doi.org/10.3389/fpls.2022.897795
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-897795 August 4, 2022 Time: 16:42 # 14

Mubeen et al. 10.3389/fpls.2022.897795

References

Abdul Malik, N. A., Kumar, I. S., and Nadarajah, K. (2020). Elicitor and receptor
molecules: orchestrators of plant defense and immunity. Int. J. Mol. Sci. 21:963.
doi: 10.3390/ijms21030963

Adrees, M., Khan, Z. S., Ali, S., Hafeez, M., Khalid, S., and Ur Rehman, M. Z.
(2020). Simultaneous mitigation of cadmium and drought stress in wheat by
soil application of iron nanoparticles. Chemosphere 238:124681. doi: 10.1016/j.
chemosphere.2019.124681

Aftab, T., Khan, M., Idrees, M., Naeem, M., and Hashmi, N. (2011). Methyl
jasmonate counteracts boron toxicity by preventing oxidative stress and regulating
antioxidant enzyme activities and artemisinin biosynthesis in Artemisia annua L.
Protoplasma 248, 601–612. doi: 10.1007/s00709-010-0218-5

Ahmad, I., Basra, S. M. A., Akram, M., Wasaya, A., Ansar, M., Hussain, S., et al.
(2017). Improvement of antioxidant activities and yield of spring maize through
seed priming and foliar application of plant growth regulators under heat stress
conditions. Semina 38, 47–56. doi: 10.5433/1679-0359.2017v38n1p47

Ahmad, M., Nangyal, H., Imran, M., and Ullah, F. (2016). Optimization of
protocol for surface sterilization and callus induction for three rice varieties.
J. Agric. Biol. Environ. Stat. 16, 357–361.

Akula, R., and Ravishankar, G. (2011). Influence of abiotic stress signals on
secondary metabolites in plants. Plant Signal Behav. 6, 1720–1731. doi: 10.4161/
psb.6.11.17613

Ali, M., Abbasi, B. H., and Ali, G. S. (2015). Elicitation of antioxidant secondary
metabolites with jasmonates and gibberellic acid in cell suspension cultures of
Artemisia absinthium L. Plant Cell Tissue Organ Cult. 120, 1099–1106. doi: 10.
1007/s11240-014-0666-2

Al-Kalifawi, E. J., Hasan, S. A., Al-Saadi, T. M., and AlObodi, E. E. (2015). Green
synthesis of silver nanoparticles by kumquat (Fortunella margaarita) fruit extract
and efficacy the antimicrobial activity. J. Al-Fath. 97, 977–983.

Baenas, N., García-Viguera, C., and Moreno, D. A. (2014). Elicitation: a tool
for enriching the bioactive composition of foods. Molecules 19, 13541–13563.
doi: 10.3390/molecules190913541

Bagherzadeh Homaee, M., and Ehsanpour, A. A. (2016). Silver nanoparticles
and silver ions: oxidative stress responses and toxicity in potato (Solanum
tuberosum L) grown in vitro. Hortic. Environ. Biotechnol. 57, 544–553. doi: 10.
1007/s13580-016-0083-z

Balbontín, C., Gutiérrez, C., Wolff, M., and Figueroa, C. R. (2018). Effect of
abscisic acid and methyl jasmonate preharvest applications on fruit quality and
cracking tolerance of sweet cherry. Chilean J. Agric. Res. 78, 438–446. doi: 10.4067/
S0718-58392018000300438

Batool, K., Khosrow, M. K., and Mohammad, J. A. (2009). Effects of methyl
jasmonate in regulating cadmium induced oxidative stress in soybean plant
(Glycine max L.). Afr. J. Microbiol. Res. 3, 240–244.

Bekheet, S. (2011). In vitro biomass production of liver-protective compounds
from Globe artichoke (Cynara scolymus L.) and Milk thistle (Silybum marianum)
plants. Emir. J. Food Agric. 23, 473.

Beligni, M., and Lamattina, L. (2001). Nitric oxide in plants: the history is just
beginning. Plant Cell Environ. 24, 267–278. doi: 10.1046/j.1365-3040.2001.00672.x

Choudhury, S., and Panda, S. K. (2004). Role of salicylic acid in regulating
cadmium induced oxidative stress in Oryza sativa L. roots. Bulg. J. Plant Physiol.
30, 95–110.

Chung, I.-M., Rajakumar, G., and Thiruvengadam, M. (2018). Effect of silver
nanoparticles on phenolic compounds production and biological activities in hairy
root cultures of Cucumis anguria. Acta Biol. Hung. 69, 97–109. doi: 10.1556/018.
68.2018.1.8

Comparot, S. M., Graham, C. M., and Reid, D. M. (2002). Methyl jasmonate
elicits a differential antioxidant response in light-and dark-grown canola (Brassica
napus) roots and shoots. Plant Growth Regul. 38, 21–30. doi: 10.1023/A:
1020970319190

Del Campo, J. A., García-González, M., and Guerrero, M. G. (2007).
Outdoor cultivation of microalgae for carotenoid production: current state and
perspectives. Appl. Microbiol. Biotechnol. 74, 1163–1174. doi: 10.1007/s00253-
007-0844-9

Delledonne, M., Xia, Y., Dixon, R. A., and Lamb, C. (1998). Nitric oxide
functions as a signal in plant disease resistance. Nature 394, 585–588. doi: 10.1038/
29087

Dixon, R. A., and Paiva, N. L. (1995). Stress-induced phenylpropanoid
metabolism. Plant Cell 7:1085. doi: 10.2307/3870059

Donati, L., Ferretti, L., Frallicciardi, J., Rosciani, R., Valletta, A., and Pasqua, G.
(2019). Stilbene biosynthesis and gene expression in response to methyl jasmonate

and continuous light treatment in Vitis vinifera cv. Malvasia del Lazio and Vitis
rupestris Du Lot cell cultures. Physiol. Plantar. 166, 646–662. doi: 10.1111/ppl.
12813

Eberhardt, M. V., Lee, C. Y., and Liu, R. H. (2000). Antioxidant activity of fresh
apples. Nature 405, 903–904. doi: 10.1038/35016151

Fang, W., Chi, Z., Li, W., Zhang, X., and Zhang, Q. (2019). Comparative study
on the toxic mechanisms of medical nanosilver and silver ions on the antioxidant
system of erythrocytes: from the aspects of antioxidant enzyme activities and
molecular interaction mechanisms. J. Nanobiotechnol. 17:66. doi: 10.1186/s12951-
019-0502-2

Fazal, H., Abbasi, B. H., Ahmad, N., and Ali, M. (2016). Elicitation of
medicinally important antioxidant secondary metabolites with silver and gold
nanoparticles in callus cultures of Prunella vulgaris L. Appl. Biochem. Biotechnol.
180, 1076–1092. doi: 10.1007/s12010-016-2153-1

Fazal, H., Abbasi, B. H., Ahmad, N., Ali, M., Shujait Ali, S., Khan, A., et al.
(2019). Sustainable production of biomass and industrially important secondary
metabolites in cell cultures of selfheal (Prunella vulgaris L.) elicited by silver
and gold nanoparticles. Artif. Cells Nanomed. Biotechnol. 47, 2553–2561. doi:
10.1080/21691401.2019.1625913

Foissner, I., Wendehenne, D., Langebartels, C., and Durner, J. (2000). In vivo
imaging of an elicitor-induced nitric oxide burst in tobacco. Plant J. 23, 817–824.
doi: 10.1046/j.1365-313X.2000.00835.x

Garcês, H., Durzan, D., and Pedroso, M. C. (2001). Mechanical stress elicits
nitric oxide formation and DNA fragmentation in Arabidopsis thaliana. Ann. Bot.
87, 567–574. doi: 10.1006/anbo.2000.1356

Gómez-Plaza, E., Bautista-Ortín, A. B., Ruiz-García, Y., Fernández-Fernández,
J. I., and Gil-Muñoz, R. (2017). Effect of elicitors on the evolution of grape
phenolic compounds during the ripening period. J. Sci. Food Agric. 97, 977–983.
doi: 10.1002/jsfa.7823

Gong, M., Guan, Q., Lin, T., Lan, J., and Liu, S. (2018). “Effects of fungal elicitors
on seed germination and tissue culture of Cymbidium goeringii,” in Proceedings of
the AIP Conference, College Park, MA. doi: 10.1063/1.5034297

Goyal, R. K., and Mattoo, A. K. (2014). Multitasking antimicrobial peptides in
plant development and host defense against biotic/abiotic stress. Plant Sci. 228,
135–149. doi: 10.1016/j.plantsci.2014.05.012

Goyal, S., Lambert, C., Cluzet, S., Mérillon, J., and Ramawat, K. G. (2012).
“Secondary metabolites and plant defence,” in Plant defence: biological control,
eds H. M. T. Hokkanen, J. M. Merillon, and K. G. Ramawat (Berlin: Springer).
doi: 10.1007/978-94-007-1933-0_5

Graf, T. N., Wani, M. C., Agarwal, R., Kroll, D. J., and Oberlies, N. H.
(2007). Gram-scale purification of flavonolignan diastereoisomers from Silybum
marianum (Milk Thistle) extract in support of preclinical in vivo studies for
prostate cancer chemoprevention. Planta Med. 73, 1495–1501. doi: 10.1055/s-
2007-990239

Hall, C. R., Mikhael, M., Hartley, S. E., and Johnson, S. N. (2020).
Elevated atmospheric CO2 suppresses jasmonate and silicon-based defences
without affecting herbivores. Funct. Ecol. 34, 993–1002. doi: 10.1111/1365-2435.
13549

Hasanloo, T., Ahmadi, M., Khayyam Nekoei, S., and Salehi Jouzani, G. (2013).
Improvement of silymarin production in hairy root cultures of Silybum marianum
(L.) Gaertn using fungal elicitors. Rom. Biotech. Lett. 18, 8221–8232.

He, M., He, C.-Q., and Ding, N.-Z. (2018). Abiotic stresses: general defenses
of land plants and chances for engineering multistress tolerance. Front. Plant Sci.
9:1771. doi: 10.3389/fpls.2018.01771

Hoagland, D. R., and Arnon, D. I. (1938). Growing Plants Without Soil by the
Water-Culture Method. Growing Plants Without Soil by the Water-Culture Method.
los angeles, CA: University of California.

Hoagland, D. R., and Arnon, D. I. (1950). The water-culture method for growing
plants without soil. Circular California agricultural experiment station. los angeles,
CA: University of California.

Horbowicz, M., Wiczkowski, W., Koczkodaj, D., and Saniewski, M. (2011b).
Effects of methyl jasmonate on accumulation of flavonoids in seedlings of common
buckwheat (Fagopyrum esculentum Moench). Acta Biol. Hung. 62, 265–278. doi:
10.1556/ABiol.62.2011.3.6

Horbowicz, M., Chrzanowski, G., Koczkodaj, D., and Mitrus, J. (2011a). The
effect of methyl jasmonate vapors on content of phenolic compounds in seedlings
of common buckwheat (Fagopyrum esculentum Moench). Acta Soc. Bot. Pol. 80,
5–9. doi: 10.5586/asbp.2011.001

Hu, X., Shi, J., Shi, Y., Zou, X., Tahir, H. E., Holmes, M., et al. (2019). A dual-
mode sensor for colorimetric and fluorescent detection of nitrite in hams based on

Frontiers in Plant Science 14 frontiersin.org

https://doi.org/10.3389/fpls.2022.897795
https://doi.org/10.3390/ijms21030963
https://doi.org/10.1016/j.chemosphere.2019.124681
https://doi.org/10.1016/j.chemosphere.2019.124681
https://doi.org/10.1007/s00709-010-0218-5
https://doi.org/10.5433/1679-0359.2017v38n1p47
https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.1007/s11240-014-0666-2
https://doi.org/10.1007/s11240-014-0666-2
https://doi.org/10.3390/molecules190913541
https://doi.org/10.1007/s13580-016-0083-z
https://doi.org/10.1007/s13580-016-0083-z
https://doi.org/10.4067/S0718-58392018000300438
https://doi.org/10.4067/S0718-58392018000300438
https://doi.org/10.1046/j.1365-3040.2001.00672.x
https://doi.org/10.1556/018.68.2018.1.8
https://doi.org/10.1556/018.68.2018.1.8
https://doi.org/10.1023/A:1020970319190
https://doi.org/10.1023/A:1020970319190
https://doi.org/10.1007/s00253-007-0844-9
https://doi.org/10.1007/s00253-007-0844-9
https://doi.org/10.1038/29087
https://doi.org/10.1038/29087
https://doi.org/10.2307/3870059
https://doi.org/10.1111/ppl.12813
https://doi.org/10.1111/ppl.12813
https://doi.org/10.1038/35016151
https://doi.org/10.1186/s12951-019-0502-2
https://doi.org/10.1186/s12951-019-0502-2
https://doi.org/10.1007/s12010-016-2153-1
https://doi.org/10.1080/21691401.2019.1625913
https://doi.org/10.1080/21691401.2019.1625913
https://doi.org/10.1046/j.1365-313X.2000.00835.x
https://doi.org/10.1006/anbo.2000.1356
https://doi.org/10.1002/jsfa.7823
https://doi.org/10.1063/1.5034297
https://doi.org/10.1016/j.plantsci.2014.05.012
https://doi.org/10.1007/978-94-007-1933-0_5
https://doi.org/10.1055/s-2007-990239
https://doi.org/10.1055/s-2007-990239
https://doi.org/10.1111/1365-2435.13549
https://doi.org/10.1111/1365-2435.13549
https://doi.org/10.3389/fpls.2018.01771
https://doi.org/10.1556/ABiol.62.2011.3.6
https://doi.org/10.1556/ABiol.62.2011.3.6
https://doi.org/10.5586/asbp.2011.001
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-897795 August 4, 2022 Time: 16:42 # 15

Mubeen et al. 10.3389/fpls.2022.897795

carbon dots-neutral red system. Meat Sci. 147, 127–134. doi: 10.1016/j.meatsci.
2018.09.006

Hung, K. T., and Kao, C. H. (2004). Nitric oxide acts as an antioxidant and delays
methyl jasmonate-induced senescence of rice leaves. J. Plant Physiol. 161, 43–52.
doi: 10.1078/0176-1617-01178

Isah, T., Umar, S., Mujib, A., Sharma, M. P., Rajasekharan, P., Zafar, N., et al.
(2018). Secondary metabolism of pharmaceuticals in the plant in vitro cultures:
strategies, approaches, and limitations to achieving higher yield. Plant Cell Tissue
Organ Cult. 132, 239–265. doi: 10.1007/s11240-017-1332-2

Jacotot, A., Marchand, C., and Allenbach, M. (2019). Increase in growth and
alteration of C: N ratios of Avicennia marina and Rhizophora stylosa subject to
elevated CO2 concentrations and longer tidal flooding duration. Front. Ecol. Evol.
7:98. doi: 10.3389/fevo.2019.00098

Jampílek, J., and Král’ová, K. (2019). “Beneficial effects of metal-and metalloid-
based nanoparticles on crop production,” in Nanotechnology for agriculture. eds
D. G. Panpatte, and Y. K. Jhala (Berlin: Springer). doi: 10.1007/978-981-32-9370-
0_11

Jasim, B., Thomas, R., Mathew, J., and Radhakrishnan, E. (2017). Plant growth
and diosgenin enhancement effect of silver nanoparticles in Fenugreek (Trigonella
foenum-graecum L.). Saudi Pharm. J. 25, 443–447. doi: 10.1016/j.jsps.2016.09.012

Javed, R., Yucesan, B., Zia, M., and Gurel, E. (2018). Elicitation of secondary
metabolites in callus cultures of Stevia rebaudiana Bertoni grown under ZnO
and CuO nanoparticles stress. Sugar Tech. 20, 194–201. doi: 10.1007/s12355-017-
0539-1

Jiang, H. S., Qiu, X. N., Li, G. B., Li, W., and Yin, L. Y. (2014). Silver
nanoparticles induced accumulation of reactive oxygen species and alteration of
antioxidant systems in the aquatic plant Spirodela polyrhiza. Environ. Toxicol.
Chem. 33, 1398–1405. doi: 10.1002/etc.2577

Jung, S. (2004). Effect of chlorophyll reduction in Arabidopsis thaliana by
methyl jasmonate or norflurazon on antioxidant systems. Plant Physiol. Biochem.
42, 225–231. doi: 10.1016/j.plaphy.2004.01.001

Kakkar, P., Das, B., and Viswanathan, P. (1984). A modified spectrophotometric
assay of superoxide dismutase. Indian J. Biochem. Biophys. 21, 130–132.

Karami, A., Shahbazi, M., Niknam, V., Shobbar, Z. S., Tafreshi, R. S., Abedini,
R., et al. (2013). Expression analysis of dehydrin multigene family across tolerant
and susceptible barley (Hordeum vulgare L.) genotypes in response to terminal
drought stress. Acta Physiol. Plantar. 35, 2289–2297. doi: 10.1007/s11738-013-
1266-1

Keller, A. A., McFerran, S., Lazareva, A., and Suh, S. (2013). Global life cycle
releases of engineered nanomaterials. J. Nanopart. Res. 15, 1–17. doi: 10.1007/
s11051-013-1692-4

Khan, A. K., Kousar, S., Tungmunnithum, D., Hano, C., Abbasi, B. H., and
Anjum, S. (2021). Nano-elicitation as an effective and emerging strategy for
in vitro production of industrially important flavonoids. Appl. Sci. 11:1694. doi:
10.3390/app11041694

Kruszka, D., Sawikowska, A., Selvakesavan, R. K., Krajewski, P., Kachlicki, P.,
and Franklin, G. (2020). Silver nanoparticles affect phenolic and phytoalexin
composition of Arabidopsis thaliana. Sci. Total Environ. 716:135361. doi: 10.1016/
j.scitotenv.2019.135361

Kumar, R. R., and Cho, J. Y. (2014). Reuse of hydroponic waste solution.
Environ. Sci. Pollut. Res. Int. 21, 9569–9577. doi: 10.1007/s11356-014-3024-3

Lee, K.-H., Lee, S.-H., Yeon, E.-S., Chang, W.-B., Kim, J.-H., Park, J.-H., et al.
(2020). Effect of shading on growth and functional ingredient contents of Gynura
procumbens cultivated in hydroponics system. Korean Soc. Soil Sci. Fertil. 53,
150–161. doi: 10.7745/KJSSF.2020.53.2.150

Li, L., Staden, J. V., and Jäger, A. (1998). Effects of plant growth regulators on
the antioxidant system in seedlings of two maize cultivars subjected to water stress.
Plant Growth Regul. 25, 81–87. doi: 10.1023/A:1010774725695

Liang, C., Chen, C., Zhou, P., Xu, L., Zhu, J., Liang, J., et al. (2018). Effect of
Aspergillus flavus fungal elicitor on the production of terpenoid indole alkaloids
in Catharanthus roseus cambial meristematic cells. Molecules 23:3276. doi: 10.
3390/molecules23123276

Lin, D., and Xing, B. (2007). Phytotoxicity of nanoparticles: inhibition of seed
germination and root growth. Environ. Pollut. 150, 243–250. doi: 10.1016/j.envpol.
2007.01.016

Linh, T. M., Mai, N. C., Hoe, P. T., Lien, L. Q., Ban, N. K., Hien, L. T. T.,
et al. (2020). Metal-based nanoparticles enhance drought tolerance in soybean.
J. Nanomater. 2020:13. doi: 10.1155/2020/4056563

Liu, C., Chen, K., Zhao, X., Wang, X., Shen, C., Zhu, Y., et al. (2019).
Identification of genes for salt tolerance and yield-related traits in rice plants

grown hydroponically and under saline field conditions by genome-wide
association study. Rice 12, 1–13. doi: 10.1186/s12284-019-0349-z

Maggini, R., Kiferle, C., and Pardossi, A. (2014). Hydroponic Production of
Medicinal Plants. Medicinal Plants: Antioxidant Properties, Traditional Uses and
Conservation Strategies. Hauppauge, NY: Nova Science Publishers, Inc.

Mahanom, J. (2018). Enhancement and Isolation of Zerumbone in Zingiber
zerumbet (L.) Smith cell Suspension and Adventitious root Cultures. Kuala Lumpur:
University of Malaya.

Makkar, H. P. (2010). In vitro screening of feed resources for efficiency of microbial
protein synthesis. In vitro screening of plant resources for extra-nutritional attributes
in ruminants: nuclear and related methodologies. Berlin: Springer. doi: 10.1007/
978-90-481-3297-3_7

Maksymiec, W., and Krupa, Z. (2002). The in vivo and in vitro influence of
methyl jasmonate on oxidative processes in Arabidopsis thaliana leaves. Acta
Physiol. Plantar. 24, 351–357. doi: 10.1007/s11738-002-0029-1

Masarovic̀ová, E., Král’ová, K., and Kummerová, M. (2010). Principles of
classification of medicinal plants as hyperaccumulators or excluders. Acta Physiol.
Plantar. 32, 823–829. doi: 10.1007/s11738-010-0474-1

Maucieri, C., Nicoletto, C., Van Os, E., Anseeuw, D., Van Havermaet, R., and
Junge, R. (2019). “Hydroponic technologies,” in Aquaponics Food Production
Systems, eds S. Goddek, A. Joyce, B. Kotzen, and G. M. Burnell (Berlin: Springer).
doi: 10.1007/978-3-030-15943-6_4

Mohamed, H. I., and Latif, H. H. (2017). Improvement of drought tolerance of
soybean plants by using methyl jasmonate. Physiol. Mol. Biol. Plants. 23, 545–556.
doi: 10.1007/s12298-017-0451-x

Moreno, P., Van der Heijden, R., and Verpoorte, R. (1993). Effect of terpenoid
precursor feeding and elicitation on formation of indole alkaloids in cell
suspension cultures of Catharanthus roseus. Plant Cell Rep. 12, 702–705. doi:
10.1007/BF00233423

Mosavat, N., Golkar, P., Yousefifard, M., and Javed, R. (2019). Modulation of
callus growth and secondary metabolites in different Thymus species and Zataria
multiflora micropropagated under ZnO nanoparticles stress. Biotechnol. Appl.
Biochem. 66, 316–322. doi: 10.1002/bab.1727

Mosihuzzaman, M. (2012). Herbal medicine in healthcare-an overview. Nat.
Prod. Commun. 7:1934578X1200700628. doi: 10.1177/1934578X1200700628

Naik, P. M., and Al-Khayri, J. M. (2016). “Abiotic and biotic elicitors-role in
secondary metabolites production through in vitro culture of medicinal plants,”
in Abiotic and Biotic Stress in Plants—Recent Advances and Future Perspectives
Rijeka, eds A. K. Shanker and C. Shanker (Kyoto: InTech). doi: 10.5772/
61442

Nel, A., Xia, T., Madler, L., and Li, N. (2006). Toxic potential of materials at the
nanolevel. Science 311, 622–627. doi: 10.1126/science.1114397

Nguyen, N. T., McInturf, S. A., and Mendoza-Cózatl, D. G. (2016).
Hydroponics: A versatile system to study nutrient allocation and plant responses
to nutrient availability and exposure to toxic elements. JoVE 2016:e54317. doi:
10.3791/54317

Nojavan-Asghari, M., and Norastehnia, A. (2006). A possible role for methyl
jasmonate in effecting superoxide dismutase and catalase activities under PQ-
induced oxidative stress in maize seedlings. J. Biol. Sci. 6, 55–60. doi: 10.3923/jbs.
2006.55.60

Nunes, L., Coutinho, J., Nunes, L., Rego, F. C., and Lopes, D. (2011). Growth,
soil properties and foliage chemical analysis comparison. For. Syst. 20, 496–507.
doi: 10.5424/fs/20112003-11104

Paramo, L. A., Feregrino-Pérez, A. A., Guevara, R., Mendoza, S., and Esquivel,
K. (2020). Nanoparticles in agroindustry: Applications, toxicity, challenges, and
trends. Nanomaterials 10:1654. doi: 10.3390/nano10091654

Pedroso, M. C., Magalhaes, J. R., and Durzan, D. (2000). Nitric oxide induces cell
death in Taxus cells. Plant Sci. 157, 173–180. doi: 10.1016/S0168-9452(00)00278-8

Pérez-Castiñeira, J. R., Docampo, R., Ezawa, T., and Serrano, A. (2021).
Pyrophosphates and polyphosphates in plants and microorganisms. Front. Plant
Sci. 12:449. doi: 10.3389/fpls.2021.653416

Polkowska-Kowalczyk, L., Olszak, K., Tarwacka, J., Szczegielniak, J., Muszynska,
G., and Wielgat, B. (2013). Components of defence strategy induced in Solanum
species by elicitor from Phytophthora infestans. BioTechnol. J. Biotechnol. Comput.
Biol. Bionanotechnol. 94:3.

Portu, J., López, R., Santamaría, P., and Garde-Cerdán, T. (2018). Methyl
jasmonate treatment to increase grape and wine phenolic content in Tempranillo
and Graciano varieties during two growing seasons. Sci. Horticult. 240, 378–386.
doi: 10.1016/j.scienta.2018.06.019

Frontiers in Plant Science 15 frontiersin.org

https://doi.org/10.3389/fpls.2022.897795
https://doi.org/10.1016/j.meatsci.2018.09.006
https://doi.org/10.1016/j.meatsci.2018.09.006
https://doi.org/10.1078/0176-1617-01178
https://doi.org/10.1007/s11240-017-1332-2
https://doi.org/10.3389/fevo.2019.00098
https://doi.org/10.1007/978-981-32-9370-0_11
https://doi.org/10.1007/978-981-32-9370-0_11
https://doi.org/10.1016/j.jsps.2016.09.012
https://doi.org/10.1007/s12355-017-0539-1
https://doi.org/10.1007/s12355-017-0539-1
https://doi.org/10.1002/etc.2577
https://doi.org/10.1016/j.plaphy.2004.01.001
https://doi.org/10.1007/s11738-013-1266-1
https://doi.org/10.1007/s11738-013-1266-1
https://doi.org/10.1007/s11051-013-1692-4
https://doi.org/10.1007/s11051-013-1692-4
https://doi.org/10.3390/app11041694
https://doi.org/10.3390/app11041694
https://doi.org/10.1016/j.scitotenv.2019.135361
https://doi.org/10.1016/j.scitotenv.2019.135361
https://doi.org/10.1007/s11356-014-3024-3
https://doi.org/10.7745/KJSSF.2020.53.2.150
https://doi.org/10.1023/A:1010774725695
https://doi.org/10.3390/molecules23123276
https://doi.org/10.3390/molecules23123276
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1155/2020/4056563
https://doi.org/10.1186/s12284-019-0349-z
https://doi.org/10.1007/978-90-481-3297-3_7
https://doi.org/10.1007/978-90-481-3297-3_7
https://doi.org/10.1007/s11738-002-0029-1
https://doi.org/10.1007/s11738-010-0474-1
https://doi.org/10.1007/978-3-030-15943-6_4
https://doi.org/10.1007/s12298-017-0451-x
https://doi.org/10.1007/BF00233423
https://doi.org/10.1007/BF00233423
https://doi.org/10.1002/bab.1727
https://doi.org/10.1177/1934578X1200700628
https://doi.org/10.5772/61442
https://doi.org/10.5772/61442
https://doi.org/10.1126/science.1114397
https://doi.org/10.3791/54317
https://doi.org/10.3791/54317
https://doi.org/10.3923/jbs.2006.55.60
https://doi.org/10.3923/jbs.2006.55.60
https://doi.org/10.5424/fs/20112003-11104
https://doi.org/10.3390/nano10091654
https://doi.org/10.1016/S0168-9452(00)00278-8
https://doi.org/10.3389/fpls.2021.653416
https://doi.org/10.1016/j.scienta.2018.06.019
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/


fpls-13-897795 August 4, 2022 Time: 16:42 # 16

Mubeen et al. 10.3389/fpls.2022.897795

Ramakrishna, N., Lacey, J., and Smith, J. E. (1991). Effect of surface sterilization,
fumigation and gamma irradiation on the microflora and germination of barley
seeds. Int. J. Food Microbiol. 13, 47–54. doi: 10.1016/0168-1605(91)90135-C

Ramezannezhad, R., Aghdasi, M., and Fatemi, M. (2019). Enhanced production
of cichoric acid in cell suspension culture of Echinacea purpurea by silver
nanoparticle elicitation. Plant Cell Tissue Organ Cult. 139, 261–273. doi: 10.1007/
s11240-019-01678-4

Ramirez-Estrada, K., Vidal-Limon, H., Hidalgo, D., Moyano, E., Golenioswki,
M., Cusidó, R. M., et al. (2016). Elicitation, an effective strategy for the
biotechnological production of bioactive high-added value compounds in plant
cell factories. Molecules 21:182. doi: 10.3390/molecules21020182

Rijhwani, S. K., and Shanks, J. V. (1998). Effect of elicitor dosage and exposure
time on biosynthesis of indole alkaloids by Catharanthus roseus hairy root
cultures. Biotechnol. Prog. 14, 442–449. doi: 10.1021/bp980029v

Rivero-Montejo, S. D. J., Vargas-Hernandez, M., and Torres-Pacheco, I. (2021).
Nanoparticles as novel elicitors to improve bioactive compounds in plants.
Agriculture 11:134. doi: 10.3390/agriculture11020134

Roberto, K. (2003). How-to Hydroponics. Lindenhurst, NY: Futuregarden, Inc.

Ruiz-García, Y., and Gómez-Plaza, E. (2013). Elicitors: a tool for improving fruit
phenolic content. Agriculture 3, 33–52. doi: 10.3390/agriculture3010033

Shah, M., Nawaz, S., Jan, H., Uddin, N., Ali, A., Anjum, S., et al. (2020). Synthesis
of bio-mediated silver nanoparticles from Silybum marianum and their biological
and clinical activities. Mater. Sci. Eng. 112:110889. doi: 10.1016/j.msec.2020.
110889

Sharma, S., Lyons, G., McRoberts, C., McCall, D., Carmichael, E., Andrews,
F., et al. (2012). Biostimulant activity of brown seaweed species from Strangford
Lough: compositional analyses of polysaccharides and bioassay of extracts using
mung bean (Vigno mungo L.) and pak choi (Brassica rapa chinensis L.). J. Appl.
Phycol. 24, 1081–1091. doi: 10.1007/s10811-011-9737-5

Smetanska, I. (2008). Production of secondary metabolites using plant cell
cultures. Food Biotechnol. 187–228. doi: 10.1007/10_2008_103

Soares, A. M. D. S., Souza, T. F. D., Jacinto, T., and Machado, O. L. T. (2010).
Effect of methyl jasmonate on antioxidative enzyme activities and on the contents
of ROS and H2O2 in Ricinus communis leaves. Braz. J. Plant Physiol. 22, 151–158.
doi: 10.1590/S1677-04202010000300001

Stephenie, S., Chang, Y. P., Gnanasekaran, A., Esa, N. M., and Gnanaraj, C.
(2020). An insight on superoxide dismutase (SOD) from plants for mammalian
health enhancement. J. Funct. Foods 68:103917. doi: 10.1016/j.jff.2020.103917

Szõllõsi, R., Molnár, Á, Kondak, S., and Kolbert, Z. (2020). Dual effect of
nanomaterials on germination and seedling growth: Stimulation vs. phytotoxicity.
Plants 9:1745. doi: 10.3390/plants9121745

Tamari, G., Borochov, A., Atzorn, R., and Weiss, D. (1995). Methyl jasmonate
induces pigmentation and flavonoid gene expression in petunia corollas: a possible
role in wound response. Physiol. Plantar. 94, 45–50. doi: 10.1111/j.1399-3054.
1995.tb00782.x

Tee, J. K., Ong, C. N., Bay, B. H., Ho, H. K., and Leong, D. T. (2016). Oxidative
stress by inorganic nanoparticles. Wiley Interdiscip. Rev. 8, 414–438. doi: 10.1002/
wnan.1374

Ulloa-Inostroza, E. M., Alberdi, M., Ivanov, A., and Reyes-Díaz, M. (2019).
Protective effect of methyl jasmonate on photosynthetic performance and
its association with antioxidants in contrasting aluminum-resistant blueberry

cultivars exposed to aluminum. J. Soil Sci. Plant Nutr. 19, 203–216. doi: 10.1007/
s42729-019-0006-z

Vannini, C., Domingo, G., Onelli, E., Prinsi, B., Marsoni, M., Espen, L., et al.
(2013). Morphological and proteomic responses of Eruca sativa exposed to silver
nanoparticles or silver nitrate. PLoS One 8:e68752. doi: 10.1371/journal.pone.
0068752

Vezzulli, S., Civardi, S., Ferrari, F., and Bavaresco, L. (2007). Methyl jasmonate
treatment as a trigger of resveratrol synthesis in cultivated grapevine. Am. J. Enol.
Viticult. 58, 530–533.

Walters, K. J., and Currey, C. J. (2018). Effects of nutrient solution concentration
and daily light integral on growth and nutrient concentration of several basil
species in hydroponic production. Hortscience 53, 1319–1325. doi: 10.21273/
HORTSCI13126-18

Wang, C., Zhang, J., Xie, J., Yu, J., Li, J., Lv, J., et al. (2021). Effects of
Preharvest Methyl Jasmonate and Salicylic Acid Treatments on Growth, Quality,
Volatile Components, and Antioxidant Systems of Chinese Chives. Front. Plant
Sci. 12:767335. doi: 10.3389/fpls.2021.767335

Wang, D., Wang, B., Wang, J., Wang, S., Wang, W., and Niu, Y. (2020).
Exogenous application of harpin protein Hpa1 onto Pinellia ternata induces
systemic resistance against tobacco mosaic virus. Phytopathology 110, 1189–1198.
doi: 10.1094/PHYTO-12-19-0463-R

Wang, J. W., and Wu, J. Y. (2005). Nitric oxide is involved in methyl jasmonate-
induced defense responses and secondary metabolism activities of Taxus cells.
Plant Cell Physiol. 46, 923–930. doi: 10.1093/pcp/pci098

Wang, S. Y., Bowman, L., and Ding, M. (2008). Methyl jasmonate enhances
antioxidant activity and flavonoid content in blackberries (Rubus sp.) and
promotes antiproliferation of human cancer cells. Food Chem. 107, 1261–1269.
doi: 10.1016/j.foodchem.2007.09.065

Weathers, P. J., Towler, M. J., and Xu, J. (2010). Bench to batch: advances in
plant cell culture for producing useful products. Appl. Microbiol. Biotechnol. 85,
1339–1351. doi: 10.1007/s00253-009-2354-4

Wolfe, K., Wu, X., and Liu, R. H. (2003). Antioxidant activity of apple peels.
J. Agric. Food Chem. 51, 609–614. doi: 10.1021/jf020782a

Xiao, L., Guo, H., Wang, S., Li, J., Wang, Y., and Xing, B. (2019). Carbon dots
alleviate the toxicity of cadmium ions (Cd 2+) toward wheat seedlings. Environ.
Sci. 6, 1493–1506. doi: 10.1039/C9EN00235A

Xu, M.-J., Dong, J.-F., and Zhu, M.-Y. (2005). Nitric oxide mediates the fungal
elicitor-induced hypericin production of Hypericum perforatum cell suspension
cultures through a jasmonic-acid-dependent signal pathway. Plant Physiol. 139,
991–998. doi: 10.1104/pp.105.066407

Yan, S. W., Ramasamy, R., Alitheen, N. B. M., and Rahmat, A. (2013). A
comparative assessment of nutritional composition, total phenolic, total flavonoid,
antioxidant capacity, and antioxidant vitamins of two types of Malaysian
underutilized fruits (Averrhoa bilimbi and Averrhoa carambola). Int. J. Food
Propert. 16, 1231–1244. doi: 10.1080/10942912.2011.582975

Yang, Y.-X., Ahammed, G. J., Wu, C., Fan, S.-Y., and Zhou, Y.-H. (2015).
Crosstalk among jasmonate, salicylate and ethylene signaling pathways in plant
disease and immune responses. Curr. Protein Pept. Sci. 16, 450–461. doi: 10.2174/
1389203716666150330141638

Zhishen, J., Mengcheng, T., and Jianming, W. (1999). The determination of
flavonoid contents in mulberry and their scavenging effects on superoxide radicals.
Food Chem. 64, 555–559. doi: 10.1016/S0308-8146(98)00102-2

Frontiers in Plant Science 16 frontiersin.org

https://doi.org/10.3389/fpls.2022.897795
https://doi.org/10.1016/0168-1605(91)90135-C
https://doi.org/10.1007/s11240-019-01678-4
https://doi.org/10.1007/s11240-019-01678-4
https://doi.org/10.3390/molecules21020182
https://doi.org/10.1021/bp980029v
https://doi.org/10.3390/agriculture11020134
https://doi.org/10.3390/agriculture3010033
https://doi.org/10.1016/j.msec.2020.110889
https://doi.org/10.1016/j.msec.2020.110889
https://doi.org/10.1007/s10811-011-9737-5
https://doi.org/10.1007/10_2008_103
https://doi.org/10.1590/S1677-04202010000300001
https://doi.org/10.1016/j.jff.2020.103917
https://doi.org/10.3390/plants9121745
https://doi.org/10.1111/j.1399-3054.1995.tb00782.x
https://doi.org/10.1111/j.1399-3054.1995.tb00782.x
https://doi.org/10.1002/wnan.1374
https://doi.org/10.1002/wnan.1374
https://doi.org/10.1007/s42729-019-0006-z
https://doi.org/10.1007/s42729-019-0006-z
https://doi.org/10.1371/journal.pone.0068752
https://doi.org/10.1371/journal.pone.0068752
https://doi.org/10.21273/HORTSCI13126-18
https://doi.org/10.21273/HORTSCI13126-18
https://doi.org/10.3389/fpls.2021.767335
https://doi.org/10.1094/PHYTO-12-19-0463-R
https://doi.org/10.1093/pcp/pci098
https://doi.org/10.1016/j.foodchem.2007.09.065
https://doi.org/10.1007/s00253-009-2354-4
https://doi.org/10.1021/jf020782a
https://doi.org/10.1039/C9EN00235A
https://doi.org/10.1104/pp.105.066407
https://doi.org/10.1080/10942912.2011.582975
https://doi.org/10.2174/1389203716666150330141638
https://doi.org/10.2174/1389203716666150330141638
https://doi.org/10.1016/S0308-8146(98)00102-2
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

	Hydroponics and elicitation, a combined approach to enhance the production of designer secondary medicinal metabolites in Silybum marianum
	Introduction
	Materials and methods
	 Sterilization of seeds and preparation of sand
	Seed germination and shifting to hydroponic system
	Hydroponic culture
	Elicitors and their composition
	Phytochemical analyses
	Total flavonoid content
	Total phenolic content
	Determination of nitric oxide
	Superoxide dismutase activity
	 Statistical analysis


	Results
	Flavonoids levels in treated plants
	Total phenolic content in treated plants
	Nitric oxide levels in treated plants
	Superoxide dismutase levels in treated plants

	Discussion
	Conclusion
	Recommendations

	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


