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Abstract Ajuga bracteosa is a medicinally important plant
globally used in the folk medicine against many serious
ailments. In the present study, effects of two significant
elicitors, methyl jasmonate (Me-J) and phenyl acetic acid
(PAA) were studied on growth parameters, secondary
metabolites production, and antioxidant potential in
adventitious root suspension cultures of A. bracteosa. The
results showed a substantial increase in biomass accumu-
lation, exhibiting longer log phases of cultures growth in
response to elicitor treatments, in comparison to control.
Maximum dry biomass formation (8.88 DW g/L) was
recorded on 32nd day in log phase of culture when
0.6 mg/L Me-J was applied; however, PAA at 1.2 mg/L
produced maximum biomass (8.24 DW g/L) on day 40 of
culture. Furthermore, we observed the elicitors-induced
enhancement in phenolic content (total phenolic content),
flavonoid content (total flavonoid content) and antioxidant
activity (free radical scavenging activity) in root suspen-
sion cultures of A. bracteosa. Application of 0.6 mg/L and
1.2 mg/L of Me-J, root cultures accumulated higher TPC

<l Mubarak Ali Khan
write2mubarak @ gmail.com

Biotechnology Program, Department of Environmental
Sciences, COMSATS Institute of Information Technology
(CIIT), Abbottabad, Pakistan

Department of Biotechnology, Bacha Khan University
Charsadda, Charsadda, KP, Pakistan

Department of Biotechnology, University of Malakand,
Chakdara, Dir Lower, Pakistan

Department of Botany, The University of Poonch Rawalakot,
Rawalakot, Azad Kashmir, Pakistan

Department of Biotechnology, Faculty of Chemical and Life
Sciences, Abdul Wali Khan University Mardan (AWKUM),
Mardan 23200, KP, Pakistan

levels (3.6 mg GAE/g DW) and (3.7 mg GAE/g DW) in
the log phase and stationary phase, respectively, while
2.5 mg/L Me-J produced lower levels (1.4 mg GAE/g
DW) in stationary phase of growth stages. Moreover, TFC
and FRSA values were found in correspondence to TPC
values in the respective growth phases at the similar elicitor
treatment. Thus, a feasible protocol for establishment of
adventitious roots in A. bracteosa was developed and
enhancement in biomass and metabolite content in
adventitious root was promoted through elicitation.

Keywords Elicitation - Adventitious roots - Methyl
jasmonate - Phenyl Acetic Acid - Phenolics - Ajuga

Introduction

Ajuga bracteosa Wall ex Benth. is a highly valued endan-
gered medicinal herb of the family Labiatae (Lamiaceae),
distributed in subtropical and temperate regions from
Kashmir to Nepal in western Himalaya at an altitude of
1300-2000 m in Bhutan, Pakistan, Afghanistan, China and
Malaysia (Arfan et al. 1996; Gautam et al. 2011). It is found
in northern hilly areas of Pakistan and locally called as ‘‘Kori
Booti’’ due toits acrid taste (Arfan et al. 1996). This herb has
a vast variety of medicinal uses and is being used since
ancient times for treatment of multiple diseases such as
malaria, gout, rheumatism, palsy diabetes, hypertension,
fever, stomach pain and amenorrhoea and as tonic and in the
treatment of agues (Chopra et al. 1956). It is said to prevent
cancer, gastrointestinal disorders, worm infestations, urinary
disorders, fungal infections, inflammation and tuberculosis
(Jan et al. 2014). Extracts of A. bracteosa contain a sub-
stantial number of valuable natural products such as neo-
clerodane diterpenoids, phytoecdysteroids (20-
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Hydroxyecdysone), iridoid glycosides, flavonoids, iso-
flavonoids and withanolides (Pala et al. 2011). Among these,
20-Hydroxyecdysone is the primary bioactive constituent in
A. bracteosa extract and is reported as anti-microbial, anti-
tumor, anti-inflammatory and insect anti-feedant agent (Di-
nan 2001). Withanolides have proven to be effective in
treatment against bronchial asthma, inflammation, cancer,
and autoimmune diseases (Misico et al. 2011). In the past
decade, the market demand for A. bracteosa has increased
dramatically not only in the subcontinent region but also in
other Asian countries. A. bracteosa is at the verge of eminent
danger of extinction in Pakistan due to habitat destruction,
over exploitation, illegal collection and has been enlisted in
red book of endangered and rare plant species (Kayani et al.
2014). Considering its paramount medicinal significance,
novel means and ways should be implemented on the con-
servation and sustainable utilization of A. bracteosa. In
comparison to conventional cultivation procedures, plant
cell cultures have emerged as a promising platform for the
biosynthesis of valuable metabolites in limited time and
space (Yang and Stockigt 2010). Adventitious roots act as
biosynthetic factories for production and accumulation of
much valuable health promoting phytochemicals including
phenolics, flavonoids, alkaloids etc. In vitro root culture is an
efficient way for metabolite production with faster growth
rate and active secondary metabolism (Khan et al. 2015b).
Plants accumulate secondary metabolites under different
stresses like temperature, elicitors or signal molecules,
irradiation of different intensities of UV or visible light,
injury, nutrient deficiencies, pathogen attack, herbicide
treatment etc. (Dixon and Paiva 1995). Elicitation is proven
as an effective effective strategy for the improvement and
production of bioactive secondary metabolites (Paek et al.
2001). Methyl jasmonate (Me-J) and phenyl acetic acid
(PAA) have been employed in vitro for the biosynthesis of
many constitutive and inducible health promoting secondary
metabolites, notably anti-cancerous compounds through
plant cell culture technology (Mulabagal and Tsay 2004).
Therefore, the aim of the current study was the establishment
of an efficient and reproducible protocol for formation of
adventitious roots in A. bracteosa. Furthermore, evaluation
of the essential components of plant antioxidant system was
elucidated to understand the phenomenon of elicitation for
production of secondary metabolites through root suspen-
sion cultures.

Materials and methods
Plant material and explant preparation

The wild grown plants of A. bracteosa were collected from
Shinkiari situated near by Abbottabad city in Khyber
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Pakhtunkhwa, Pakistan during November 2015. Explants
(nodal regions of ~2.5 cm size) were obtained from wild
grown plants of A. bracteosa. During sterilization, the
explants were thoroughly rinsed with ethanol (70%) for
5 min followed by rinsing for 3 min in 0.1% (w/v) mer-
curic chloride solution (HgCl,). Finally, the explants were
washed three times with sterile distilled water and were
dried on sterile blotting paper. These surface dried explants
were placed on MS medium (Murashige and Skoog 1962)
solidified with agar (0.8%) (pH 5.8) in sterilized magenta
jars. Conditions of growth room were: 16 h of photoperiod
of ~40 uM m2s7 ! 254+£1°C temperature and 70%
relative humidity.

Adventitious root induction

Initially, to determine the most pertinent explant type for
adventitious roots formation, leaf explants (~ 3.5 mm?),
stem explants (~ 3.0 mm?) and root segments (~2.5 mm?)
were isolated from 28 days old in vitro grown plantlets
grown on solid MS medium containing 1.2 mg/L. a-naph-
thalene acetic acid (NAA). Leaf explants were subse-
quently used in later experiments due to its higher
responding frequency than other explants.

To evaluate the impacts of plant growth regulators
(PGRs) on induction of adventitious roots, leaf explants
were cultured on MS medium supplemented with 4%
sucrose (w/v) and solidified at 0.8% (w/v) agar in 150 ml
conical flask. Before pouring the media in sterilized petri
plates, three concentrations of 2,4-Dichlorophenoxyacetic
acid (2,4-D) (0.6, 1.2 or 2.5 mg/L) andindole-3-acetic acid
(TAA) or NAA was added to the media. Media was
adjusted at 5.8 pH (Eutech pH 510, Singapore) followed by
autoclaving at 121 °C for 20 min at 1 atm pressure (Sys-
tem VX 100, Germany). MS medium devoid of any growth
regulator (MSO) was used as control treatment. Data on the
growth parameters during adventitious rooting were
recorded as (1) the frequency of the induction of adventi-
tious roots (%) (2) number of roots per explant (3) biomass
accumulation (g/L).

Elicitation and growth kinetics of adventitious root
culture

For the development of inoculum culture, 28 days old
adventitious roots were transferred into liquid MS medium
containing 2.1 mg/L. NAA and placed on a gyratory shaker
(110 rpm) at room temperature. Inoculum from two weeks
old cultures was subsequently used in further experiments,
which were carried out by inoculating 2 g fresh root sus-
pension in each flask (Erlenmeyer; 250 mL) containing
50 mL MS medium, 30 g/L sucrose and 1.2 mg/L NAA.
The effect of elicitors on various parameters of
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adventitious roots were studied by adding varying levels
(0.6, 1.2, 2.5 mg/L) of methyl jasmonate (Me-J) and phe-
nyl acetic acid (PAA) into culture media. For control
treatment, MS medium supplemented with 1.2 mg/L. NAA
(devoid of elicitors) was used.

Data concerning the growth kinetics and accumulation
of secondary metabolites was recorded after every 4 days
for a period of 44 days. In all the experiments triplicate
culture flasks were used.

Biochemical characterization

Samples for biochemical characterization were collected
from the different distinct growth stages of the growth
curve during adventitious root culture as control, lag phase,
log phase and stationary phase. At each growth stage,
adventitious roots were harvested at the onset of maximum
biomass accumulation in response to each elicitor
treatment.

Samples were collected in triplicates for each growth
stage and fresh biomass (FBM) was recorded. Each root
suspension culture was filtered through a 0.45 pm stainless
steel sieve followed by washing with sterile distilled water.
Excess water was removed by gently pressing the samples
on filter paper and finally oven dried at 60 °C for 24 h. Dry
biomass (DBM) was taken by weighing these dried roots
and dried root suspension cultures were subjected to
metabolite extraction as per the method of Khan et al.
(2013). Briefly, 100 mg of each finely ground dried powder
of the samples was soaked in 10 ml methanol (80%; v/v)
and sonicated 3 times for ten min with an interval of
30 min. The mixtures were subjected to centrifugation at
8 x 10 rpm for 10 min. The supernatants were decanted
into sterile storage tubes and were immediately used or
stored at 4 °C for further analysis.

For the estimation of total flavonoid content (TFC),
aluminum chloride colorimetric method (ACCM) was used
with some modifications in Chang et al. (2002). Briefly,
methanolic crude extract prepared in 0.5 ml DMSO
(1000 ppm extract) was gently mixed with 0.1 ml of 10%
aluminum chloride (AICls), 1.5 ml of methanol, 0.1 ml of
1.0 M potassium acetate (CH3;CO,K) and 2.8 ml of sterile
distilled water and kept at room temperature for 30 min.
Finally, the change in absorbance was recorded at 415 nm
using UV/VIS-DAD spectrophotometer (Agilent 8453).
Quercetin was used as positive control to draw the cali-
bration curve.

Folin-Ciocalteu reagent method (FCRM) was used for
the assessment of total phenolic content (TPC) as per the
method of Velioglu et al. (1998). Briefly, 0.2 mL of
methanolic extract (1000 ppm) of the plant prepared in
DMSO was treated with 1.5 mL of Folin-Ciocalteu reagent
(10-fold diluted) and kept at room temperature for 5 min.

Further, 1.5 mL of 6% (w/v) sodium carbonate (Na,COs)
was added to the mixture, swirled gently and finally kept at
room temperature for 90 min. After this incubation, the
change in absorbance was recorded at 725 nm by using
UV/VIS-DAD spectrophotometer (Agilent 8453). Gallic
acid was used as positive control to draw the calibration
curve.

1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical
scavenging assay (FRSA) was used for determination of
antioxidant potential as described by Abbasi et al.
(2010). Briefly, 20-30 mg of fresh tissue was weighed
followed by maceration in 0.5 mL ethanol (80%) for
10 min, and finally centrifuged at 1 x 10* rpm for 4 min
to obtain the crude extract. The reaction was initiated by
addition of 0.5 mL diluted test sample to 0.5 mL of
2000 p mol/L of a DPPH solution for estimation of
FRSA. The test tube was kept for 20 min at room
temperature, and the absorbance of the reaction mixture
was measured at 520 nm using UV-visible spectropho-
tometer (Agilent 8453, CA USA). The antioxidant
potential of each biological sample was calculated as %
DPPH free radical scavenging activity.

Statistical analysis

The data given in the manuscript are the mean values of
triplicate experiments. Statistical analysis was carried out
by GraphPad Prism 5.01 and Statistics 8.1. Significance in
variations between treatments was determined by one-way
ANOVA (analysis of variance) at P < 0.05.

Results and discussion
Induction and establishment of adventitious roots

For the determination of the best explant for adventitious
roots formation, different explants including leaf, root and
stem sections were tested in vitro. It was observed that leaf
explants were more effective for adventitious root induc-
tion (47%) than other explants i.e. root (27%) and stem
(16%) when cultured on MS medium combined with
1.2 mg/L. NAA (Fig. 1).

The selection of suitable explant type is a pre-requisite
for achieving optimal results in any in vitro morphogenetic
processes (Khan et al. 2015b). The differential morpho-
genetic shifts exhibited by different explants at the same
growth conditions may be linked with the genetic vari-
ability of the explant types (Abbasi et al. 2016).

The different levels of auxins (2,4 D, NAA or IAA)
resulted in induction of the adventitious roots at the cut
ends of leaf explants in varying frequency (Table 1).
Auxins are commonly reported as potent growth regulators
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Fig. 1 Effects of explant type on solid MS media containing 1.2 mg/L
NAA on adventitious root formation in A. bracteosa. Columns annotated
with common letter/s are similar significantly at P < 0.05

for production of adventitious roots in plants (Bathoju and
Giri 2012).

Among the auxins tested, NAA was the most effective
for obtaining higher growth parameters of adventitious
roots in the present study. Highest root induction frequency
(47%), number of roots per explant (18.6), fresh weight
(15.2 g/L) and dry weight (1.5 g/L) were observed at
1.2 mg/L NAA after two weeks of the culture period (-
Table 1). The formation and proliferation of adventitious
roots result from primary growth, which has comparatively
few vascular and mechanical tissues while in secondary
growth relatively thickening of primary roots occur (Zhang
et al. 2011, 2012). One reason for the higher activity of
NAA compared to other auxins might be that NAA is
the more persistent type of auxins, possessing a higher
half-life compared to IAA and 2, 4-D in the plant tissues
(De Klerk et al. 1997). In comparison to IAA, which is
irreversibly conjugated and oxidize quickly in the plant
cells, NAA conjugates well, do not oxidize and may be
released as free auxin at any time (Peeters et al. 1991).
Furthermore, the fact that NAA uptake is faster than other
auxins for instance 2,4-D and IAA in our experiments,
supported the positive effects of NAA during adventitious
roots formation (De Klerk et al. 1997). Significantly lower
values of induction frequency and biomass accumulation
were observed on 2,4-D (Table 1). Numerous plant in vitro
studies have indicated the pivotal role of NAA in adven-
titious root induction in many medicinally significant plant
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Fig. 2 Growth kinetics of root suspension cultures of A. bracteosa on
MS medium combined with 0.6, 1.2 and 2.5 mg/L of methyl
jasmonate (a) and Phenyl acetic acid (b). Data represent mean values
from three replicates with *standard error

species (Khan et al. 2015b; Yan et al. 2014). NAA has also
been reported to be more inductive than IBA for formation
of adventitious roots in milk thistle (Khan et al. 2015b).
When TIAA was used, 30.5% root induction was observed
on 1.2 mg/L (Table 1). The higher biomass accumulation
in response to 1.2 mg/L TAA may be ascribed to the rapid
photo-oxidation of IAA and thus promoting faster root
initiation and cell division. In addition to light induced
oxidation, the MS salts too have degrading effect on the
lesser stable IAA in the media, depleting it up to 50% in
24 h. On the other hand, 2,4-D and NAA is unaffected by
MS salts and light and does not easily oxidized in the
medium (Dunlap et al. 1986). Moreover, higher levels of
any auxin (2.5 mg/L) significantly reduced the growth
parameters during adventitious rooting (Table 1).
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Table 1 Effects of different levels of auxins on induction of adventitious roots from leaf explant of A. bracteosa in solid media

S.# MS + PGRS (mg/L) Root induction frequency (%)

Roots per explant (mean)

Fresh bio mass (g/L) Dry bio mass (g/L)

1 MS (0) 0+0 040 040 0+0

2 2,4_D (0.6) 28.1 + 1.4° 82+ 04° 13.2 £ 0.7¢ 0.8 + 0.08°
3 24D (1.2) 18.1 + 1.2¢ 6.6 + 0.08° 103 + 0.8¢ 0.6 + 0.08¢
4 2.4 D (2.5) 125 + 0.6¢ 42.1 + 0.4 5.2 4+ 0.8% 0.3 + 0.08¢
5 NAA (0.6) 28.2 + 2.3° 74 +0.8° 133 + 0.7 0.9 + 0.08¢
6 NAA (1.2) 472 +2.1° 18.6 + 1.1a" 152 + 1.2 1.5 + 0.8¢

7 NAA (2.5) 372 £ 1.2 142 + 0.8° 12.6 &+ 0.8°¢ 0.8 + 0.02¢
8 IAA (0.6) 22.1 £+ 1.6% 9.6 + 0.8 10.3 £+ 0.8 0.7 + 0.08°
9 IAA (1.2) 30.5 £ 2.6° 13.1 + 1.4 252 +1.8" 33+08"
10 IAA (2.5) 21.7 £ 2.1° 7.1 £ 0.9° 124 £ 1.1 0.8 & 0.08°¢

Data represent mean values from three replicates with tstandard error. Values with common letter/s are similar significantly at P < 0.05. Bold

letters show highest root induction frequency in comparison

Table 2 Effects of different levels of elicitors on induction of adventitious roots from leaf explant of A. bracteosa in solid media

S.# MS + PGRS (mg/L) Root induction frequency (%)

Roots per explant (mean)

Fresh bio mass (g/L) Dry bio mass (g/L)

1 PAA (0.6) 26.1 + 1.3° 9.2 £ 0.6° 182 £ 1.1¢ 1.8 & 0.08°
2 PAA (1.2) 52.2 + 2.9%P 16.2 + 1.8*° 262 +24° 3.8+ 0.9°
3 PAA (2.5) 233 + 1.4% 83+ 1.2° 122 + 1.2 1.7 £ 0.5¢
4 Me-J (0.6) 63.4 + 3.1 24.3 + 1.9° 412 +2.2° 4.9 +0.9*
5 Me-J (1.2) 36.4 + 1.1% 14.5 + 0.8> 28.1 £ 2.1° 3.8+ 0.8°
6 Me-J (2.5) 21.6 £ 1.7¢ 8.7 + 1.4° 18.7 £ 1.7° 2.7 + 0.6%

Data represent mean values from three replicates with & standard error. Values with common letter/s are similar significantly at P < 0.05. Bold

letters show highest root induction frequency in comparison

Effects of elicitors on rooting parameters

Rooting frequency and biomass formation were further
enhanced by exploitation of the leaf explants on MS media
supplemented with Me-J or PAA. Highest rooting fre-
quency (63.4%) and maximum biomass accumulation (41.2
FBM) were observed in response to lower levels of Me-J
(Table 2). However, PAA was more effective in growth
parameters at 1.2 mg/L. The increase in biomass accumu-
lation as a result of elicitation with Me-J can be linked to
the triggering response induced by its presence on the
endogenous TAA production which is highly involved in
rooting of plants (Yan et al. 2014).

Elicitation of adventitious roots in liquid medium

Effects of elicitation on growth kinetics of adventitious
roots in suspension cultures showed significant variations
in the growth patterns in response to different concentra-
tions of Me-J and PAA (Fig. 2a and b). When treated with
0.6 mg/L. Me-J, biomass formation displayed a parabolic

growth curve, which represented a lag phase of 8 days, log
phase of 24 days, and a stationary phase of 12 days for dry
weight (DW) formation during the 44-day study period
(Fig. 2a).

Maximum biomass formation (8.88 DW g/L) was
observed on the 32nd day in log phase of culture. This was
almost 4 times greater than the inoculum fresh weight.
Furthermore, adventitious roots in suspension culture were
found white in log phase, while pale brownish in stationary
phase. In response to 1.2 mg/LL Me-J, a longer log phase
followed by shorter stationary phase was observed with
maximum biomass accumulation of (7.17 DW g/L), har-
vested on 36th day of the growth curve (Fig. 2a). When
treated with phenyl acetic acid, 4.2-fold, 3.2-fold and 1.8-
fold increment in dry weight was recorded at 1.2, 0.6 and
2.5 mg/L, respectively (Fig.2b). The involvement of
elicitors in root growth in the present study may be
attributed to the production of reactive oxygen intermedi-
ates (ROIs) in response to elicitors treatment at low level.
ROIs such as (-OH) are usually produced by NADPH
Oxidase (NOX) in the plant cells, result in wall loosening,
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Fig. 3 Evaluation of secondary metabolite content during growth
kinetics of root suspension cultures of A. bracteosa in response to
a 0.6 mg/L, b 1.2 mg/L and ¢ 2.5 mg/L of Me-J. Data represent mean
values from three replicates with +standard error
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cell extension and thus elongation and growth of roots
(Gapper and Dolan 2006; Liszkay et al. 2004). However,
higher amount of elicitor specifically Me-J strongly inhibits
root growth and thus decrease biomass accumulation
(Thanh et al. 2005). In the current study, Me-J as low as
0.6 mg/LL showed the best response in terms of root
induction, rooting frequency and fresh and dry biomass
accumulation.

Within all the levels tested, PAA at 1.2 mg/L produced
maximum biomass (8.24 g/L) on the 40th day of culture.
However, increased levels (2.5 mg/L) of both the elicitors
declined the peaks of log phases by 4 and 3 days, respec-
tively, when compared to control. PAA is suggested to be
less potent in ROS production than Me-J, a feature that
explains the comparatively lower response of PAA.
Nonetheless, an inverse relation of the culture volume to
fresh biomass of roots was observed with passage of time
which may be due to the consumption of nutrients and
water from culture medium (Khan et al. 2015b).

Biochemical characterization of the distinct growth
phases during adventitious root suspension culture

DPPH-FRSA, TPC and TFC were used as biochemical
markers for estimation of secondary metabolite content in
the distinct growth phases during adventitious root sus-
pension culture in response to different elicitor treatments.
Different levels (0.6, 1.2, 2.5 mg/L) of Me-J and PAA
were tested in vitro to check their effects on antioxidant
potential and accumulation of phenolics and flavonoids in
the root cultures harvested from four distinct growth
phases i.e. control, lag, log and stationary phase.

In response to 0.6 and 1.2 mg/L of Me-J, root cultures
produced higher amounts of TPC ie. 3.6 and 3.7 mg
GAE/g DW in the log phase and stationary phase,
respectively, however 2.5 mg/L Me-J declined TPC levels
with the lower value of 1.4 mg GAE/g DW detected in
stationary phase of growth stages (Fig. 3a, b and c). The
fact that Me-J influences the secondary metabolism of
plants is already established and reported (Ali et al.
2007). Generally, phenolics and flavonoids are anti-ox-
idative in nature and are produced in the phenyl-propa-
noid pathway (Heller and Forkmann 1988; Lister et al.
1996). Biosynthesis of phenolics and flavonoids in plants
initiates through the deamination of L-phenylalanine to
trans-cinnamic acid and ammonia by a strategic enzyme
phenylalanine ammonia-lyase (PAL). (Khan et al. 2015a).
Me-J interacts with the surface receptors of plant cell
triggering a cascade of plant defense reactions as a result
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kinetics of root suspension cultures of A. bracteosa in response to
a 0.6 mg/L, b 1.2 mg/L and ¢ 2.5 mg/L of phenyl acetic acid. Data
represent mean values from three replicates with +standard error

of the de novo transcription of many important secondary
metabolism genes such as PAL gene (Gundlach et al.
1992). The role of Me-J as signaling molecule is well
documented in literature for their morphological and
physiological attributes in plant cell. (Jalalpour et al.
2014). We observed that lower concentrations of Me-J
have a stimulating effect on production of phenolic
compounds when compared to control (1.9 mg GAE/g
DW) (Fig. 3a). The antioxidant activity was demonstrated
as percent (%) DPPH free radical scavenging activity
(FRSA) in the present study. TFC and FRSA values were
found in correspondence to TPC values in the respective
growth phases at the similar elicitor treatment. Data in
Fig. 3a, b reveals higher FRSA (85.2%) with maximum
TFC level (2.1 mg QAE/g DW) in the log phase followed
by stationary phase (FRSA; 72.2% and TFC;
2.2 mg QAE/g DW) elicited with 0.6 and 1.2 mg/L of
Me-J. Plants cope with the vital stress conditions
including biotic and abiotic (elicitor exposure) through a
variety of defense responses, which are mediated by
production of different secondary metabolites for instance
phenolics, flavonoids, and alkaloids etc.

Interestingly, PAA at 0.6 mg/L resulted in higher levels
of TPC, TFC and FRSA in the control roots as compared to
other growth stages and lower values were detected in the
stationary phase (Fig. 4a). The production of phenolic
acids and flavonoids in response to PAA induced elicitation
highlights the involvement of its role in phenylpropanoid
pathway and subsequent production of plant secondary
metabolites. When treated with 1.2 mg/L. PAA, maximum
production of the secondary metabolite content was
observed in the stationary phase. At this treatment, higher
values of FRSA (52.2%), TFC (2.7 mg QAE/g DW) and
TFC (2.1 mg QAE/g DW) were recorded in the root sus-
pension culture (Fig. 4b). Similarly, increased concentra-
tion of PAA at 2.5 mg/L resulted in decreased levels of
these biochemical markers in the stationary phase of the
growth curve (Fig. 4c).

Conclusions

An efficient and feasible protocol for the formation of
adventitious roots in A. bracteosa was established suc-
cessfully. Significant enhancement in biomass and
metabolite content in adventitious root was promoted
through elicitation by Me-J and PAA. This protocol will
lead into further research for the commercial production of
metabolites from root cultures of A. bracteosa. Further, the
molecular mechanism underlying adventitious root
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formation and proliferation need to be elucidated for
determining the putative genes responsible for enhanced
production of biomass having higher metabolite content.
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