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Concerted efforts have been made to push up andrographolide production through optimization of culture conditions, calli induction,
cell growth and elicitation in cell suspension culture of Andrographis paniculata Nees. Optimum callus induction was obtained with
cotyledon and hypocotyls of the plant on Skoog and Hilderbrandt (SH) medium containing 2.0 pg/mL 2,4- dichlorophenoxyacetic acid
and 0.1pg/mL 6-benzyl amino purine (BAP). Half MS medium containing 20 g/L sucrose and 20 h photoperiod showed highest cells

fresh weight (CFW) (17.96 £ 0.06 g/50 mL), growth index (10.95 £ 0.96) and andrographolide yield (4.61+0.688 mg/g DCW). The
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addition of copper sulphate (500 uM/L), Methyl jasmonate (25 mg/L), Chitin (500 mg/L) or Fungal mycelium (500 mg/L) in separate
experiments showed significant increase (p=0.05) in bioproduction of andrographolide to the extent of 29.42+0.31 mg/g DCW,
13.13+0.11mg/g DCW, 19.45+0.68 mg/g DCW and 13.629+1.12 mg/g DCW respectively, copper sulphate thus proved to be the most

effective one. The study indicated that a holistic approach involving both culture conditions and elicitation could enhance the overall
production of secondary metabolites (andrographolide) appreciably in this herb and possibly in other medicinal plants.
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INTRODUCTION

Secondary metabolism in plants gives rise to a wide range of chemical
compounds including coumarins, alkaloids, phenolics and terpenoids that may
provide defense against pathogenic infections (Harborn,1982). These secondary
metabolites form the basis for the development of new pharmaceutical drugs,
herbicides, cosmetics and pesticides (Rodriguez-Concepscion and Boronat,
2002). One of the hindrances in the full use of potential of these plants is the low
and variable yield of the bioactive substances in them. A concerted approach to
address this problem is therefore of immense importance.

Andrographis paniculata belonging to Acanthaceae is an important medicinal
plant possessing hepatoprotective and other pharmacological properties (Valiani
et al., 2011). The plant is mainly known for its diterpene lactones such as
andrographolide (Tang et al., 2012) that has been found to regulate a number of
physiological functions in human being. It has been reported to regulate
epidermal growth factor receptor and transferrin receptor trafficking in
epidermoid carcinoma (A-431) cells (Tan et al., 2010) and interfere with binding
of nuclear factor-«B to DNA in HL-60-derived neutrophilic cells (Hidalgo et al.,
2005). It has also been known to possess several anti-inflammatory actions,
including inhibition of intercellular adhesion molecule-1 expression in monocyte
activated by tumor necrosis factor-o. (Habtemariam, 1998), suppression of nitric
oxide synthetase (iNOS) expression in RAW2647 cells (Chiou et al., 2000),
inhibition of microglial activation through inhibition of iINOS and
cyclooxygenase-2 (COX-2) expression (Wang et al., 2004), and anticancer
properties such as suppression of cancer cell proliferation, metastasis and
angiogenesis (Lim et al., 2012). Andrographolide is thus a potential medicine to
control asthma and other inflammatory diseases via inhibition of the Nuclear
Factor-kB Pathway (Bao et al., 2009) and may be applied in the treatment of
cancer, autoimmune diseases (Hahn and Albersheim, 1978) and idiopathic
pulmonary fibrosis (Zhu et al., 2013). The increased anticancer efficiency of
andrographolide nanoparticle as found in MCF-7 cells and mice bearing Ehrlich
ascites carcinoma (Roy et al., 2012) reiterate its importance as potential
anticancer drug. Andrographolide nanoparticle has also been found to possess
hepato-protective, anti- bacterial anti-malarial (anti-plasmodial) and anti-viral
(Harborn, 1982; Valiani et al., 2011) activities and shown to protect against
cigarette smoking induced chronic obstructive pulmonary disease (COPD) (Guan
etal., 2013).
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Despite immense usefulness, fuller utilization of A. paniculata has so far been
hindered by some of its inherent weaknesses viz., too much variation in
andrographolide-quantity found in different parts of plant and in plants with
different geographical locations, too slow the rate of its vegetative propagation to
meet the demand of pharmaceutical industries and too much variability among
the seed derived progenies to rely on propagation through seeds (Martin, 2004).
Attempts were also made to multiply A. paniculata through tissue culture, but
callus developed on tissue culture media show low level of andrographolide
despite elicitation (Zahir and Giri, 2015).

In view of growing importance of andrographolide and above hindrances both
classical (Valdiani et al., 2013; Valdiani et al., 2014) and biotechnological
(Vakil and Mendhulkar, 2012) approaches have been applied to enhance its
production in the plant. Results from diallel crosses indicated the involvement of
non-additive gene actions in increasing andrographolide content in A. paniculata,
thus suggesting the usefulness of heterosis breeding as an approach to enhance
biosynthesis of this bioactive substance (Valdiani et al., 2014). A natural
bottleneck to this approach however comes from the finding that very low level
of polymorphism occurs at least in the detected loci, indicating the presence of
“fixed heterozygosity” in this plant (\VValdiani et al., 2013). Therefore, the current
approach has been to raise A. paniculata cell culture (Martin, 2004; Vakil and
Mendhulkar, 2012; Gandi et al., 2012) and increase the quantity of
andrographolide in the cell suspension culture by standardizing the media
supplements (Sharmila et al., 2012) or using different abiotic and biotic inducers
(Vakil and Mendhulkar, 2012; Gandi et al., 2012). There has however been
hardly any emphasis on an integrated approach to optimize both the factors i.e.
culture condition and elicitors concurrently in order to achieve maximum
andrographolide production in the cell suspension culture.

The aim of the study was to optimize culture conditions to enhance calli
induction and cells’ growth-rate in suspension culture and then assess the role of
important culture conditions and biotic and abiotic elicitors on the
andrographolide production in the cotyledon-derived suspension culture since the
leaves have been reported to contain maximum andrographolide (Valiani et al.,
2011).
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MATERIAL AND METHODS
Materials

The plant was collected from the forest area of Betul (India) and authenticated by
Prof Kirti Jain, Government Postgraduate College, Benazir, Bhopal. MS, SH and
B5 media, phytohormones, vitamins and metal ions (HiMedia Laboratories,
Mumbai, India), androgapholide, chitin (Crab shell chitin) and methyl jasmonate
(Sigma-Aldrich Chemicals Private Limited, Bangalore, India) were used in this
study. Aspergillus niger (MTCC2733) was obtained from IMTECH, Chandigarh
(India). Soxlet extraction system (model-msw-436) used was from MAC, New
Delhi, India. Microcentrifuge used was from Remi, Mumbai, India. HPTLC
(Linomet-V, ADC-II, Scanner-1ll, CAMAG, Switzerland) analysis was carried
out at Biotechnology Application Center, Madhya Pradesh Council of Science
and Technology, Bhopal.

Sterilization of explants

The explants were exposed to different surface sterilizing agents like mercuric
chloride (0.1%) and sodium hypo chloride (1% wi/v) for 2-3 min. The explants
were washed thoroughly in running tap water for 1 h to remove all adhering dirt
and phenols. The explants were then treated with dettol (5ml/L) for 1 min
followed by washing with water.

Induction of callus

The callus was initiated from four different types of explants viz. cotyledons,
leaflet, epicotyl and hypocotyl of aseptically grown ten days old seedling. The
explants were surface sterilized by treatment with mercuric chloride (0.1 % w/v)
for 5 min and transferred aseptically on to SH and Gamborg’s (B5) media
supplemented with different combinations of 2,4-D, Naphthalene acetic acid
(NAA), Kinetin (KIN) and BAP (data not shown). The callus cultures were
maintained on the same media and sub-cultured at 28 days interval.

Initiation and maintenance of suspension cultures

The fragile 8 weeks old callus (3g) grown on SH or MS media was aseptically
transferred into the three selected growth media viz., MS, SH and B5 media (50
mL) supplemented with 2, 4-D (2.0 pg/mL) +BAP (0.5 pg/mL) and Sucrose (3%
w/v) without agar in 250 mL Erlenmeyer flasks. The cultures were incubated in
shaker incubator at 26+2°C and 120 rpm and diffused light (500-600 lux). These
suspension cultures were maintained by repeated sub-culturing at an interval of
21 days.

Optimization of growth conditions for enhanced synthesis of
andrographolide

The effect of type of explants used, sugar concentration, growth regulators and
photoperiod on the biomass accumulation and andrographolide concentration in
the cell was studied. To begin with, the three media viz., MS, B5 and SH media
were used. The best two media were then selected and the effect of different
factors was studied in such a way that at one time only one factor was considered
and the best parameter selected was used to study the effect of another factor.

Growth kinetics

From the suspension cultures, the samples were withdrawn at the end of 5th,
10th, 20th, 30th and 40th day of incubation, filtered and weighed for determining
growth-rate. This procedure was repeated thrice and the growth indices (GI) were
calculated according to the following formula-

Gl at day N = Tissue mass at day N-Tissue mass at start / Tissue mass
at start

Preparation of abiotic (Copper sulphate) elicitor

Copper sulphate (CuSO,, 5H,0) stock solutions were prepared by dissolving it in
deionized water and passing it through 0.20 um syringe filter.

Preparation of biotic [fungal extract (FE), methyl jasmonate (MeJa) and chitin]
elicitors

The fungal culture was raised in 1000 mL conical flasks containing 200 mL of
potato dextrose broth for 10 days at 37°C and 100 rpm. Fully-grown mycelia with
spores were homogenized and centrifuged at 8944 x g. The supernatant was
autoclaved for 20 min at 121°C and used as elicitor. MeJa stock solution (62.5
mM) was prepared by transferring 21 ul. 95% MeJa and 1479 plL of ethanol to
1.5 mL microcentrifuge tube. The solution was filter-sterilized using a 0.20 um
syringe filter. Various concentration of chitin solution was prepared by
resuspending chitin from crab shells in deionized water and autoclaving it.

Addition of precursors and elicitors

The cell cultures of A. paniculata were grown in 250 mL Erlenmeyer flasks
having 50 mL of growth medium. Different concentrations of elicitors viz.,

copper sulphate (100uM-500uM/L), MeJa (5-25 mg/L) and chitin (100-500
mg/L) and, FE (100-500 mg/L) were added on the 16" day to the cultures
(stationary phase). The culture was allowed to various period of growth ranging
from 12 h to 96 h following the addition of elicitor to standardize the induction
period required for maximum metabolite accumulation. After harvesting the
cultures, media and cells were separated and the fresh and dry weights were
determined. Dry weights were determined after drying the cells at 60°C in a hot
air oven until a constant weight was obtained. The biomass was expressed in
grams Cell Dry Weight per liter (g/L CDW) (Kim et al., 2011). The medium
filtrate was used for the estimation of andrographolide from A. paniculata.

Analysis of andrographolide

The cells were harvested and washed twice with deionised water and dried at 60°C to
constant weight. The dry cell biomass was powdered and extracted in methanol in
soxlet extraction system using 100 mL methanol applying standard method for 120
minutes (2 cycles/h at 55°C). The extract was filtered and dried in air to remove
solvent. The residue was then dissolved in HPLC-grade methanol (1 mL), filter
sterilized and subjected to HPTLC analysis. Standard andrographolide was prepared by
diluting 10 mg of it with 100 mL of methanol to give a concentration of 100 ng/mL, 10
pL of it was used in TLC. The andrographolide was calculated as mg/g dry cell weight
(mg/g DCW) (Dawande and Sahay, 2014).

Statistical analysis

Except otherwise stated, each experiment consisted of three replications with five
culture vessels per replicate (n=15). The analysis of variance was performed on a
completely randomized design with three main effects (types of calli, treatment
and basal media) for callus induction or two main effects (sucrose concentration
and basal media or photoperiod and basal media) for leaflet derived suspension
culture or single effect (treatment) for elicitation of secondary metabolites by
different elicitors. Significance of difference between the means of treatments of
a particular parameter was estimated using the least significance difference
(LSD) test at 5% level of probability. The data as to the amount of
andrographolide during standardizing the culture conditions, were expressed in
terms of mean (n=15) + standard error.

RESULTS
Callus induction

The callus initiation was observed after 10 days and grown to optimal level by
three weeks as shown by different explants, but the rate of induction was different.
Of various growth conditions tested for induction and growth of calli, the addition
of 3% of sucrose was found to have profound effect (data not shown). Among
different combinations of auxins and cytokinins that were tested with B5 and SH
media, the highest callus induction (93.33 + 1.66%) was shown by cotyledon
explants on SH medium at 2, 4-D (2.0 pg/mL) and BAP (0.1 pg/mL) followed
by leaflet explants (83.33 + 2.89 %) on SH at 2, 4-D (1.0 pg/mL). Likewise, on
SH medium, hypocotyl (88.33 + 3.33%) and epicotyl (83.33 + 1.67 %) explants
were found to form high number of calli when fortified with 2,4-D (2 pg/mL) +
Kinetin (0.5 pg/mL) and 2, 4-D (2.0 pg/mL) + BAP (0.5 pg/mL) respectively.
Overall, the cotyledon explant was found to yield significantly the highest (p =
0.05) calli induction (93.33 + 1.66%) and that on SH medium supplemented with
2, 4-D (2.0 pg/mL) and BAP (0.1 pg/mL) while the same explants showed
significantly the highest (p = 0.05) calli induction (86.00 + 1.66 %) on B5 medium
supplemented with 2, 4-D (1.5 pg/mL).

As to the quality of calli, various growth media and combination of growth
regulators had profound effect. Both B5 and SH medium supplemented with
various cytokinins and auxins in combination gave a distinguishable greenish
colour. Only SH + 2, 4-D (2.0 pg/mL) + KIN (0.5 pg/mL) gave brownish green
colour to the callus developed from cotyledon. In both SH and B5 media, 2, 4-D
alone produced compact callus from cotyledons but when 2, 4-D was applied
with BAP and KIN friable calli were obtained in most cases. Some
characteristics calli grown in response to various media composition and
combinations of growth regulators are given in Fig.1.
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C D
Figure 1 A. Initiation of callusing at lower surface of hypocotyls on B5 + 2,4-D,
2.0 pg/mL + BAP, 0.5 pg/mL + sucrose, 30 g/L, B. Callus from cotyledon on B5
with 2,4-D, 2.0 pg/mL; BAP, 0.5pg/mL; sucrose, 30g/L, C. Callus from
hypocotyls on SH without growth regulators and D. Callus from epicotyls on SH
with 2,4-D, 2.0 ug/mL; KIN, 0.5 pg/mL .

HPTLC analysis of Andrographolide

The combination of chloroform and methanol was found to be suitable solvent
yielding optimum migration (mean Rf = 0.59) and resolution of andrographolide
with its lambda max (A-max) value 231 nm. Linearity of andrographolide was in
the range of 100-600 ng/L with a calibration co-efficient of 0.99951. The limit of
detection and quantification was found to be 30 ng and 100ng respectively
(Dawande and Sahay, 2014) (Fig.2).
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Figure 2 Phytochemical analysis. A. HPTLC spectrogram of andrographolide
standard; B, standard curve; C, andrographolide from callus

Optimization of biomass production in Suspension culture

Among the three media (MS, SH and B5) applied initially for the cell suspension
culture, the best result was shown by MS medium. Further standardization
revealed the combination of 2 MS medium, 20 h photoperiod and 2% sucrose
to be the best, yielding significantly (p=0.05) the highest biomass weighing
2.03+0.23* g/mL (Tab 1).

Table 1 Influence of media type, photoperiod and sucrose concentration on biomass production® in terms of CFW (cell fresh weight) and CDW (cell dry weight) in

cotyledon derived suspension culture of A. paniculata.

Medium  Photoperiod (h) Sucrose (g/L) Gain in CFW Gain in CDW Gl LSD at
(/50 mL) (g/50mL) 5% level
W FW
MS 00 20 1.98 £ 0.08 3.96 +0.40 0.33+0.01 0.51+0.14 0.674
MS 16 20 2.09 £ 0.05 5.37+0.06 0.45+0.12 1.28 £0.71 0.674
MS 20 20 2.03+£0.04 14.05+0.37 1.17£0.10° 7.70 £0.15 0.674
MS 24 20 2.02 +£0.06 4.26+0.02 0.35+0.08 0.67 +0.53 0.674
2 MS 00 20 2.03 £ 0.06 435+0.31 0.36+0.03 0.70 +£0.22 0.674
2 MS 16 20 2.06 +0.05 6.33+0.02 0.53 +0.52° 2.03+0.23 0.928
2 MS 20 5 2.32+0.13 6.80+0.26 0.52+0.03 1.53+0.35 0.15
2 MS 20 10 2.08 +0.12 9.13+£0.10 0.70 + 0.03° 391+0.18 0.15
2 MS 20 20 2.01 £0.06 17.96 + 0.06 1.49 £0.10° 10.95 £0.96 0.928
2 MS 20 30 2.10+£0.10 13.08 £0.12 1.20 £0.10° 6.46 +0.41 0.15
2 MS 24 20 1.97 £0.08 3.93+£0.05 0.32+0.05 0.51+0.34 0.928
SH 00 20 2.02+0.01 4.04+0.14 0.33 +£0.02 0.47+0.13 1.07
SH 16 20 2.01 £0.02 6.89 +0.60 0.57 £0.01 2.60+0.16 1.07
SH 20 20 2.09 +0.09 12.12+£0.08 1.01 £0.08° 5.88 £0.48 1.07
SH 24 20 1.95+0.05 4.05+0.21 0.33 £0.02° 0.66 +0.19 1.07

2The values represent the cell mass at day 16 post inoculation (mean + SE).b The data are significant (p = 0.05)

Optimization of andrographolide production in suspension culture

The combination of culture conditions viz., 2% sucrose and 20 h photoperiod
was found to be the optimum which in combination with either of the three
medium yielded the highest production of andrographolide (~ 4.60 mg/g DCW)

(Tab 2). The impact of medium on the yield of andrographolide was found to be
negligible.
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Table 2 Effect of various factors on growth of cells and biosynthesis of andrographoide

Media used Sucrose conc Photoperiod Cbw? Andrographoloid
(o/L) (h) (9/50 mL) (mg/g CDW)
B5 20 20 0.40 £ 0.01 4.59 +£0.459
SH 16 20 0.76 +0.05 4.60 £0.621
20 0 0.33+£0.02 4.57+0.562
16 0.57 £0.01 4.59 + 0.492
20 1.01 £0.08 4.59 +0.555
30 20 1.19 £0.07 4.60 £ 0.562
MS 16 20 0.81+0.12 4.59 +0.87
20 0 0.33+0.01 458 +0.512
16 0.45+0.12 4.59+ 0451
20 1.17£0.10 4.60 £ 0.462
1/2MS 16 20 1.22 £0.06 4.60 £0.562
20 0 0.36 £0.03 4.58 +£0.422
16 0.53+£0.52 4.60 + 0.459
20 1.49 +0.10 4.61 £0.688
30 20 1.20+0.10 4.59 £0.558

2 Average cell biomass (mean + SE; n=15); ® Average cell biomass at day 16 post inoculation (mean + SE; n= 15)

Abiotic elicitation of andrographolide in suspension culture

The addition of abiotic elicitor Copper sulphate at the concentrations of 100 uM, 25
200 puM, 300 pM, 400 pM and 500 pM was found to increase the
andrographolide content (mg/g DCW) significantly (p = 0.05) to 6.06+0.08 (~1.3
fold), 10.10 + 0.12 (~2.18 fold), 12.98 + 0.14 (~2.81fold), 14.58 + 0.36 (3.18
fold) and 29.42+0.31 (4.21fold) respectively over the control culture (4.61 +
0.688 mg/g DCW). Further increase of elicitor concentration to 600 uM resulted
in reduction of andrographolide production (Fig. 3A, Fig. 4A). The culture
without elicitor gave significantly lower value of andrographolide production
(4.620 mg/gm).

Since the observed F value 654.115 was much higher than that of tabular F value
hence the effect of the treatment was significant (Tab 3). The correlation
coefficient (r=0.842) also indicated significant correlation (p >0.05) between
various concentrations of copper sulphate and andrographolide production.
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Figure 4 HPTLC spectra of andrographolide on all tracks after elicitation with A.
Copper sulphate, B. MeJA, C. Chitin and D. Fungal mycelium on fifth days of
elicitation.

Addition of Chitin in higher concentration (200-500 mg/L) showed significant
increase (p = 0.05) in andrographolide content ranging from ~1.29 fold
(5.96+0.04 mg/g DCW) to ~4.21 fold (19.45 + 0.68 mg/g DCW) over the control
cultures (4.61 + 0.688 mg/g DCW) (Fig. 3C, Fig. 4C).

The FE used as elicitor affected the growth of A. paniculata Nees cell suspension
culture only slightly that too at higher concentrations only. Thus the highest
production of andrographolide (13.629 + 1.12 mg/L DCW) was found with an
elicitor concentration of 500 mg/L. The lower concentration of FE (100-200
mg/L) showed rather negative to no effect (Fig. 3D, Fig. 4D).

Statistical analysis on the effect of various biotic elicitors on andrographolide
production showed observed F values much higher than the tabular F values at
5% level of significance (Tab 3). Therefore, the treatments were significant in
case of all the three elicitors (p>0.05).

Table 3 ANOVA for the effect of elicitors (Chitin, Methyl jasmonate (MeJa), Fungal mycelium (FE) and CuSO,) on the production of andrographolide in suspension

cultures produced from A. paniculata explants.

Source of variation Degree of freedom

Observed F value for various elicitations

Chitin MelJa FE CuSO,
Replications 2 2.89 411 21.0 5.92
Treatments 5 289.43* 203.43* 161.04* 654.11*
Errors 10 - - - -
* Significant at p<0.05 as determined by F
DISCUSSION MeJa has also been an elicitor of choice in case of andrographolide

Of the two media viz. SH and B5 media used for calli induction, SH medium was
proved to be better as reported earlier with respect to Eucalyptus camaldulensis
(Prakash and Gurumurthi, 2010). The finding however does not support an
earlier report that claimed MS medium in combination with lower concentration
of 2,4-D and Kinetin as the best condition for the highest callus yield (Sharma
and Jha, 2012). The reason for this difference seems to be the authors’ missing
chance to test other two media i.e. SH and B5 media. The explants yielding
highest calli was cotyledon, a similar finding in case of A. paniculata was also
reported earlier (Sharmila et al., 2013). Similar results were also obtained in case
of other plants viz., Dioscorea balcanica (Katrina et al., 1998) and Trigonella
foenum-graecum (Brain and Williams, 1983). As far as suitability of explants
for accumulation of bioactive substance is concerned, the leaf calli were also
found to be the most suitable starting material. Earlier, leaves were also reported
to be the best explants for accumulation of high saponin and diosgenin in
Trigonella foenum-graecum and Dioscorea galeottiana respectively (Brain and
Williams, 1983; Roja et al., 1999).

In the next level, optimization was carried out with respect to andrographolide
production in the suspension culture without elicitation. A parallel relation
between optimum conditions for biomass production and for androgrpholide
biosynthesis was observed. The tuned 2 MS medium with 2% sucrose and 20h
photoperiod do seem to be optimum conditions for andrographolide biosynthesis.
Thus, when compared to earlier data, the highest yield obtained by optimizing
growth conditions upto this stage was almost three times more than that reported
earlier (1.58 mg/g DCW) without elicitation (Vakil and Mendhulkar, 2012).
The results signify the importance of optimization of growth conditions as the
first important step to enhance the yield of the bioactive substance.

Elicitation has been a very common strategy to enhance production of bioactive
substances in plant cell factory including the production of andrographolide both
in tissue culture (Zahir and Giri, 2015) or suspension culture. Using CuSO, as
abiotic elicitor, the optimum elicitation in terms of both the overall yield (29.42
+ 0.31mg/g DCW) and yield-enhancement vis-a-vis control culture (4.21 fold)
achieved was significantly high over previous ones (2.42 + 0.08 mg/g DCW and
1.58 fold respectively) (Valdiani et al., 2013). The enhancement when compared
to earlier optimized yield without elicitation (1.58 mg/g DCW) (Vakil and
Mendhulkar, 2012), turns out to be 18.6 fold, which is considerable. The result
thus suggests a lower quantity (0.5mM) of abiotic stress (CuSQO,) to be the highly
effective as an elicitor in andrographolide expression. This is also to be noted
that with these combination of conditions (growth and elicitation) the increased
andrographolide accumulation was obtained after 5-days of elicitation. This is in
contrast with the earlier finding where 24h was found to be optimum period for
maximum accumulation of this bioactive substance in response to various
elicitors, beyond which there was a decline in its accumulation (Vakil and
Mendhulkar, 2012). It thus seems, that optimization of various conditions prior
to elicitation delays the decline phase and thereby enhances the overall yield too.
Copper sulphate has been reported to activate signaling pathways thereby
enhancing production of secondary metabolites including andrographolide (Vakil
and Mendhulkar, 2012). In basidiomycete fungus Pycnoporus sanguineus, Cu?*
elicitation has been reported to be associated with the expression of the enzymes
involved in terpenoid backbone biosynthesis pathway and various terpene.
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bioproduction and applied in case of both tissue culture (Zahir and Giri, 2015)
and suspension culture (Bhuvneswari et al., 2012). Using the concerted
approach and with the elicitor concentrations of 5 mg/L and 10 mg/L, a
moderately higher yield of andrographolide equal to 4.949 + 0.06 mg/g and
13.13 + 0.11 mg/g DCW over the control cultures (4.61 + 0.688 mg/g DCW)
respectively has been achieved. A 3-fold enhancement of andrographolide
production with this elicitor was also reported in tissue culture (Zahir and Giri,
2015) although a higher elicitation (5.25-fold) with lower concentration (5 pM)
of MeJA in suspension culture has also been reported (Sharmila et al., 2015)
under different growth conditions. When compared to the base level of its
production under standardized growth conditions (Vakil and Mendhulkar,
2012), the present level of production with growth standardization plus MeJa
elicitation shows an overall 8.3-fold enhancement which is substantial and
ratifies our assumption that growth optimization prior to elicitation exerts an
additive effect on the accumulation of andrographolide in the plant cell. MeJa
has also been shown to enhance the production of taxol and its analogues
(Yukimune et al., 1996). At the molecular level, it has been found to initiates de
novo transcription of genes, such as phenylalanine ammonialyase (involved in
chemical defense in plants) and also intracellular cascades that begins with
interaction of an elicitor molecule with the plant cell surface and results,
ultimately, in the accumulation of secondary compounds (Gundilach et al.,
1992) including anthocyanin (Franceschi and Grimes, 1991). In A. paniculata,
MeJa elicited andrographolide accumulation has been found to be correlated
with the expression level of regulatory genes (hmgs, hmgr, dxs, dxr, isph and
ggps) of mevalonic acid (MVA) and 2-C-methyl-D-erythritol-4-phosphate
(MEP) pathways thereby indicating the involvement of MeJA in andrographolide
biosynthesis by inducing the transcription of its biosynthetic pathways genes
(Sharmila et al., 2015).

The FE used as elicitor was found to enhance bioproduction of andrographolide
as a function of the concentrations, although at lower concentration (100-200
mg/L) it showed negative to no effect (Fig. 3D). Earlier, significan elicitation
with yeast culture filtrate (Vakil and Mendhulkar, 2012), an optimum 6.94-fold
elicitation (0.132 mg/g) with the fungus  Aspergillus niger and 6.23-fold
elicitation (0.81 mg/g) with the fungus Penicillium expansum of
andrographolide in the cell suspension culture of A. paniculata (Gandi et al.,
2012) have been reported. The overall, yield reported however was much lower
(0.132 mg/g) than the present one (13.629 mg/g) reiterating a cumulative effect
of growth optimization and elicitation in expression of andrographolide.
Treatment with biotic or abiotic elicitors has been a useful strategy to enhance
secondary metabolite production in plant tissue and cell cultures. The induction
mechanism of elicitors is generally regarded as inducing the expression of
defense-related genes and activating defense-related secondary metabolic
pathways (Sharmila et al., 2012; Valdiani et al., 2014). The optimum
concentration of biotic elicitors (chitin and FE) was found to be 500mg/L in
enhancing the production of andrographolide while the optimum time (duration)
for triggering the elicitation in 16 days older culture was found to be five days.
These results supported the earlier findings with respect to Salvia miltiorrhiza
(Valdiani et al., 2014) and A. panicculata (Gandi et al., 2012) but contradicted
that of other (Vakil and Mendhulkar, 2012) who found one day incubation with
elicitor to be optimum for andrographolide production by A. paniculata. This
deviation seems to be attributable to the difference in media and growth conditions
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used during the two experiments. The finding thus again highlights the importance
of optimization of growth condition in addition to elicitation to enhance
biosysnthesis of secondary metabolite. Although standard media are available for
culturing various plant tissue/cell, all of them require a fine tuning with respect to
growth regulators when a new plant is selected for its tissue culture. For enhanced
production of plant bioactive substances, elicitation is now becoming a common
practice. It is however a common practice that elicitation is standardized adopting
an earlier reported culture protocol only. The culture protocols themselves at most
of the times happen to be growth-oriented and not yield-oriented. Hardly,
standardization of both culture condition to obtain higher tissue/cells yield and
elicitation to get optimum yield of bioactive substance is carried out concurrently.
Plants are known to produce secondary metabolites in response to various
stresses including presence of heavy metals and invading pathogens. These
responses have been evolved as part of genetics of the hosts supported by fine
network of signal transduction system. Generally, small molecules such as
components of pathogen’s cell wall (e.g., chitin, xyloglucans, chitosan, glucan
and oligogalacturonide) may serve as signal molecules or elicitors. The fact
indeed has prompted to use such elicitors to enhance the production of selected
secondary metabolites in cultured plant tissue (Vakil and Mendhulkar, 2012;
Gandi et al., 2012).

Molecular studies have revealed involvement of transient — Ca*influx
(Zimmermann et al., 1997), mitogen-activated protein kinase (MAPK) and G-
protein activation (Droillard et al., 2000), changes in protein phosphorylation
pattern and protein kinase activation (Felix et al., 1997), acidification of
cytoplasm caused by H*-ATPase inactivation (Armero and Tena, 2001),
production of ROS such as superoxide anion and H,O, (Apostol and Heinstein,
1989) etc during elicitation. It will be interesting to study the molecular pathway
related to the newly identified elicitor CuSO, triggering transcription pathway
and consequent transcription (transcriptomics) and translation of proteins that
catalyze the biosynthetic pathway of andrographolide production (metabolomics)
(Gossens et al., 2003). An earlier such study in A. paniculata in connection with
andrographolide accumulation in response to Mela elicitation revealed the
upregulation of some regulators connected with MEV and MEP pathways
(Sharmila et al., 2015), and thus paved the way for metabolic engineering to
enhance andrographolide biosynthesis. Nonetheless, more studies are needed 11.
explore cross talk between various pathways involved in the elicitations an
relative importance of various regulators so as to enable ones to select mo
potent one for use in metabolic engineering.

CONCLUSIONS

The two prong strategy to enhance andrographolide bioproduction in A.
paniculata has thus been found effective. Standardization of growth conditions
during suspension culture itself has been found to lead to three fold enhancement
of metabolite production (cf 1.58 mg/g DCW, Gandi et al. 2012). The optimized
culture could be elicited with a simple compound, CuSO, to cause the
unprecedented level of yield of andrographolide. When the relative effectiveness
of the abiotic and abiotic elicitors used in the present work is examined, abiotic
(CuSOy) one is certainly proved to be better one inducing andrographolide
biosynthesis to an unprecedented level (29.42+0.31 mg/g DCW). Molecular
analysis of this result may be of interest that may help in metabolic engineering
towards further enhancing of bioproduction of andrographolide in the plant. In
view of growing concern about side effects of the synthetic medicines and
negative impact of synthetic processes on the environment, demand for natural
medicines will continue to grow. This will cause pressure on the natural sources
and pose serious threat to already dwindling biodiversity. Tissue culture thus
holds the key to fulfill the demand for natural products without causing threat to
environment and biodiversity. These results will provide impetus to similar
works in other plants.
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