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This study was carried out with the aim of determining the e�ects of jasmonic

acid (JA) elicitation on the bioactive pigments’ biosynthesis and the antioxidant

activities in green callus of Azadirachta indica of two di�erent ages (4- and

8-week-old). Plant tissue culture technique was employed to induce the

formation of green callus from leaf explants of A. indica on Murashige and

Skoog (MS) medium supplemented with 0.6 mg/L thidiazuron (CM) and three

di�erent concentrations of JA (2, 4, and 6 mg/L). The methanolic extracts

from the green callus were used for determination of total chlorophyll content

(TCh), total carotenoid content (TC), total anthocyanin content (TAC), total

phenolic content (TPC), and total flavonoid content (TFC) through colorimetric

and HPLC analyses. The highest amount of yield was obtained from CM

and 2 mg/L JA (2JA) extracts for 4- and 8-week-old samples, respectively.

Phytochemical screening revealed the presence of alkaloids, flavonoids,

phenols, tannins, and terpenoids in all 4- and 8-week-old samples elicited with

2, 4 and 6 mg/L JA. The highest value for TAC, TCh, TC, TPC, and TFC of 4-

and 8-week-old samples were from callus cultured on media supplemented

with 6 mg/L JA (6JA) and 4 mg/L JA (4JA), respectively. The lowest IC50 values

were found to be 8.29 ± 0.10 mg/mL (6JA) for 4-week-old and 7.73 ± 0.03

mg/mL (4JA) for 8-week-old samples. The highest Ferric Reducing Antioxidant

Power (FRAP) values obtained in this study were 90.60 ± 1.55 g/g (6JA), and

74.59± 3.91 g/g (4JA), respectively, for 4- and 8-week-old samples. Moreover,

Pearson’s correlation analysis revealed a significant correlation between TAC,

TCh, TC, TPC, and TFC with ABTS and FRAP assays. In addition, PCA analysis

revealed that 83.5% of the information (variances) contained in the data

were retained by the first two principal components. Overall, these findings

suggested that JA supplementation into the culture media significantly
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increase the chlorophyll, carotenoid, anthocyanin, phenolic and flavonoid

contents and JA concentrations at 6mg/L JA and 4mg/L JA yielded the highest

pigments content in 4- and 8-weeks-old callus, respectively.

KEYWORDS

jasmonic acid, Azadirachta indica, plant tissue culture, callus age, bioactive pigments,

antioxidant activities

Introduction

Fundamental life processes in plants are supported by the

production of primary metabolites. These primary metabolites

include carbohydrates, lipids, and amino acids. In addition,

plants are also able to produce secondarymetabolites which have

been proven to have significant roles in their interaction with

environmental stresses and pathogen attacks (Yang et al., 2018).

In the industry, plant secondary metabolites are used in the

production of drugs since they possess various pharmacological

properties and mostly have been identified to be safe for

medicinal purposes (Seca and Pinto, 2018). Neem (Azadirachta

indica A. Juss), a member of the mahogany family, Meliaceae,

used in this study is well-known for its antioxidants and

pharmaceutical values (Alzohairy, 2016; Saleh Al-Hashemi and

Hossain, 2016). Several studies have shown that secondary

metabolites isolated from neem plants have the potential to be

an anti-bacterial (Sarmiento et al., 2011; Quelemes et al., 2015),

anti-cancer (Paul et al., 2011; Arumugam et al., 2014), as well as

anti-diabetic agents (Dholi et al., 2011; Patil et al., 2013).

The usage of plant secondary metabolites in drug

manufacturing despite current dependence on synthetic

chemical drugs elevates the importance of plants in preventing

and treating diseases. However, it is difficult to ensure a

continuous supply of secondary metabolites from plant sources

because the growth of plants in nature is highly influenced by

exogenous factors such as environmental and climate changes

(Gahukar, 2014). Moreover, most of the compounds produced

through secondary metabolism of plants are often present in

a very small amount, therefore, insufficient for testing a wide

range of biological activities (Guerriero et al., 2018). Therefore,

biotechnology approach is taken by introducing plant tissue

culture as an alternative to help in producing and extracting

valuable secondary metabolites with more reliable and simpler

techniques, compared to extraction from complex whole plants

(Karuppusamy, 2009; Hussain et al., 2012). Plant tissue culture

technique has been widely employed in studies involving A.

indica. The feasibility of this technique has contributed to the

studies on the production of an important active constituent

of A. indica, i.e., azadirachtin, conducted in vitro (Wewetzer,

1998; Srivastava and Chaturvedi, 2011; Ashokhan et al., 2020).

Besides, better and greater production of plant secondary

metabolites in vitro can be achieved by the addition of elicitors

in the plant growth media (Ramakrishna and Ravishankar,

2011).

The classification of plant secondary metabolites can be

made based on their chemical structures which divided them

into three main groups, namely terpenoids, alkaloids, and

phenolics (Hussein and El-Anssary, 2018). Terpenoids are

the largest class of secondary metabolites which comprise of

40,000 different compounds that have therapeutic effects on

different kind of diseases (Misawa, 2011). Classification of

terpenoids is basically made depending on the number and

structural organization of the five carbon isoprene units involved

in their synthesis which includes C5 hemiterpenoids, C10

monoterpenoids, C15 sesquiterpenoids, C20 diterpenoids, C25

sesterterpenoids, C30 triterpenoids, C40 tetraterpenoids, and

C>40 polyterpenoids (Abdallah and Quax, 2017). The next

largest class of plant secondary metabolites, alkaloids, consist

of ∼12,000 low-molecular weight compounds (Ziegler and

Facchini, 2008). The presence of a basic nitrogen atom at any

position in the molecule becomes the basis in categorizing

these compounds by excluding nitrogen in an amide or peptide

bond (Ncube and Van Staden, 2015). Ecologically, alkaloids act

as anti-feedants and toxins to pests by interfering with their

nervous system in which they interact directly with molecular

targets in the system (Kennedy and Wightman, 2011). The third

largest class of secondary metabolites encompasses of phenolic

compounds which is biosynthesized from precursors provided

by glycolytic and pentose phosphate pathways to the shikimate

pathway (Caretto et al., 2015).

In higher plants, phenolics compounds are believed to be

involved in defense reaction against different types of stresses

(Ahuja et al., 2010; Atkinson and Urwin, 2012; Suzuki et al.,

2014; Nakabayashi and Saito, 2015). Structurally, phenolics

have at least one aromatic ring with one or more hydroxyl

groups which may further be esterified, methylated, etherified

or glycosylated (Fresco et al., 2006). In addition to that,

the grouping of phenolic compounds are also influenced

by several other factors such as the nature and complexity

of the basic carbonaceous skeleton, the degree of skeletal

modification and the link between the base unit and other

molecules, including primary and secondarymetabolites (Ewané

et al., 2012). These metabolites are diverse and some of them
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accumulate specifically depending on taxonomically related

species but usually have similar roles in plant’s interaction with

the environment and immune mechanism against microbial

pathogens for plant defense (Delgoda and Murray, 2017).

Besides, numerous researches have been done to study the

potential of these metabolites to be used as raw materials

or active ingredients particularly in foods, cosmetics and

medicine, due to their astounding biological activities (Clerici

and Carvalho-Silva, 2011; Grof, 2018; Korkina et al., 2018; Seca

and Pinto, 2018).

Studies have shown that compared to combined plant

growth regulators (PGRs), media supplemented with

thidiazuron (TDZ) was more effective in producing a high

mass callus, while JA, among other phytohormones, plays a

significant role in regulating secondary metabolites production

in plant response to abiotic stresses through the crosstalk of

JA with other phytohormones (Ashokhan et al., 2020; Wang

et al., 2021). Therefore, this study utilizes plant tissue culture

technique with TDZ as the PGR to induce the formation

of callus from A. indica leaf explants in vitro and employs

jasmonic acid (JA) in the growth medium as an abiotic elicitor

to see its effect in increasing the production of secondary

metabolites in the resulting green callus. These secondary

metabolites are expected to accumulate, and their production

is enhanced in response to stress. The objectives of the current

study were to evaluate the effect of JA elicitation on the

total amount of plant secondary metabolites (anthocyanins,

chlorophylls, carotenoids, phenolics, and flavonoids), as

well as the antioxidant potential in the elicited and non-

elicited green callus of A. indica of two different ages (4-

and 8-week-old).

Materials and methods

Callus induction and proliferation

A healthy A. indica plant was obtained from a nursery in

Shah Alam, Selangor, Malaysia and used as the mother plant

for subsequent tissue culture activities. Young and expanded

leaves were excised and used as the explants to induce formation

of callus from this species. The leaf explants were cultured on

two types of media; CM and MSO. CM media consisted of

4.4 g of MS (Murashige and Skoog, 1962), 30 g/L of sucrose

and 2 g/L of gelrite and supplemented with 0.6 mg/L TDZ,

while MSO was similar to CM media but devoid of any plant

growth regulators. The pH of both media (CM and MSO) were

adjusted to 5.8 using 0.1M NaOH or 0.1M HCl (Ashokhan

et al., 2018). The callus cultures were maintained in the culture

room at 25 ± 2◦C with a 16 h photoperiod and 1000 lux

of light intensity. After 8 weeks of incubation, successfully

developed green calli were subcultured onto JA-stress media

(JSM), composed of CM added with different concentrations (0,

2, 4, and 6 mg/L) of jasmonic acid (Sigma chemical company

St. Louis, Mo 63178 USA). The cultures were maintained in

the culture room for another 4 weeks as well as 8 weeks before

being harvested for subsequent analysis. Fresh weight of green

callus developed on JSM media was recorded and the growth

index (GI) of each sample for each treatment was calculated to

determine the growth efficiency of the elicited and non-elicited

A. indica green callus (Bhatia, 2015). The growth index (GI) was

calculated using the formula described below (Sahraroo et al.,

2014):

GI=
W1−W0

W0

Where,W0 = weight of callus before treatment

W1 = final weight of callus after culture period.

Extraction of bioactive pigments from
green callus of A. indica

Green calli were harvested from CM and JSM media

and subjected to freeze drying process using Labconco freeze

dryer (Labconco Corporation, MO 64132 United States) at

−50◦C. About 2 g of freeze-dried green callus was ground

on a chilled mortar and pestle together with trace amounts

of MgCO3 and sand to enhance the pigment extraction

process. Homogenized samples were then soaked in 60mL

of absolute methanol and incubated in the dark for 48 h at

4◦C. After 48 h, the homogenates were filtered using a filter

paper before being centrifuged at 8,000 rpm for 10min, at

4◦C (Universal 32 R centrifuge Hettich Zentrifugen, D-78532

Germany). The clear colored supernatants were transferred

into new tubes. A portion of these supernatants were used

instantly for subsequent pigment analysis to measure the total

chlorophyll, carotenoid, and anthocyanin contents. Meanwhile,

the remaining portion of the supernatants were concentrated

under reduced pressure at 60◦C using rotary evaporator

(Rotavapor R-3 BÜCHI Labortechnik, 9230 Switzerland) to

remove excess solvent. The resultant dried extracts were weighed

and re-dissolved in absolute methanol to a concentration of

20 mg/mL and used for subsequent total phenolics, total

flavonoids, phytochemical and antioxidants analysis (Ashokhan

et al., 2018).

Phytochemical screening

Standard methods were used to screen the presence

of different types of bioactive pigments such as alkaloids,

flavonoids, phenols, tannins, and terpenoids (Solihah et al.,

2012).
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Determination of total anthocyanin
content

The pH differential method was used to determine the

amount of monomeric anthocyanin pigment (cyanidin-3-

glucoside) of A. indica green callus (Giusti and Wrolstad, 2001).

The pH of each extract was adjusted to pH 1 and pH 4.5

and the absorbance was taken in triplicate at 510 and 700 nm

using a Multiskan Go plate reader (Thermo Scientific, Waltham,

MA, USA). The total anthocyanin content was calculated and

expressed in terms of mg/g DW. The following formula was

used to calculate the concentrations of monomeric anthocyanin

pigments in green callus of A. indica:

Anthocyanin pigment content
(mg

L

)

=
(A×MW × DF × 1000)

(ε × 1)

Where, A=
(

Abs510−Abs700
)

pH 1−
(

Abs510−Abs700
)

pH4.5

MW
(

cyanidin− 3− glucoside
)

=449

DF = dilution factor ε = 26,900

Determination of total chlorophyll and
carotenoid contents

Multiskan Go plate reader (Thermo Scientific, Waltham,

MA, USA) was used for the UV-VIS photometric determination

of total chlorophyll contents (Ca and Cb) as well as

total carotenoid content (C(x+c)). The absorbance for every

wavelength involved was taken in triplicate. The chlorophyll and

carotenoid contents were calculated using the formula as follows

(Lichtenthaler and Buschmann, 2001):

Ca

(

u
g

mL

)

= 15.65 A666−7.34 A653

Cb

(

u
g

mL

)

= 27.05 A653 −11.21 A666

C(x+c)

(

u
g

mL

)

=

(

1000 A470 −2.86 Ca−129.2 Cb
)

221

Determination of total phenolic content

Quantification of phenolic content was done using the

method described by Yusof et al. (2018), but with several

changes. About 20 µL of 20 mg/mL sample extract was mixed

with 150 µL of diluted Folin-Ciocalteu reagent (FCR) and

incubated for 10min at room temperature. Prior to the mixture

incubation, FCRwas diluted 10-fold with deionized water. Then,

150 µL of 2% Na2CO3 was added to the mixture and incubated

for another 45min in the dark. Blank was prepared using 70%

methanol and the absorbance was taken at 765 nm in triplicate

using Multiskan Go plate reader (Thermo Scientific, Waltham,

MA, USA). A standard curve was prepared using gallic as the

standard with six different concentrations (0.01, 0.02, 0.03, 0.04,

0.05, 0.06 mg/mL). The TPC of the samples was expressed as mg

of gallic acid equivalents/g dry weight (g GAE/g DW) of callus.

Determination of total flavonoid content

The total flavonoid content (TFC) in A. indica green

callus was evaluated based on aluminium chloride colorimetric

method (Yusof et al., 2018) with minor modifications. A total

of 30 µL of 20 mg/mL sample extract was mixed with 90 µL of

70% methanol, 6 µL of 10% aluminium chloride hexahydrate,

6 µL of 1M sodium acetate, and 168 µL of distilled water. The

mixture was incubated for 40min and the absorbance was taken

at 415 nm in triplicate using Multiskan Go plate reader (Thermo

Scientific, Waltham, MA, USA). A quercetin standard curve of

concentrations ranging from 0.15 to 0.40 mg/mL was made to

calculate the TFC of the samples and the results were expressed

as quercetin equivalents in g per gram of dry weight (g QE/g

DW) of callus.

Extraction and quantification of
carotenoids via HPLC analysis

A HPLC-based quantification of individual carotenoids was

done according to the method described by Othman (2009). For

every sample, 1 g of freeze-dried green callus was mixed with 1 g

of calcium carbonate and then rehydrated in 1mL of distilled

water. The tissue was soaked in 5mL of acetone:methanol

at ratio 7:3 overnight at room temperature. The next day,

the mixture was vortexed and centrifuged at 13,500 g for

2min (Universal 32 R centrifuge Hettich Zentrifugen, D-

78532 Germany). The supernatant was collected and transferred

into foil-covered 50mL graduated polypropylene centrifuge

tubes. This procedure was repeated after adding in 5mL of

acetone:methanol of ratio 7:3 without addition of calcium

carbonate until the sample became colorless. To remove

any residual fine particulates, centrifugation of combined

supernatants was repeated at 13,500 g for 5min. Extraction

of the carotenoids was done by adding 1:1 ratio of diethyl

ether:distilled water to the sample mixture. After that, the

solution was allowed to separate and the upper layer containing

carotenoids was collected. By using diethyl ether alone, this

procedure was repeated, and the combined upper phase was

then dried using a vacuum concentrator (Thermo Scientific,

Waltham, MA, USA) to remove adhering solvents. The vials

were then immediately capped, sealed with parafilm, and stored

at−80◦C until subsequent analysis.

Quantification of individual carotenoids content was

performed using Agilent 1200 series HPLC system (Agilent

Technologies, USA) equipped with a diode array detector, as

described by Othman (2009). Separation was attained using

ZORBAX SB-C18 end capped column (5µm, 4.6 × 250mm)
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(Waters, Milford, MA, USA). The eluents used for mobile phase

were (A) 9:1 v/v acetonitrile:water, and (B) ethyl acetate. The

gradient program used was 0–40% solvent B (0–20min), 40–

60% Solvent B (20–25min), 60–100% Solvent B (25–25.1min),

100% Solvent B (25.1–35min), and 100–0% Solvent B (35–

35.1min) and the flow rate was 1.0 mL/min. Prior to next

sample injection, the column was allowed to re-equilibrate in

100% Solvent A for 10min. The temperature of the column and

injection volume were 20◦C and 10µL, respectively. Carotenoid

peaks were detected between wavelengths ranging from 350 to

550 nm. The extracts were screened for eight types of carotenoid,

namely α-carotene, β-carotene, lycopene, lutein, neoxanthin,

violaxanthin, zeaxanthin, and β-cryptoxanthin. A standard

curve was prepared for each carotenoid being quantified and

the standards were diluted to five concentrations (0.02, 0.04,

0.06, 0.08, and 0.10 µg/µL). The concentration of the individual

carotenoids was calculated as microgram per g dry weight

(µg/g DW).

Extraction and quantification of
flavonoids via HPLC analysis

The extraction of flavonoids for HPLC analysis was done

based on the method described by Seo et al. (2016) with minor

modifications. The freeze-dried A. indica green callus of each

treatment (2 g) was extracted with 20mL of 80% ethanol at room

temperature. After 3 days, the sample was filtrated. Ethanol was

evaporated and freeze-dried to concentrate the extracts and then

stored at−80◦C. Crude extracts were redissolved in ethanol and

filtered using a 0.2 µMmembrane.

Quantification of individual flavonoids content was

performed on Agilent Technologies 1100 series model HPLC

system equipped with a Model ELSD 2000 detector (Waters,

Milford, MA, USA) by following the method described by

Seo et al. (2016). The column used was Agilent ZORBAX

SB-C18 (5µm, 4.6 × 250mm) with mobile phase consisting

of 100% acetonitrile. Sample was injected at a flow rate of 0.8

mL/min. The extracts were screened for six types flavonoids,

namely rutin, kaempherol, kaempherol 3-glucoside, flavone,

myricetin, and quercetin. Individual flavonoids concentration

was calculated as microgram per g dry weight (µg/g DW).

ABTS free radical scavenging activity
assay

Decolorization assay was used to determine the scavenging

activity of ABTS free radical (Rajurkar and Hande, 2011).

Initially, the solution of ABTS radical cation (ABTS.+) was

prepared by mixing 10mL of 2.45mM potassium persulfate

and 10mL of 7mM ABTS solution. Then, the mixture was

incubated for 12 h in the dark at room temperature. After that,

double distilled water (ddH20) was used to dilute the mixture

until the absorbance produced is 0.70 ± 0.2 at 734 nm. Diluted

ABTS.+ solution of 200 µL in volume was mixed with 20 µL

of sample extract at six different concentrations and incubated

for 30min at room temperature. The absorbance was taken

in triplicates at 734 nm. A non-linear regression (third-degree

polynomial) was used to plot a graph of ABTS free radical

scavenging activity percentage against concentration (Samad

et al., 2016). Ascorbic acid was used as the positive control. The

ABTS radical scavenging activity of the samples was calculated

using the formula as follows:

ABTS.+scavenging activity (%)=
A0−A1

A0
×100

Where, A0 = absorbance of ABTS.+and methanol

A1 = absorbance of ABTS.+ and sample extract or standard

Ferric reducing antioxidant power (FRAP)
assay

FRAP assay of A. indica green callus extract was done

following the standard protocol with slight changes (Benzie

and Strain, 1999). FRAP reagent was prepared fresh during the

assay by mixing 300mM of acetate buffer (pH 3.6), 10mM

2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) solution and 20mM iron

(III) chloride hexahydrate (FeCl3.6H2O) at the ratio of 10:1:1,

respectively. Then, FRAP reagent was incubated at 37◦C in the

water bath for 30min. Ten milliliter of each sample extract

was mixed with 300mL of FRAP reagent and vortexed gently.

To prepare the blank, sample extract was substituted with

methanol. The mixture was incubated for another 30min at

room temperature. The absorbance was taken in triplicate at a

wavelength of 593 nm. Ferrous sulfate of known concentration

was used to construct a standard curve, and thus, the antioxidant

activity will be shown as ferrous equivalent Fe (II) in gram per

gram of dry weight of callus.

Statistical analysis

The experiments were conducted in a completely

randomized block design with 15 replicates of three cultures

for each treatment. Results obtained were presented as mean

values ± standard error (SE) of triplicate measurements. The

significant difference between the means was determined using

one-way analysis of variance (ANOVA) and Duncan’s multiple

range test (DMRT) at p < 0.05, using IBM SPSS Statistics

(version 24). Meanwhile, the principal component analysis

(PCA) and correlations among antioxidant potential exhibited

by the green callus extracts and bioactive pigments present in
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the callus were determined by Pearson’s correlation analysis

using R (version 4.2.0).

Results

Production of green callus of A. indica in

vitro

Callus induction on CM media which contained 0.6 mg/L

of TDZ started after 7 days of incubation and leaf explants

were observed to further develop into green compact calli. The

growth and morphology of the callus were observed for 8 weeks

(Figure 1). In contrast, the development of callus onMSOmedia

was slower and there was no complete green callus formation

noted from the leaf explants after 8 weeks, therefore, it could not

be used for further analysis (Figure 1).

The effects of sample ages and addition of different

concentrations of JA into CM media were evaluated to better

understand their influence on callus performance. Callus growth

was monitored by measuring the callus fresh weight and growth

index (GI), as shown in Table 1. The treatment with 2 mg/L JA

was the most effective in enhancing callus regeneration capacity

after 4 weeks of culture, with callus fresh weight and GI of 1.90

± 0.18 g and 0.65 ± 0.02, respectively. Meanwhile, CM media

produced the highest callus fresh weight (2.30 ± 0.35 g) and GI

(0.74± 0.02) after 8 weeks of culture.

Yield of extract and phytochemical
screening

A portion of the methanolic extracts were concentrated

under reduced pressure. The yield of extracts gained from the

concentration process were presented in Table 1. Concentrated

extracts were then dissolved in methanol to a final concentration

of 20 mg/mL and used for total phenolic, flavonoid, antioxidant,

and phytochemical analysis. Themethanolic extracts ofA. indica

green callus were also subjected to qualitative screening of

phytochemical constituents by following the standard protocols

described by Solihah et al. (2012). Results from the screening

revealed the presence of alkaloids, flavonoids, phenols, tannins,

and terpenoids in the methanolic extracts of A. indica green

callus (Table 2).

E�ects of JA concentration and sample
ages on total anthocyanin, total phenolic
and total flavonoid contents

The TAC, TPC, and TFC of the 4- and 8-week-old green

callus were determined. TAC was expressed as mg per g dry

FIGURE 1

Callus induction and development observed on (A) MS medium

supplemented with 0.6 mg/L of TDZ (CM media), and (B) MS

medium without PGR (MSO) after 8 weeks.

weight of sample, while TPC was expressed as g Gallic Acid

(GAE) per g dry weight of the sample, and TFC was expressed

as g Quercetin (QE) per g dry weight of the sample. An increase

in anthocyanins, phenolics, and flavonoids accumulation was

noticed after elicitation with JA (for all concentrations) but

the maximum accumulation was observed at two different

time intervals; 4 and 8 weeks. Data analysis revealed that A.

indica green callus cultured on CM added with 6 mg/L JA

(6JA) and 4 mg/L JA (4JA) resulted in the highest amounts

of TAC, TPC, and TFC after 4 and 8 weeks of culture. In

general, the TAC, TPC, and TFC of methanolic extracts of 4-

week-old A. indica green callus increased significantly with the

increase in JA concentration (Figure 2). Green callus extract

of 4-week-old 6JA sample showed the highest TAC, TPC, and

TFC with compounds content of 0.31 ± 0.00 mg/g DW, 3.96

± 0.02 g GAE/g DW, and 0.55 ± 0.03 g QE/g DW, respectively,

followed by 4JA, 2JA, and CM (Figure 2). Nevertheless, the

TAC, TPC, and TFC of the extracts of 8-week-old samples

were found to decrease in CM media supplemented with

high concentration of JA (6JA) (Figure 2). Interestingly, green

callus extract from 8-week-old 4JA samples showed significantly

highest values for TAC, TPC, and TFC which were 0.32

± 0.01 mg/g DW, 3.40 ± 0.05 g GAE/g DW, and 0.52 ±

0.01 g QE/g DW, respectively, followed by 6JA, 2JA, and CM

(Figure 2).

The effect of sample ages on the TAC, TPC, and TFC

of methanolic extracts of A. indica callus, with and without

JA elicitation were also evaluated and compared. Generally,

comparison between 4- and 8-week-old samples revealed that

4-week-old samples of CM, 2JA, 4JA, and 6JA had significantly

greater amount of TAC, TPC, and TFC in comparison to

8-week-old samples of the same treatments, except for TAC

and TFC of 4JA. The TAC and TFC of 8-week-old 4JA

sample were higher by 0.07 mg/g DW and 0.09 g QE/g

DW, respectively.
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TABLE 1 E�ect of TDZ and JA concentrations on callus fresh weight, growth index and yield of extracts.

Sample ID Treatment Sample age

4-week-old 8-week-old

Fresh weight (g) GI Yield of extract (g) Fresh weight (g) GI Yield of extract (g)

CM 0.6 mg/L TDZ 1.39± 0.21ab 0.61± 0.03ab 0.41 2.30± 0.35a 0.74± 0.02a 0.42

2JA 0.6 mg/L TDZ+ 2 mg/L JA 1.90± 0.18a 0.65± 0.02a 0.38 1.63± 0.24a 0.70± 0.03a 0.48

4JA 0.6 mg/L TDZ+ 4 mg/L JA 1.39± 0.14ab 0.53± 0.03bc 0.36 2.03± 0.27a 0.71± 0.02a 0.34

6JA 0.6 mg/L TDZ+ 6 mg/L JA 1.23± 0.19b 0.50± 0.03c 0.37 1.98± 0.43a 0.66± 0.03a 0.38

Data expressed as mean values± standard error (SE) of 15 replicates, each replicate consisted of 4 callus cultures. Means with different letters in the same column are significantly different

at p ≤ 0.05 according to Duncan’s multiple range test (DMRT). CM, callus induction media composed of 0.6 mg/L TDZ; TDZ, thidiazuron; JA, jasmonic acid; GI, growth index.

TABLE 2 Qualitative screening of phytochemical constituents in

green callus of A. indicamethanolic extract.

Chemical constituents Sample age Treatment

CM 2JA 4JA 6JA

Alkaloids 4-week-old + + + +

8-week-old + + + +

Flavonoids 4-week-old + + + +

8-week-old + + + +

Phenols 4-week-old + + + +

8-week-old + + + +

Tannins 4-week-old + + + +

8-week-old + + + +

Terpenoids 4-week-old + + + +

8-week-old + + + +

CM, callus induction media composed of 0.6 mg/L TDZ; JA, jasmonic acid.+ Present.

E�ects of JA concentration and sample
ages on chlorophylls and carotenoids
content

The total amount of photosynthetic pigments such as

chlorophylls and carotenoids were measured and expressed

as mg per g dry weight (mg/g DW) of callus. Based on

Figures 3A,B, chlorophyll a and b contents in 4-week-old

A. indica green callus increased as the concentration of JA

increased. 6JA showed the highest amount of total chlorophylls

(1.00 ± 0.03 mg/g DW) and carotenoids (0.13 ± 0.01 mg/g

DW) contents for 4-week-old samples when compared to

control (CM). For 8-week-old samples, 4JA green callus extract

contained the highest amount of total carotenoids (0.10 ± 0.01

mg/g DW) compared to the control, followed by 6JA (0.09

± 0.00 mg/g DW), 2JA (0.08 ± 0.00 mg/g DW), and CM

(0.07 ± 0.00 mg/g DW) (Figure 3D). Generally, the amount of

chlorophyll a is higher in all extracts compared to chlorophyll b

for both 4- and 8-week-old samples.

Figures 3E,F show the ratios of pigments content in

methanolic extracts of A. indica. The weight ratio of chlorophyll

a to chlorophyll b (Ca/Cb ratio) for 4 and 8-week-old

extracts ranged between 1.52–1.66 and 1.32–1.58, respectively

(Figure 3E). Other than that, the weight ratio of total

chlorophylls to carotenoids (Ca + Cb/C(x+c) ratio) was

determined to demonstrate the sample’s greenness. Generally,

the greenness of samples was about the same, as can be observed

based on Ca + Cb/C(x+c) ratios obtained in this study. The

ratios of 4-week-old samples ranged from 7.19 to 7.68, while the

Ca+ Cb/C(x+c) ratios for the 8-week-old samples ranged from

6.80 to 8.19 (Figure 3F).

In addition, the effects of sample ages on chlorophylls and

carotenoid content of A. indica extracts were also compared. As

shown in Figure 3, 4-week-old sample of all treatments exhibited

significantly higher amount of chlorophyll a, chlorophyll b,

total chlorophylls, as well as carotenoid contents compared

to the extracts from 8-week-old samples. Longer incubation

time was found to significantly affect the amount of total

chlorophylls and carotenoids of the extracts. On the other

hand, it was also observed that the total chlorophyll to

total carotenoid ratio of 4-week-old samples decreased with

increasing JA concentration, in contrast to 8-week-old samples

(Figure 3F).

Analysis of individual carotenoids
through HPLC

Previous data analysis revealed that 6JA and 4JA samples

resulted in the highest amount of total carotenoid content

in 4- and 8-week-old green callus, respectively. Thus, the

samples were subjected to a HPLC analysis to determine and

compare the presence of individual carotenoids in the samples

compared to the control (CM). The extracts were screened

for the presence of eight common carotenoids such as α-

carotene, β-carotene, lycopene, lutein, neoxanthin, violaxanthin,

zeaxanthin, and β-cryptoxanthin. Data analysis revealed the

presence of four types of carotenoid in the samples, including
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FIGURE 2

E�ect of di�erent concentration of jasmonic acid on (A) total anthocyanin, (B) phenolic, and (C) flavonoid contents in 4 and 8-week-old A.

indica green callus. Data expressed as mean values ± standard error (SE) of three replicates. Treatment bars denoted with di�erent letters

(subject to samples’ age) are significantly di�erent at p ≤ 0.05 according to Duncan’s multiple range test (DMRT), while * denotes significant

di�erence between samples’ age (at p < 0.05) according to Student’s t-test. CM, callus induction media composed of 0.6 mg/L TDZ; TDZ,

thidiazuron; JA, jasmonic acid.

β-carotene, lutein, neoxanthin, and violaxanthin. For 4-week-

old callus extracts, CM was found to contain neoxanthin

(0.93 ± 0.02µg/g DW), violaxanthin (9.02 ± 0.61µg/g DW),

lutein (263.24 ± 4.96µg/g DW), and β-carotene (2.59 ±

0.04µg/g DW), however 6JA callus was found to contain

only lutein (431.81 ± 1.60µg/g DW) (Table 3). On the

other hand, 8-week-old CM callus also showed the presence

of only lutein (478.97 ± 4.59µg/g DW), meanwhile 4JA

callus extracts showed the absence of all eight carotenoids

(Table 3).

Analysis of individual flavonoids through
HPLC

Previous data analysis revealed that 6JA and 4JA samples

resulted in the highest amount of TFC in 4- and 8-week-old

green callus, respectively. Thus, the samples were subjected

to a HPLC analysis to determine and compare the presence

of individual flavonoids in the samples compared to the

control (CM). Flavonoids detected include rutin, kaempherol,

flavone, and myricetin (Table 4). According to the results,

green callus extract of 4-week-old CM sample exhibited the

highest amount of rutin (218.08 ± 18.08µg/g DW) and

flavone (5.30 ± 0.00µg/g DW). On the other hand, 4-

week-old 6JA extract showed significantly higher amount of

kaempherol (14.45 ± 0.43µg/g DW) and myricetin (45.32

± 0.01µg/g DW). For 8-week-old sample extracts, the

amount of rutin (224.73 ± 1.94µg/g DW) and kaempherol

(4.20 ± 0.12µg/g DW) were significantly higher in 4JA

compared to CM. Interestingly, the amount of flavone and

myricetin for 8-week-old CM and 4JA green callus extracts

are similar, despite the fact that 4JA extract was elicited with

JA (Table 4).
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FIGURE 3

E�ect of di�erent concentration of jasmonic acid on (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, (D) total carotenoid, (E) ratio of

chlorophyll a to chlorophyll b, and (F) ratio of total chlorophyll to total carotenoid in 4 and 8-week-old A. indica green callus. Data expressed as

mean values ± standard error (SE) of three replicates. Treatment bars denoted with di�erent letters (subject to samples’ age) are significantly

di�erent at p ≤ 0.05 according to Duncan’s multiple range test (DMRT), while * denotes significant di�erence between samples’ age (at p < 0.05)

according to Student’s t-test. CM, callus induction media composed of 0.6 mg/L TDZ; TDZ, thidiazuron; JA, jasmonic acid.

Antioxidant potential of A. indica
methanolic extracts

Antioxidant activities of all extracts against ABTS [2, 2-

azino-bis (3-ethylbenzotiazoline-6-sulfonic acid)] radical and

reducing ability of A. indica methanolic extracts by FRAP

(ferric reducing antioxidant power) assay were depicted in

Figure 4. The ABTS free radical scavenging activity of A. indica

methanolic extracts were represented as IC50 (mg/mL) of each

extract. The IC50 values defined the concentration of antioxidant
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TABLE 3 Distribution and amount of individual carotenoids present in 4 and 8-week-old green callus of A. indica.

Sample age Sample ID Treatment Individual carotenoid (µg/g DW)

Neoxanthin Violaxanthin Lutein β-carotene

4 weeks CM 0.6 mg/L TDZ 0.93± 0.02 9.02± 0.61 263.24± 4.96b 2.59± 0.04

6JA 0.6 mg/L TDZ+ 6 mg/L JA ND ND 431.81± 1.60a ND

8 weeks CM 0.6 mg/L TDZ ND ND 478.97± 4.59 ND

4JA 0.6 mg/L TDZ+ 4 mg/L JA ND ND ND ND

Data expressed as mean values± standard error (SE) of three replicates. Means with different letters in the same column are significantly different at p ≤ 0.05 according to Student’s t-test

(subject to samples’ age). CM, callus induction media composed of 0.6 mg/L TDZ; TDZ, thidiazuron; JA, jasmonic acid; ND, not detected; U, unknown.

TABLE 4 Distribution and amount of individual flavonoids present in 4-week-old green callus of A. indica.

Sample age Sample ID Treatment Individual flavonoid (µg/g DW)

Rutin Kaempherol Flavone Myricetin

4 weeks CM 0.6 mg/L TDZ 218.08± 18.08a 6.45± 0.09b 5.30± 0.00a 44.82± 0.01b

6JA 0.6 mg/L TDZ+ 6 mg/L JA 110.58± 1.66b 14.45± 0.43a 5.28± 0.00b 45.32± 0.01a

8 weeks CM 0.6 mg/L TDZ 216.61± 2.33a 2.81± 0.18b 5.25± 0.01a 44.57± 0.00a

4JA 0.6 mg/L TDZ+ 4 mg/L JA 224.73± 1.94a 4.20± 0.12a 5.25± 0.00a 44.50± 0.00b

Data expressed as mean values± standard error (SE) of three replicates. Means with different letters in the same column are significantly different at p ≤ 0.05 according to Student’s t-test

(subject to samples’ age). CM, callus induction media composed of 0.6 mg/L TDZ; TDZ, thidiazuron; JA, jasmonic acid.

needed to reduce the initial ABTS concentration by 50%.

Meanwhile, FRAP reducing potential was expressed as g per

g FeSO4 equivalent of each extract. Data analysis for 4-week-

old samples revealed that the highest ABTS radical scavenging

activity and FRAP reducing potential were shown by 6JA extract,

with IC50 of 8.29 ± 0.10 mg/ml and FRAP value of 90.60 ±

1.55 g/g of sample, respectively (Figure 4). The ABTS IC50 values

for 4-week-old sample extracts were found to decrease with

increasing JA concentration. The same trend was observed for

FRAP values of 4-week-old sample extracts. FRAP value of 2JA

extract was slightly higher when compared to FRAP value of 4JA

extract. However, all extracts of 4-week-old JA-treated samples

showed higher FRAP values compared to control. On the other

hand, extract of 8-week-old 4JA sample showed the highest

ABTS radical scavenging potential and FRAP reducing activity,

with ABTS IC50 of 7.73 ± 0.03 mg/ml and FRAP value of

74.59 ± 3.91 g/g of dried callus, respectively (Figure 4). Overall,

elicitation with JA was found to yield higher antioxidant activity

in the samples, as shown by the lower ABTS IC50 and higher

FRAP values in JA-treated callus samples, compared to callus

produced on CMmedia (control).

The effect of sample age on antioxidant potential of the

extracts was also evaluated and compared (Figure 4). The

scavenging activities of the 4-week-old sample extracts against

ABTS radicals were found to be significantly higher than that

shown by 8-week-old samples, except for 4JA. However, data

analysis revealed that although the IC50 value of 4-week-old

4JA extract was higher than that of 8-week-old sample, the

differences were not significant (p > 0.05). Therefore, it could

be deduced that in general, extracts of 4-week-old samples

had better ABTS radical scavenging activities than extracts

of 8-week-old samples. Similarly, all 4-week-old samples also

showed greater FRAP values compared to 8-week-old samples.

Results revealed that shorter culture incubation period (4 weeks)

resulted in production of callus with better FRAP (Fe3+ to Fe2+)

reducing activities.

Relationships between jasmonic acid
concentration, samples age, bioactive
pigments content and antioxidant
potential

To comprehend the relationship between the JA

concentration, samples age, antioxidant properties and

bioactive pigments of green callus extracts of A. indica, a

correlation analysis was conducted for both 4- and 8-week-old

samples. Negative and significantly strong correlations were

found between ABTS IC50 with TAC (r = −0.794), TPC (r =

−0.696), and TFC (r = −0.766) of the extracts (Table 5). This

show that the ABTS IC50 values would decrease with increasing

TAC, TPC, and TFC amounts, indicating that ABTS radical

scavenging activities would increase parallel to the increase in

anthocyanin, phenolic and flavonoid contents in the samples.

Positive and significantly strong correlations were also observed

Frontiers in Sustainable FoodSystems 10 frontiersin.org

https://doi.org/10.3389/fsufs.2022.1017398
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Ahmad Fauzi et al. 10.3389/fsufs.2022.1017398

FIGURE 4

E�ect of di�erent concentration of jasmonic acid on (A) ABTS radical scavenging activity, and (B) FRAP reducing potential in 4 and 8-week-old

A. indica green callus. Data expressed as mean values ± standard error (SE) of three replicates. Treatment bars denoted with di�erent letters

(subject to samples’ age) are significantly di�erent at p ≤ 0.05 according to Duncan’s multiple range test (DMRT), while * denotes significant

di�erence between samples’ age (at p < 0.05) according to Student’s t-test. CM, callus induction media composed of 0.6 mg/L TDZ; TDZ,

thidiazuron; JA, jasmonic acid.

TABLE 5 Pearson’s correlation coe�cients between variables.

JA Age TAC TPC TFC ChlA ChlB TC TCh Ca/Cb TCh/TC ABTS FRAP

JA 1

Age 0.000 1

TAC 0.819** −0.213 1

TPC 0.758** −0.554** 0.892** 1

TFC 0.857** −0.186 0.942** 0.872** 1

ChlA 0.311 −0.927** 0.486* 0.760** 0.465* 1

ChlB 0.173 −0.913** 0.382 0.622** 0.334 0.959** 1

TC 0.322 −0.895** 0.512* 0.791** 0.498* 0.961** 0.875** 1

TCh 0.265 −0.931** 0.454* 0.719** 0.423* 0.995** 0.983** 0.939** 1

Ca/Cb 0.553** −0.521** 0.575** 0.798** 0.628** 0.631** 0.389 0.744** 0.551** 1

TCh/TC −0.318 0.047 −0.346 −0.407* −0.377 −0.088 0.129 −0.348 −0.012 −0.676** 1

ABTS −0.658** 0.053 −0.794** −0.696** −0.766** −0.289 −0.174 −0.347 −0.251 −0.491* 0.378 1

FRAP 0.598** −0.601** 0.684** 0.834** 0.663** 0.743** 0.653** 0.764** 0.718** 0.635** −0.287 −0.476* 1

**Correlation is significant at p < 0.01, *Correlation is significant at p < 0.05.

between FRAP values and the bioactive pigments (TAC, TPC,

TFC, TC and TCh), with r values of 0.684, 0.834, 0.663,

0.764, and 0.718, respectively. These indicated that the ferric

reducing potential of the extracts would increase with increasing

pigments content (Table 5). JA concentration was also observed

to possess significantly strong positive correlations with TAC

(r = 0.819), TPC (r = 0.758), TFC (r = 0.857), and FRAP (r =

0.598), as well as significantly strong negative correlation with

ABTS (r = −0.658). On the other hand, significantly strong

negative correlations were observed between samples age with

TPC (r = −0.554), TCh (r = −931), ChA (r = −0.927), ChB

(r = −0.913), TC (r = −0.895), Ca/Cb ratio (r = −0.521), and

FRAP (r=−0.601), implying that the contents of these bioactive

pigments and ferric reducing potential would be significantly

reduced with callus age (Table 5). These correlations can also be

clearly visualized via the corrplot provided in Figure 5A.

The data obtained in this study was also subjected to a

PCA analysis, which revealed that 83.5% of the information

(variances) contained in the data were retained by the first

two principal components (as can be observed in the scree

plot in Figure 5B). In addition, the findings obtained from the

correlation analysis were also corroborated by the PCA findings,

as observed from the angles between vectors in the PCA-biplot

and heat map (Figures 5C,D).
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FIGURE 5

Statistical evaluations between the parameters, (A) Corrplot describing the correlation coe�cients between JA concentration, samples age,

bioactive pigments and antioxidant properties, (B) Scree plot depicting the percentage of explained variances, (C) PCA-biplot summarizing the

distribution of the tested extracts (from di�erent storage period) on the factorial plan and representation of biological activities on the

correlation circle, and (D) Heat map showing the relationship between JA concentrations with bioactive pigments and biological activities.

Discussion

E�ects of TDZ and jasmonic acid on the
growth of A. indica green callus

No sign of callus formation was observed from the leaf

explants when cultured on MSO, even after 8 weeks of

incubation, due to the absence of TDZ as a growth regulator.

Initiation of green callus formation from the leaf explants of A.

indica can only be observed when the explants were cultured

on CM media, which contained TDZ. Similar observations

were recorded in a previous study where callus was successfully

induced from different blueberry plant genotypes by utilizing

TDZ as the only growth regulator in the basal media (BM)

(Ghosh et al., 2017). Leaf explants of all genotypes started

to develop into calli after 4 weeks of incubation on BM

supplemented with different concentrations of TDZ (0.1, 0.5,

and 1.0 mg/dm3) and fully formed calli after 12 weeks of culture.

It was also reported that cultures cultivated on BMwithout TDZ

did not form any callus and therefore, were excluded from data

analysis (Ghosh et al., 2017).

In the present study, successfully developed calli on CM after

8 weeks of cultivation were subcultured on JSM. It appeared that

the combination of TDZ with JA did not exert any significant

effect on callus fresh weight and GI. Also, the application of JA

as a stress factor resulted in no negative effects on the growth

of A. indica green callus, thus it is suitable to be used as an

elicitor to boost the production of bioactive pigments in the

callus. In addition, the formation of green callus from A. indica

leaf explants by using TDZ (0.2–0.6 mg/L) as growth regulator

was also supported by findings of a previous study done by

Ashokhan et al. (2018). The green callus was shown to have

greater amount of bioactive pigments and antioxidant potential

activities compared to brown and cream callus developed

frommedia supplemented with 2,4-Dichlorophenoxyacetic acid.

However, TDZ at higher concentrations (2.3–4.5 mg/L) was

reported to induce brown callus in A. indica after 2 weeks of

cultivation. The brown callus further developed into greenish
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globular embryos after a period of 2–3 weeks (Akula et al.,

2003).

Besides, TDZ alone was apparently very efficient in

stimulating biomass accumulation in A. indica callus cultures,

which is in agreement with several reports on other medicinal

plant species. Zhang et al. (2005) reported that callus formation

of Scutellaria baicelensis, a Chinese medicinal plant, was well-

induced by exogenous application of TDZ. Besides, higher

concentrations of TDZ (1.0, 2.0, and 5.0 mg/L) generated

multiple shoots from the induced calli but only after being

subcultured on hormone free medium, whereas TDZ, at lower

concentration (0.3 mg/L) produced shoots directly from calli on

the induction medium. There was also a report on TDZ effects

on stem, petiole, and leaf explants from 4-week-old Scutellaria

bornmuelleri seedlings during callus formation induction. MS

and half-strength MS media employed in the study were

supplemented with 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0 mg/L of

TDZ. Results revealed that, 4 days were needed for the stem and

petiole explants to initiate callus formation but no callogenesis

was observed from leaf explants. Moreover, the type of explant

and medium used were shown to have different influences on

the callus induction frequency. However, all stems were found to

form callus within 2 weeks of culture, regardless of the medium

used (Gharari et al., 2019).

Bioactive pigments content

In the present study, the total anthocyanin, phenolic, and

flavonoid contents in A. indica green callus produced on

CM, 2JA, 4JA, and 6JA media were determined. Compared

to the control (CM media), the total anthocyanin, phenolic,

and flavonoid contents were higher in callus grown on media

elicited with JA. This finding is in agreement with a previous

study, where low total anthocyanin, phenolic, and flavonoid

contents were determined in A. indica green callus extract

produced on MS media with TDZ but without the presence of

any elicitor (Ashokhan et al., 2018). Besides, when compared

to the control, the significant increase in the amount of

bioactive pigments content when JA was added suggests that

JA is a good stress-induced elicitor to enhance the biosynthesis

of bioactive pigments in green callus of A. indica. Also,

results obtained from the present study showed that the total

anthocyanin, phenolic, and flavonoid increased significantly

with the increase of JA concentrations for 4-week-old samples.

However, the amount of TAC, TPC, and TFC of 8-week-

old samples increased in 2JA and 4JA extracts only and

then decreased in 6JA extract. Previous cell culture studies

reported that, elicitation of bioactive pigments in plants was

influenced by different parameters, for example, the elicitor

specificity, concentration, and time of exposure (Vasconsuelo

and Boland, 2007). Another study reported that even though

plants respond to JA by altering their defense mechanisms as

well as secondary metabolites production, the induced levels

are commonly not stable after a long time (Kim et al., 2006).

Therefore, treating sample with higher concentration of elicitor

does not necessarily increase the amount of accumulated

secondary metabolites. It was shown that treating plants with

different JA concentration can be done as a mean to select

for an optimum concentration of JA that could induce the

maximum amount of bioactive compounds (Kim et al., 2007).

Jasmonates such as JA and its methyl ester, methyl jasmonate

(MeJA) were reported to increase the accumulation of phenolics

in Mentha × piperita. However, the observed changes were

different depending on elicitor’s concentrations and the time

of exposure (Krzyzanowska et al., 2011). Other than that, the

increase in secondary metabolites under the influence of JA in

the present study can be explained by studies conducted by

Verma et al. (2016) and Zhu (2016). These studies reported

that plant growth, development, and environmental responses

are controlled by plant hormonal signaling pathways which

require complex hormonal crosstalk such as between JA and

other hormones (Kazan andManners, 2008; Santner and Estelle,

2009; Wasternack and Strnad, 2016). A previous study had

reported that under abiotic and biotic conditions, the interaction

between JA and other hormone, particularly indole-3-acetic-acid

(IAA) in plants, controlled the physiological processes including

the production of secondary metabolites, coiling of tendril and

cell elongation (Saniewski et al., 2002). Based on the results,

the total flavonoid content in each treatment was found to

be the highest compared to total anthocyanins and phenolics.

Therefore, HPLC analysis was done to determine the individual

flavonoids present in JA-treated samples that showed the highest

TFC amounts, compared to control sample (CM). Flavonoid

analysis performed by HPLC system detected four flavonoid

peaks which were rutin, kaempherol, flavone, and myricetin.

All compounds were scanned using three different wavelengths

ranging from 250 to 350 nm to increase the efficiency of peak

separation, hence avoiding the peak from overlapping (Seo

et al., 2016). The major flavonoid constituent in A. indica green

callus was found to be rutin. According to the study done by

Vergallo et al. (2019), the qualitative-quantitative composition

of flavonoids depends on the extraction solvent used which

means different organic solvents may have different efficiency in

extracting a particular group of flavonoids. In the present study,

acetonitrile was shown to have better efficiency in extracting

rutin, hence it was found to be the highest compound screened,

followed by myricetin, kaempherol, and flavone. Meanwhile

in another study, the ethanolic extracts obtained from leaves

and bark of A. indica were shown to contain several phenolic

and flavonoid compounds. Major compounds found in the

extracts were quercetin (14.09 ± 0.01µg/mL), kaempherol

(8.15 ± 0.03µg/mL), and coumarin (7.48 ± 0.01µg/mL)

while other compounds detected included gallic acid (2.65 ±

0.01µg/mL), catechin (1.79 ± 0.03µg/mL), chlorogenic acid

(1.81 ± 0.01µg/mL), rutin (3.72 ± 0.02µg/mL), quercitrin
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(7.46 ± 0.01µg/mL), and luteolin (3.74 ± 0.01µg/mL) (Cristo

et al., 2016). In another study, two flavonoids extracted from

A. indica leaves, quercetin and kaempherol, were successfully

characterized and isolated by HPLC and Preparative-HPLC

(P-HPLC), respectively, and were shown to have potential

antimicrobial properties as they exhibited valuable anti-MRSA

activity (Ullah et al., 2018).

Morever, the supplementation of JA at different

concentrations also influenced the regulation of photosynthetic

pigments (chlorophylls and carotenoids) production in green

callus of A. indica. Similar to TAC, TPC, and TFC analysis,

the highest amount of chlorophylls and carotenoids were

exhibited by the extracts of 4-week-old 6JA and 8-week-old 4JA

samples, respectively. Thus, at this juncture, it could be deduced

that 6 and 4 mg/L were the optimum concentrations for JA

to elicit bioactive pigments production in the present study,

depending on the duration of culture incubation (or callus age).

Results showed that the amount of photosynthetic pigments

of 8-week-old samples was significantly lower compared to

4-week-old samples. Most of the studies done on the effects

of JA on plants showed that JA exerted inhibitory effect on

the growth and photosynthetic pigments content of the plant

samples grown in vitro and in vivo (Ueda et al., 1981; Kovač

and Ravnikar, 1994, 1998; Golovatskaya and Karnachuk,

2008). A study had demonstrated that JA and MeJA strongly

inhibited the accumulation of chlorophylls as time increased

and the inhibitory effect of MeJA was greater than JA (Ananiev

et al., 2004). Another previous study had reported that the

negative effect of JA on plant pigments could be explained by

the degradation of chloroplast proteins and pigment–protein

complexes in chloroplasts (Kumari and Sudhakar, 2003). These

observations suggested that JA concentration may increase

or decrease the amount of photosynthetic pigments of plant

samples treated and most of the time JA exhibited an inhibitory

effect that reduce the photosynthetic pigment amount as

time increases.

Besides, both 4- and 8-week-old controls (CM) were

observed to have lower photosynthetic pigments amount than

other respective treatments. Therefore, JA is a potent elicitor in

inducing the biosynthesis of photosynthetic pigments in plants

though the induced levels was commonly unstable for a long

time (Kim et al., 2007). Elicitation of Lactuca sativa L. with JA

in one study was proven to significantly increase the amount of

carotenoids in the plant compared to the control. Interestingly,

CM extract from 8-week-old callus had lower amount of

total chlorophylls and carotenoids than 4-week-old callus,

although both of the samples were not subjected to JA-stress

elicitation. This implied that callus subjected to a longer culture

period experienced greater deterioration of total chlorophylls

and carotenoids, due to limited access to macronutrients.

Chlorophylls and carotenoids are photosynthetic apparatus

involved in photosynthesis, which is the key process in

plant metabolism. Deprivation of macronutrients hinders

plant metabolism and affects plant growth and development

(Thuynsma et al., 2016; Samborska et al., 2018; Sitko et al.,

2019).

The samples were also screened for the presence of eight

major carotenoids using HPLC. In this part of the study, the

extract from 4-week-old CM sample was used for optimization

and was found to show good separation of compounds, thus

the same protocol was used for all other samples. In contrast

to the results gathered for 4-week-old CM samples, the extract

of 4-week-old 6JA samples were found to contain only lutein.

Meanwhile for 8-week-old samples, only lutein was detected in

CM extract, and none was detected in the extract of 4JA sample.

This is the first time where changes in lutein production during

treatment with JA was observed. Nevertheless, there may be

other unknown carotenoids present in the samples, but they

could not be identified due to the presence of unresolved peaks

in the HPLC chromatograms. According to Dworkin (2011),

compounds do not split up well chromatographically due to the

occurrence of chromatographic co-elution which happens when

compounds involved have retention times that differ by less than

the resolution of the method. Besides, degradation of column

used and mass or volume overload on the column may also lead

to peak distortion (Ahmad, 2017). Another possible cause of

peak distortion is incompatibility of diluent and mobile phase

where the elution strength of mobile phase used is significantly

weaker than the diluent or there is other possible immiscibility

issues (Wahab et al., 2017).

The ratio of chlorophyll a to chlorophyll b (Ca/Cb) and total

chlorophylls to total carotenoids Ca+Cb/C(x+c) weremeasured

in 4- and 8-week-old samples. Based on the results obtained,

8-week-old green callus samples showed lower Ca/Cb ratio as

compared to 4-week-old green callus samples. In all sample

extracts, chlorophyll a content is greater than chlorophyll b and

Ca/Cb ratio is also higher compared to previous findings by

Ashokhan et al. (2018). This is because when a plant is under

stress, both chlorophyll a and b decreased, while the Ca/Cb

ratio tend to increase due to greater reduction in chlorophyll

b compared to chlorophyll a. In any situation, plants have

more chlorophyll a than b because the maintenance of more

chlorophyll a than b is important for survival. Therefore, under

the influence of a stress factor, chlorophyll b may be converted

into chlorophyll a during the chlorophyll degradation process

that lead to the increase in chlorophyll a contents (Fang et al.,

1998; Eckardt, 2009; Ashraf and Harris, 2013). A previous study

using two types of potato plants grown in vitro under the

influence of JA also showed higher content of chlorophyll a

than b. In JA-treated leaves of potato cv. Sante, the amount of

chlorophyll a and b were 2.92± 0.16µg/mgDWand 1.17± 0.05

µg/mg DW, respectively. Meanwhile, the amount of chlorophyll

a and b were reported to be 6.25 ± 0.45 µg/mg DW and 2.39 ±

0.14 µg/mg DW, respectively, for JA-treated leaves of potato cv.

Ulster (Kovač and Ravnikar, 1994). Also, fennel plants treated

with 50µMMeJA, showed higher amount of chlorophyll a (3.25
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± 0.41 mg/g FW) than chlorophyll b (1.10 ± 0.17 mg/g FW)

(Parmoon et al., 2018).

Other than that, the ratio of chlorophylls a and b

to total carotenoid, Ca+Cb/C(x+c) was also determined

in the present study to demonstrate the greenness of

the samples (Lichtenthaler and Buschmann, 2001). The

Ca+Cb/C(x+c) ratio values obtained in this study was lower

than the Ca+Cb/C(x+c) ratio reported in the study done

by Ashokhan et al. (2018). It was reported that greater

degradation of chlorophylls and carotenoid would occur due

to stress, senescence, and damage of the plant photosynthetic

apparatus, thus resulting in lower Ca+Cb/C(x+c) ratio values

(Lichtenthaler and Buschmann, 2001). Other than that, the

development of chromoplast also may decrease Ca+Cb/C(x+c)

ratio, which can be observed through the change in the plant

color (Giusti and Wrolstad, 2001).

Antioxidant activities of A. indica extracts

The chemical reaction between radicals and antioxidant

compounds are different depending on the mechanism of

actions employed by the molecules involved. Hence, a number

of assays have been developed to measure the free radicals

scavenging activity of the available antioxidants appropriately

(Marathe et al., 2011). Developed methods are made based

on hydrogen atom transfer (HAT) and also electron transfer

(ET). In HAT methods, the extent of the radical scavenging

activity caused by hydrogen or electron donation is measured.

Meanwhile, ETmethods employed an antioxidant system during

radical generation where when antioxidants reacts with the

chromogenic reagent, and the absorbance will increase at a

prespecified wavelength (Moharram and Youssef, 2014). ABTS

and FRAP assays are one of available HAT and ET methods,

respectively. Therefore, to increase the accuracy, both ABTS and

FRAP assays were used in this study to measure the antioxidant

capacity of the plant extracts.

A recent study had revealed the effect of two different

concentrations of an elicitor which was analyzed on day 3, 7,

and 15 post-elicitation in shoot cultures of Knautia sarajevensis.

The highest antioxidant activity was exhibited by 50 and 100mM

elicitor-treated extract harvested on day 7 and 3, respectively,

while the lowest antioxidant activity was exhibited by both

50 and 100mM elicitor-treated extracts harvested on day 15

(Karalija et al., 2019). Another antioxidant potential study using

lettuce and endive showed that, 1µM of JA-treated samples had

the highest antioxidant activity after being stored for 4 days

while 100µM of JA-treated samples had the highest antioxidant

activity for lettuce and endive after being stored for 0 and 2

days, respectively (Złotek, 2017). In addition, cultures of A.

indica elicited with JA exhibited greater antioxidant potential as

compared to other parts of the plants such as the flowers and

leaves (Sithisarn et al., 2005; Nahak and Sahu, 2011).

Higher IC50 value were shown by all 8-week-old sample

extracts, indicating a lower antioxidant activity than 4-weeek-

old sample extracts. Similarly, 8-week-old sample also had

lower FRAP values compared to 4-week-old sample extracts.

Therefore, it could be deduced that increased duration of elicitor

exposure (JA) reduced the antioxidant activity of the extracts.

Moreover, this observation is supported by a study done using

MeJA, salicyclic acid and combination of both as elicitors, where

the antioxidant activity of some cell suspension cultures of

Thevetia peruviana were evaluated at 24, 48, 72, 96, and 120 h

post-elicitation. The results showed that the antioxidant activity

of samples treated with MeJA increased from 48 to 96 h post

elicitation but decreased after 120 h post elicitation (Mendoza

et al., 2018). One previous study showed that, antioxidant

activity of MeJA-treated Lactuca sativa var. capitata increased

when evaluated on pre-harvest day 1, 3, 5, and 7 but decreased

on day 15 (Moreno-Escamilla et al., 2017).

Correlations between bioactive
compounds and antioxidant activities

In the present study, it was observed that both ABTS

radical scavenging and FRAP reducing activity of the green

callus extracts would increase with increased amounts of

bioactive pigments. Previously, it was reported that bioactive

phytochemicals present in the plants will influence its

antioxidant activities (Hsu et al., 2006). Strong and significant

correlation between anthocyanins and antioxidants activities

from the results is supported by a previous study where,

anthocyanins were found to be major active components that

contributed to high antioxidant activity in Elatostema rugosum

(Neill et al., 2002). Phenolics are known as good hydrogen-

donating antioxidants because they possess hydroxyl groups in

their structures (Payá et al., 1992; Heim et al., 2002). Moreover,

previous studies using extract from neem leaves suggested that

phenolic compounds are excellent free radical scavengers and

reducing agents because there were strong correlations between

phenolic content and antioxidant activities in the extract

(Pandey et al., 2014; Dhakal et al., 2016). Meanwhile, flavonoids’

antioxidant potential enable them to protect against oxidative

diseases, activate or inhibit various enzymes from binding to

specific receptors, and protect against cardiovascular diseases by

reducing the oxidation of low-density lipoproteins (Aron and

Kennedy, 2008). Chlorophylls and carotenoids that were present

in the methanolic extracts of A. indica were also observed to be

correlated to their ABTS and FRAP activities. Carotenoids such

as lutein, lycopene, β-carotene, and zeaxanthin are well-known

as free radical scavengers and strong antioxidants, particularly

vital in human diets (Johnson, 2002). Meanwhile, chlorophylls

were reported to be responsible for breaking the chain reaction

in cellular oxidation caused by free radicals by acting as the

hydrogen donor (Endo et al., 1985).
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Conclusion

The present study showed that different callus ages (4 and

8 weeks) and concentrations of JA (2–6 mg/L) influenced the

production of bioactive pigments and antioxidant activities

in neem callus. At 4-week-old, 6 mg/L of JA was found

to be the optimum concentration to trigger the highest

production of anthocyanins, phenolics, flavonoids, chlorophylls,

and carotenoids while 4 mg/L of JA was the optimum

concentration for 8-week-old samples. Parallel to the production

of bioactive pigments, 6 and 4 mg/L were shown to be the

optimum JA concentrations that resulted in better antioxidant

activities. Hence, the findings of the present study revealed

that depending on JA concentration and callus age, exogenous

application of JA into the culture medium increased the

production of bioactive pigments which was responsible for the

antioxidant activities in green callus of A. indica.
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