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Abstract

Markedly increased withanolide content was found in transformed roots (TR) of Withania somnifera germplasm grown
in low mineral minimal media and withanolides showed high antioxidant potential when analysed using acidic potassium
permanganate chemiluminescence. Transformation frequency of explants infected with Agrobacterium rhizogenes strain
A4 varied between the three germplasms tested with the highest observed as 75 +0.9. Transformed root production was
explant specific with leaves being the most productive among the different explants used. Withanolides, namely withaferin A,
withanolide A, withanolide B and 12-deoxywithastramonolide were detected in TR cultures and differences in their content
were found between germplasms. The highest concentrations of secondary metabolites were found in 4-week-old cultures
and concentrations declined by the 8th and 12th week of culture. In 4-week-old cultures, the biomass of TR cultures was
4.5 fold higher than their respective non-transformed roots (NTR). Withaferin A was found in TR at levels that were 28—-34
times higher than that found in NTR. A rapid method for the determination of the antioxidant potential of W. somnifera
TR extracts was developed using post-column acidic potassium permanganate chemiluminescence (APPC) detection. The
APPC chromatographic peaks for extract constituents showed strong alignment with those found for ultraviolet absorbance
detection. The methods developed in this study for TR culture establishment and the use of a fast and sensitive way for the
qualitative and quantitative determination of the antioxidant activity of their metabolites provides a new platform that will
have use for similar studies in other species.
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(Family Solanaceae) is a perennial that produces steroidal
lactones, ‘withanolides’ (Khedgikar et al. 2013; Sivanand-
han et al. 2012a), which have been shown to have pharma-
cological properties, for example, as anti-inflammatory,
antimicrobial, antioxidant and anti-tumour agents (Kalra
and Kaushik 2017; Vaishnavi et al. 2012). Extracts from
field grown W. somnifera have been used in the prepara-
tion of medicines (Sangwan et al. 2007) and are commer-
cially available as herbal health supplements that are GRAS
(generally regarded as safe) products. Withania somnifera
is considered the best source of withanolides, specifically
withaferin-A (Johny et al. 2015) and is accepted in Ayur-
veda (traditional Indian medicine) as a plant with numerous
medicinal properties.

Due to the increased demand for bioactive compounds
(Sharada et al. 2007), such as those produced by W. som-
nifera, new ways of producing reliable quantities have been
eagerly sought. The reliability of field grown plants as a
source of secondary metabolites has been compromised by
variable climatic conditions, lengthy plant growth cycles,
plant disease, the requirement of significant manpower and
time taken to harvest (Sivanandhan et al. 2012b). To over-
come these impediments to reliable and efficient production
of secondary metabolites approaches that have used tissue
culture have been developed (Singh et al. 2017). Further, an
additional and promising technique for increased production
of metabolites is that of using Agrobacterium rhizogenes-
transformed ‘hairy’ root cultures (Srivastava et al. 2016).

Hairy roots, or transformed roots more specifically, are
formed during a proliferative root disease caused by infec-
tion with A. rhizogenes. Roots derived from such infection
are fast growing and genetically stable (Dehdashti et al.
2017; Srivastava et al. 2016). Thus, medicinal and aromatic
plants are now increasingly cultured for TR induction for the
production of secondary metabolites (Danphitsanuparn et al.
2012; Kumar et al. 2014; Nagella et al. 2013). In addition,
TR cultures are generally competent at producing second-
ary metabolites of similar profile to that found in roots of
the native parent plant with no loss of the compound itself,
a feature observed in callus or cell suspension cultures (Kim
et al. 2002). The induction of TR morphology is recognised
as a beneficial tool for biomass and secondary metabolite
production (Sharma et al. 2013; Sheludko and Gerasymenko
2013).

Even though several other studies have reported on the
presence of withanolides from TR cultures there has been
no comprehensive analysis of withanolide production under
low nutrient conditions or of the production of these metabo-
lites across cultivars and ages. Also, the earlier studies were
restricted to analysis of withaferin A (Vaishnavi et al. 2012),
Withanolide A (Kuboyama et al. 2005) and D (Banerjee
et al. 1994; Ray et al. 1996) and withanone (Sivanandhan
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et al. 2012b). No analysis has been performed of the produc-
tion of withanolide B and 12-deoxywithastramonolide.

Secondary metabolites from plants are a major source
of antioxidants that have important roles in human health
(Galano et al. 2016). Transformed root cultures have become
recognised as an equally important source of these antioxi-
dants (Gai et al. 2015; Srivastava et al. 2016; Weremczuk-
Jezyna et al. 2013). Various antioxidant assays are used to
test antioxidant activity in plant extracts (Cvetanovic et al.
2015) and two very commonly used spectrometric methods
are those based on 2,2-diphenyl- 1-picrylhydrazyl (DPPH")
and 2,2'-azinobis (3-ethylbenzothioazoline-6-sulfonic acid)
ABTS"* (Nopo-Olazabal et al. 2013; Thiruvengadam et al.
2014). Many antioxidant assays have a number of shortcom-
ings (Niederldnder et al. 2008) which has paved the way for
development of alternative techniques such as that based
on chemiluminescence, that provide highly sensitive, fast
response rates and low limits of detection (McDermott et al.
2011a). Moreover, chemiluminescence assays have been
shown to be comparable with DPPH' and ABTS'* assays
(Conlan et al. 2010; Francis et al. 2010) thus making them a
reliable approach for analysing antioxidant potential activity.

Here we describe the establishment of TR cultures of W.
somnifera to examine the effect of age and germplasm on
growth and withanolide production in low nutrient medium.
Further, we have used a novel chemiluminescence detec-
tion assay for the determination, in W. somnifera TR root
exatracts, of antioxidant potential.

Materials and methods
Plant material

Seeds of W. somnifera (Johny et al. 2015) were from The
Energy and Resources Institute, Gurgaon, Haryana, India.
Three germplasms (WS 1, 2 and 3) collected from Uttara-
khand, Madhya Pradesh and Maharashtra were examined
in this study. For surface sterilization, seeds were initially
washed in running tap water followed by immersion in 0.2%
v/v Tween 20 in water (Serva, Hyderabad, India) and then
soaked for 10 min in 0.1% w/v mercuric chloride (Quali-
gens, Mumbai) in water. Seeds were then rinsed five times
with sterilized distilled water to remove traces of mercuric
chloride after which they were placed for germination on
Murashige and Skoog (MS, Murashige and Skoog 1962)
medium supplemented with 3% (w/v) sucrose (Qualigens,
Mumbai, India) in Petri plates (90 mm in diameter) and
incubated at 30 °C in the dark. After germination, plates
were maintained at 25+ 2 °C with a 47 umol/m%/s photo-
synthetic photon flux density and then 30-day-old seedlings
were used for transformation studies.
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Agrobacterium rhizogenes strains

For transformation studies, four different strains of A. rhizo-
genes were used. Agrobacterium rhizogenes strains A4,
8196, 1600 were obtained from David Tepfer, INRA Ver-
sailles, France and A. rhizogenes strain 11325 was obtained
from Late Prof. Gopi K Podila (University of Alabama,
Huntsville). The Agrobacterium strains A4, 1600 and 8196
were maintained on Yeast Mannitol Agar medium (YMA,
Himedia, Mumbai, India) and the strain 11325 was main-
tained on Luria Agar medium (LA, Himedia, Mumbai,
India).

Agrobacterium rhizogenes mediated infection

Bacterial strains were streaked with a sterile loop onto YMA
plates to result in single distinct colonies. The hypocotyl,
internodes and young leaf explants were infected with the
different strains of A. rhizogenes separately using a single
colony by moderate wounding with a sterile needle (23
gauge, Dispovan, Haryana, India). Control leaves were
wounded with a sterile needle without bacterial culture. All
explants were then incubated on sterile filter paper discs
(Whatman Grade 1) placed on MS plates supplemented with
3% (w/v) sucrose and 100 mM acetosyringone (Sigma, Ban-
galore, India) in the dark at 25 +2 °C.

Transformation frequency

Infected explants were observed for frequency of transforma-
tion by observing the root initiation response of an explant
from the injured site and the transformation frequency (TF)
calculated using the formula:

TF = (Number of explants showing root initiations from
injured sites/total number of injured explants) x 100.

Selection of bacteria-free root cultures

Positive explants showing root initiation were washed with
liquid MS medium supplemented with 3% (w/v) sucrose
and 500 mg/L cefotaxime (Omnatax, Abbott Healthcare
Ptv. Ltd., Mumbai, India) to remove excess A. rhizogenes
bacteria. The explants were blot dried on filter paper and
transferred to MS medium supplemented with 3% (w/v)
sucrose and 250 mg/L cefotaxime for complete elimination
of bacteria on the surface of the explant. The plates were
incubated in the dark at 25+2 °C. Root lines that had devel-
oped on the explants on the antibiotic-supplemented media
were removed after 15 days incubation and transferred to MS
medium without hormones. Root lines were then subcultured
three times after a growth period of 25 days before they
were transferred to Minimal White (MW) medium (Bécard
and Fortin 1988). Transformed roots were maintained on

MW for two subcultures at 25-day intervals, after which
they were transferred to Minimal (M) medium (Bécard and
Fortin 1988) and were thereafter maintained on M medium
for further studies.

Confirmation of transformation

Ri-T DNA integration into the plant genome was detected
using polymerase chain reaction (PCR). Root lines were har-
vested from the plates, rinsed with sterile distilled water and
then, after freezing with liquid nitrogen, crushed to a pow-
der. Genomic deoxyribonucleic acid (DNA) was extracted
using a commercial kit (DNeasy Plant Mini Kit, Qiagen,
USA) from the putatively transformed root lines and non-
transformed root (NTR) lines taken as the negative control
(Johny et al. 2015). Plasmid DNA from the A. rhizogenes
strain, was used as a positive control and was extracted using
a High—Speed Plasmid Mini Kit (Geneaid, Taiwan). Root
genomic DNA and plasmid DNA were analysed using a
rolA gene specific primer (forward 5S’AGAATGGAATTA
GCCGGACTAZ3' and reverse S'GTATTAATCCCGTAGGTT
TGTTT3' obtained from Sigma). To study the absence of
bacterial contamination in the transformed root lines, virC
gene-specific primers were used (forward 5’ATCATTTGT
AGCGAC3' and reverse S’AGCTCAAACCTGCTTC3’,
obtained from Sigma). The PCR reaction mixture (25 pl)
contained, 1 X PCR buffer, 1.5 mM magnesium chloride
(MgCl,), 0.2 pM of each primer, 50 pM nucleoside triphos-
phate (ANTPs), 1.0 U of taq polymerase and ~ 50 ng of the
DNA as template. PCR was carried out in a programmable
thermal cycler (BioRad, Mumbiai, India) by amplifying at an
initial denaturation temperature of 94 °C for 5 min, followed
by 35 cycles of denaturation at 94 °C for 1 min, annealing at
55 °C for 1 min, extension at 72 °C for 1 min and then final
extension for 10 min at 72 °C. PCR products were separated
on a 1% agarose gel (Himedia, Mumbai, India) and visual-
ised by staining with ethidium bromide.

Growth kinetic studies, measurement of root
length, growth index analysis, and root biomass
determination

Transformed root growth kinetics was examined at 4, 8 and
12 weeks after TR culture initiation by analysing root growth
index, root length, biomass and secondary metabolite con-
centration. At each time point, roots were harvested and the
media adhered to roots was deionized using 10 mM sodium
citrate buffer (Doner and Becard 1991) by treating the root
system with the buffer at 25 °C for 30 min in an incubator
shaker (Kuhner Shaker, Basel, Switzerland) at 100 rotations
per minute (rpm). Roots were collected using a sieve (52 Brit-
ish Standard Sieve, Industrial Wire Netting Co., New Delhi,
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India), and washed through with distilled water to eliminate
traces of the media components.

Root length of the harvested roots was measured using
image analysis software (WinRHIZO® version Pro2007, Que-
bec, Canada) and the root images were captured with a scanner
(EPSON Perfection V 700, Delhi, India). Roots were blot dried
on filter paper, and their fresh weights documented. Growth
as an index of fresh weight (Verma et al. 2002) was measured
in triplicate at each time point to determine the growth perfor-
mance of each TR culture using the following formula:

After this, root samples were lyophilised (Labconco
lyophilizer, USA) at —94.3 °C and 141 kPa for 72 h. Dry
weight of the lyophilized roots was recorded.

Extraction of withanolides and quantification using
HPLC analysis

Sample preparation and extraction of metabolites from
W. somnifera roots followed the method of Johny et al.

Final fresh weight of biomass — Initial fresh weight of inoculum

Growth index (GI) =

Initial fresh weight of inoculum

Withaferin A

Withanolide B
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0
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Withanolide A

12-deoxywithastramonolide

Fig. 1 Chemical structures of withanolides targeted in TR extracts of W. somnifera (All structures were drawn using ChemDraw Ultra 10.0)
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(2015). Four withanolide standards (Fig. 1) purchased
commercially were used in the analysis—withaferin A
and withanolide A (Sigma, Bangaluru, Karnataka, India),
and withanolide B and 12-deoxywithastramonolide (Natu-
ral Remedies, Bangaluru, Karnataka, India). Chromato-
graphic separation and examination of plant extracts was
carried out using a Shimadzu HPLC, CBM-20A, with a
C18 Phenomenex column (Gemini® 250X 4.6 mm, 5 um).
Individual withanolide separation was accomplished using
a mobile phase of water (18.2 MQ, filtered through a
0.2 um filter was prepared in-house) containing 0.1% ace-
tic acid (all solvents were HPLC Grade, Merck, Mumbai,
India) as solvent A and solvent B consisting of metha-
nol containing 0.1% acetic acid. A gradient program was
used for the analysis (Johny et al. 2015) with modification.
Here, the analysis was performed at 27 °C, firstly solvent B
was run from 40 to 60% over 30 min, 60% was maintained
for the next 2.0 min then a gradient to 75% over the next
13 min and to 95% over the next 5 min and finally to 100%
by 55 min and maintained at 100% for a further 5 min. The
flow rate was 1.0 mL/min and the wavelength scan range
of the PDA detector was set to 190-350 nm with chroma-
tograms recorded at 227 nm.

Determination of antioxidant potential:
instrumentation

Flow injection analysis instrumentation was set up as previ-
ously reported (McDermott et al. 2011a). An Agilent Tech-
nologies 1200 Series liquid chromatography system (Agilent
Technologies, VIC, Australia) using Agilent Chemstation
software was used for system control and data acquisition

Root elongation
from infected site

for chromatographic examination. The chemiluminescence
reagent was mobilized at 1.0 mL/min using a Gilson Min-
ipuls 3 peristaltic pump (John Morris Scientific, NSW, Aus-
tralia). A T-piece was used to mix analytes with the acidic
potassium permanganate ahead of entering the coil-tubing
detection flow-cell. The flow-cell was seated flush adjacent
the window of a photomultiplier tube (Electron Tubes model
9828SB; ETP, NSW, Australia) wrapped in a light-tight
housing and powered by a steady power supply at 950 V.
Detectors for chemiluminescence were coupled to HPLC by
replacing the carrier line with the output of the column. A
Hewlett-Packard analogue-to-digital interface box (Agilent)
was used to convert detector signals.

Online chemiluminescence detection: secondary
metabolites analysis

Sample preparation and the secondary metabolite extraction
methods of Johny et al. (2015) were followed. Chromato-
graphic examination of the filtered extract was carried out on
an Agilent Technologies 1200 Series liquid chromatography
system (Agilent Technologies, VIC, Australia) with a C18
Altima™ column (250X 4.6 mm, 5 um). For withanolides,
the HPLC gradient program described above was used but
the solvent flow rate was 0.6 mL/min until 55 min and then
maintained at 1.0 mL/min for the following 5 min. All the
gradient segments were linear and the chromatograms were
recorded at a wavelength of 280 nm.

To analyse the antioxidant potential of extracted metabo-
lites, an acidic potassium permanganate (Chem Supply,
Australia) assay was used (Fig. 2) following the method of
McDermott et al. (2011b). The potassium permanganate

Digital interface box and
power supply

PDA c
Extraction H HPLC |—->| Column | Detector

Solvent waste

g
Root initiation from

Agrobacterium rhizogenes
strain infected sites

Developed transformed
roots in Petri plate

Seed germination

Fig.2 Establishment of W. somnifera TR cultures and instrument
set up for HPLC with post column acidic potassium permanganate
chemiluminescence detection. (@) Seed germination. (b) Root initia-
tion from infected sites. (¢) Root elongation and branching from sin-

' Peristaltic pump
Acidic potassium
permanganate solution

gle root tip. (d) Developed TR culture in Petri plate. The chromato-
gram generated via digital interface gives both UV-absorbance and
CL signals providing both qualitative and quantitative data for the
analysed sample
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reagent standard was prepared freshly before use by dis-
solving sodium polyphosphate (10 g/L) (Sigma-Aldrich,
Australia) in water followed by addition of potassium per-
manganate (1.0 mM). The pH of the solution was adjusted to
2.5 using analytical grade sulphuric acid (Merck, Australia).

Statistical analysis

All experiments were performed in triplicate. One-way
analysis of variance was used to detect significant differ-
ence between means. Variability around the mean was rep-
resented as the standard error. Statistical significance was
determined at the p <0.05 level using the Tukey post-hoc
test to determine variation in growth parameters and second-
ary metabolite concentration in different germplasms. All
data were analysed using a commercial software package
(SPSS Statistics 22, IBM).

Results

Establishment, transformation frequency
and morphology of transformed root cultures

Explants were inoculated with four different A. rhizogenes
strains and those that were infected with A. rhizogenes strain
8196 showed no response. The performance of the other
three strains was in order of A4>11325> 1600 (Fig. 3).
Transformation frequency among germplasms of infected
explants with A. rhizogenes strain A4 was in the order of
WS3 TR >WS2 TR > WS1 TR. Transformed roots were thus
successfully induced in W. somnifera. Initially, swelling of
wounded areas was observed within 7-8 days of inoculation
and the start of TR commenced within 17-20 days (Fig. 4).
Among the different explants tested for transformation only
leaves and specifically leaf mid rib showed root initiation
(Fig. 4a—c). There were single and multiple root initiations

OWSs3 OWS2 OWwWs1

1600 =

£
e
-
“
§
S 81%
S
<
g 11325
g %
2
S HH
S A4 i
= —
1] 10 20 30 40 50 60 70 80

Transformation frequency

Fig.3 Transformation frequency of the three germplasms of W. som-
nifera TR using four different strains of A. rhizogenes. Data reported
are mean + SE for three replicates
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from the infected sites. Hypocotyl and internodal explants
showed no response to bacterial infection and became
necrotic within 30 days. The presence of bacteria was elimi-
nated after washing and growing the TRs on media supple-
mented with cefotaxime (Fig. 4d—f). The TRs (Fig. 4g-1)
were subsequently subcultured onto MS, MW and M media
and grew rapidly on hormone free solid medium. After
continuous culture, extensive formation of root hairs was
observed and two distinct morphologies were noted in the
three different germplasms: WS1 TR, were thinner and
showed slow growth with less branching whereas WS2 TR
and WS3 TR were fast growing with extensive branching.

PCR based confirmation of transformed root
cultures

The Ri plasmid T-DNA integration into the plant genome
was confirmed using PCR to detect the presence of rolA
genes (Fig. 5). A 308 bp (bp) fragment of r0lA was amplified
showing rolA integration into the plant genome. The virC
gene was not amplified showing no Agrobacterium contami-
nation (data not shown). Similarly, there was no amplifica-
tion products obtained from NTR lines.

Growth parameters of transformed root cultures

Transformed roots of WS were harvested at three time inter-
vals (4, 8 and 12 weeks) and their fresh weight (FW), dry
weight (DW), root length and GI were determined (Fig. 6).
Biomass accumulation among the germplasms at 12 weeks
was in the order of WS2 TR > WS3 TR > WS1 TR. For WS1
TR at 12 weeks, biomass was not significantly different
from its respective 4 and 8-week-old cultures. The WS2 TR
germplasm showed maximum fresh weight (1.18 +0.06 g),
DW (0.14+0.02 g), root length (430.75+3.71 cm) and
growth index of 57.79 +0.32. This was followed with
WS3 TR germplasm fresh weight (0.92+0.07 g), DW
(0.12+0.03 g), root length (386.568 +22.87 cm) with
growth index of 45.14 +3.63. Root length of WS2 TR was
highest in the 12th week followed by WS3 TR. WS1 TR
germplasm showed the least biomass (FW =0.07+0.03 g
and DW =0.008 +£0.01 g), root length (272.59+12.41 cm)
and GI (2.29 +0.50). Among the three germplasms, WS2 TR
of 12 weeks was statistically significant from WS1 TR and
WS3 TR. At 12 weeks of age, all growth parameters were
significantly higher than for those recorded at the earlier
time points.

HPLC analysis of withanolides

All extracts prepared were analysed using HPLC and three
replicates for each germplasm were examined. Calibration
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Fig.4 Representative figures showing establishment of the three
germplasms of W. somnifera TR. (a—c) Root initiation from mid rib
region of positive explants. (d—f) Single TR lines growing on hor-

curves for four withanolide standards, withaferin A, witha-
nolide A, withanolide B and 12-deoxywithastramonolide
were prepared. The calibration curve for withaferin A
showed a coefficient of determination of r2=0.9992 for
the regression equation of y =23964x — 11676, for witha-
nolide A a coefficient of determination of 1> =0.997for
the linear regression equation of y =141394x — 39802, for
withanolide B a coefficient of determination, r>=0.9997
and linear regression equation of y =91936x — 24683 and
for 12-deoxywithastramonolide a coefficient of determi-
nation of r>=0.9994 and linear regression equation of
y=210343x —752930.

mone free media. (g-i) TR culture growth and spread on the whole
media plate. (a, d, g) represent WS1 TR, (b, e, h) represent WS2 TR
(c, g, 1) represent WS3 TR

Withanolide production in transformed roots
of Withania somnifera

Transformed root cultures harvested at the three time points
(4, 8 and 12 weeks) were analysed for withanolides (Fig. 7)
using HPLC. The retention times determined for the witha-
nolide standards were used to identify relevant peaks derived
from the root extracts. Withanolide production in WS TR
germplasms at different time points showed that for WS1
TR there was no withanolide production except for a very
low concentration of withaferin A (0.02+0.01 mg/g DW)
at 12 weeks of age (Fig. 8). WS2 TR germplasm exhib-
ited maximum withanolide production at 4 weeks of age.
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Fig.5 Confirmation of putatively transformed roots of W. somnifera
transformed with A. rhizogenes strain A4 using PCR amplification
using rolA region of T DNA. Lane 1: 100 bp DNA ladder, Lane 2:
plasmid DNA Ri A4 (positive control), Lane 3: Genomic DNA NTR
(negative control), Lane 4, 5, 6 Genomic DNA of W. somnifera TR
cultures (WS1 TR, WS2 TR, WS3 TR)

For WS2 TR and WS3 TR germplasms at 4 weeks of age
(Fig. 8a), there was no statistically significant difference
between the concentrations between the two germplasms
in terms of withaferin A production (0.93 +0.03 mg/g DW
compared with 0.95+0.04 mg/g DW respectively). WS3
TR produced the most withanolide A (0.05 +0.003 mg/g
DW) whereas WS2 TR produced the most withanolide B
(0.05+0.001 mg/g DW) and 12-deoxywithastramonolide
(0.18+0.03 mg/g DW) (Fig. 8b—e). By the 12th week the
concentration of all withanolides decreased compared with
the 4th and 8th week samples (withaferin A: 0.46 +0.02
to 0.56+0.08 mg/g DW, withanolide B: 0.013 +0.004 to
0.016 +0.002 mg/g DW and 12-deoxywithastramonolide:
0.078 £0.01 to 0.080 +£0.01 mg/g DW and withanolide
A:0.029+0.03 mg/g DW). Among all withanolides pro-
duced in WS2 TR and WS3 TR, the order of their concen-
tration produced from highest to lowest was withaferin
A > 12-deoxywithastramonolide > withanolide B > witha-
nolide A.

Comparison of growth parameters and secondary
metabolite production between TR and NTR cultures

For all growth parameters tested, the TR lines outperformed

those examined in the NTR cultures with the exception of
WS1 TR, which showed no difference to the NTR cultures.
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4-week-old cultures of TR and NTR were used for com-
parative studies (Fig. 9). The biomass of NTR in all the
germplasms was less than that in the TR cultures. Cul-
ture WS2 TR was 6.3 fold higher in biomass (DW) than
WS2 NTR and WS3 TR culture was 7.7 fold higher than
WS3 NTR. Root lengths in WS2 TR (103.43+0.91 cm)
and WS3 TR (121.28 +£7.83 cm) germplasms were signifi-
cantly higher than that for the NTR (WS2: 76.25 +5.90 and
WS3: 68.20 +7.83 cm). On comparing withanolide produc-
tion (Table 1) TR clearly outperformed NTR, for exam-
ple, withaferin A was produced to levels that were 28-34
times higher in TR compared with that in the NTR for both
germplasms. Withanolide A and withanolide B in TR were
1.8-2.1 and 5.0-5.2 times higher than NTR respectively in
both the germplasms. 12-deoxywithastramonolide was not
detected in NTR of both germplasms.

Determination of antioxidant potential

Based on withanolide content, WS2 TR was selected for
post-column chemiluminescence detection. For extracts
taken from WS2 TR, there were 13 significant chemilumi-
nescence (CL) signals detected (Table 2). Similarly, under
UV-Vis detection 13 peaks were visible with retention times
corresponding with those observed following CL detection.
Peaks at retention times 40.01, 43.32, 44.29, 52.80 min in
CL chromatograms represented withaferin A, 12-deoxywith-
astramonolide, withanolide A and withanolide B respec-
tively. The presence of a CL signal at the aforementioned
retention times confirms the presence of antioxidant activity
in the extract. All other CL signals showed the presence
of molecules with antioxidant potential in the TR extract.
Individual targeted withanolide contribution to the total anti-
oxidant content was determined by comparing their peak
area with the peak area of total antioxidants. Withanolides
antioxidant activity contributed 6.7% (withaferin A), 0.8%
(12-deoxywithastramonolide), 5.2% (withanolide A) and
1.8% (withanolide B) of the total antioxidant activity in WS2
TR extracts.

Comparative analysis of chemiluminescence
detection between TR and NTR cultures

Based on the chromatograms derived from extracts of TR
and NTR of WS2, there were 13 significant chemilumines-
cence signals (CL) observed via post-column chemilumi-
nescence detection (Table 3). The presence of a CL signal
in WS extracts of TR and NTR showed the presence of mol-
ecules with antioxidant potential and indicated that, qualita-
tively, the antioxidant potential from both extracts was based
on the same chemical compounds. Peak 8 in TR CL and
UV and peak 13 in NTR CL and UV were the most signifi-
cant peaks observed in the detection assay. In addition to the
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specific withanolides targeted a broad range of antioxidant
signals were observed in the sample matrix (Fig. 10).

Peak numbers 9 and 10 in TR and NTR respectively,
corresponding to withaferin A and withanolide A, showed
prominent antioxidant activity (Fig. 10a—c). The peak at
retention time 34.3 min also showed high antioxidant poten-
tial in TR CL but was low in NTR CL. Similarly, peak 13
was observed to show high antioxidant potential in NTR CL
but was low in TR CL. Peaks a, b, ¢, d in TR UV absorb-
ance trace (Fig. 10 b) are withaferin A, 12-deoxywithastra-
monolide, withanolide A and withanolide B respectively. A
similar pattern was observed in NTR CL with the exception
of 12-deoxywithastramonolide which was not detected in
the extract (Fig. 10d). The total peak area corresponding
to antioxidant activity of the TR samples was found to be
greater than that for the NTR samples.

Discussion
We have transformed root cultures of W. somnifera by infec-
tion with several strains of A. rhizogenes to produce elite

root lines for which we have subsequently examined growth
parameters and secondary metabolite production. We have
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(p £0.05) according to Tukey post-hoc test. Bars with the same letters
are not statistically different. Data reported as mean+SE for three
replicates

found that these cultures produce withanolides in a cultivar-
and age-specific manner and that withanolides are produced
under low nutrient conditions. We have also shown that
withanolide B and 12-deoxywithastramonolide have now
been found in transformed hairy root cultures. Additionally,
we also analysed the antioxidant potential of root extracts
using a novel APPC assay and found that the antioxidant
potential of the TR root lines was much greater than their
respective NTR lines.

Here, we have also shown that transformation efficiency
and frequency depends upon host source and Agrobacterium
strain used. Different plant ecotypes vary in their response
(Srivastava et al. 2016). The type of explants used also has
a major role in determining the incidence of infection and
among the various explants used in our experiments young
leaves exhibited a higher response to infection with respect
to root initiation compared with other explant types. Simi-
lar observations were made for Artemisia vulgaris (Sujatha
et al. 2013), Gymnema sylvestre (Nagella et al. 2013), and
Ocimum tenuiflorum (Vyas and Mukhopadhyay 2014). This
difference between explant types may be because the cells of
young leaves are continuously dividing and their viability is
high even after inoculation injury to their surface. In the cur-
rent study, only the A4 strain of A. rhizogenes successfully
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infected the W. somnifera explants which aligns with earlier
reports (Bansal et al. 2014; Ooi et al. 2013). The response of
W. somnifera explants to A4 strain infection but not the other

Table 1 Comparison between withanolide levels in transformed roots
and non-transformed roots in the two germplasms of W. somnifera
after 4 weeks of growth in M media

Withanolides WS 2 NTR WS 2 TR WS3NTR WS3TR

Withaferin A 0.03+0.02b 0.95+0.05a 0.03+0.02b 0.93+0.03a
Withanolide 0.02+0.03b 0.04+0.01a 0.02+0.02b 0.05+0.03a
A

Withanolide
B

12-deoxy- ND
withastra-
monolide

0.01+0.03¢ 0.05+0.0la 0.01+0.01c 0.04+0.01b

0.18+0.03a ND 0.13+0.01b

Different letters indicate significant differences (p <0.05) according
to Tukey post-hoc test. Concentrations with same letters are not sta-
tistically different. Data reported as mean + SE for 3 replicates

ND not detected
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according to Tukey post-hoc test. Concentrations with same letters
are not statistically different. Data reported as mean+ SE for three
replicates

A. rhizogenes strains tested is likely to be associated with the
difference in virulence of the bacterial strains (Nourozi et al.
2014). Such differences in frequencies of root initiation has
also been observed for A. vulgaris (Sujatha et al. 2013) and
W. somnifera (Murthy et al. 2008).

Among the different transformed root lines obtained
in each germplasm, putative transformed root lines were
selected based on active growth and formation of lateral
roots. There were phenotypic differences in the root lines
observed in the different germplasms of the same species.
In the present study, two different phenotypic traits were
observed similar to those previously reported (Bandyo-
padhyay et al. 2007; Bansal et al. 2014; Thimmaraju et al.
2008) and may be due to the difference in copy number
of the gene inserted into the plant genome. Our results
showed that germplasms WS2 TR and WS3 TR had
faster growth rate, higher biomass and higher secondary
metabolite accumulation compared with WS1 TR. Putative
transformed root lines were selected for study based on
active growth and formation of lateral roots. Variation in
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Table 2 Peak assignments and

. . > ; Peak TR_CL NTR_CL

retention times (min) of signals

in WSZ TR apd NTR extracts 1 4.77 4.67

associated w1th' the. observed 5 6.10 6.09

chromatographic signals

obtained using UV-absorbance 3 8.15 8.12

and CL modes of detection 4 13.67 13.78
5 15.55 15.55
6 22.43 22.08
7 29.31 29.35
8 34.30 34.29
9 40.03% 39.98*
10 44.23%* 44.29%
11 57.25 57.23
12 58.07 58.77
13 59.14 59.12

Peak numbers are key sig-
nals which correspond to peak
assignments indicated in the
chromatograms (Fig. 4). Reten-
tion time of withaferin A and
withanolide A is marked with
hash (*) and asterisk (*) respec-
tively. Retention times marked
in bold are the prominent peak
in both TR and NTR chemilu-
minescence signals

Table 3 Comparative table of detected chromatographic signals of
withanolides based on their retention times in WS2 TR and NTR
using UV-absorbance and CL modes of detection

Withanolides TR_UV TR_CL NTR_UV NTR_CL
Withaferin A 39.79 40.03 39.79 39.98
Withanolide A 44.03 44.23 43.99 44.29
Withanolide B 52.59 52.80 52.62 52.44
12-deoxywithas-  42.66 43.31 ND ND

tramonolide

A slight forward shift in retention times of CL signals were observed
when compared to UV signals in the targeted withanolides

ND not detected

growth rate and secondary metabolite production has been
reported in several hairy root systems (Srivastava et al.
2016; Triplett et al. 2008) and the location of the inser-
tion site of introduced T-DNA and genomic methylation
patterns may be the factors that account for such differ-
ences. Some previous studies have documented the faster
growth of transformed root cultures and enhanced second-
ary metabolite production when compared to NTR (Ban-
dyopadhyay et al. 2007; Murthy et al. 2008; Sivanandhan
et al. 2013). Similar results were observed in the present
study wherein the biomass in WS NTR in all the germ-
plasms was less than that in the TR. Biomass of WS TR
cultures was more than six fold higher than their respective
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NTR. Withanolides production was also higher in TR as
compared to NTR in both germplasms.

The results presented here for withaferin A production
in WS TR 3 four-week-old cultures are in close accordance
with several other studies (Sil et al. 2015; Sivanandhan et al.
2013) but not with others where higher withanolide pro-
duction has been reported (Mukundan and Hjortso 1990;
Murthy et al. 2008; Praveen and Murthy 2012, 2013). The
lower withanolide concentration may be attributed to the
low sucrose and macroelement concentration in the minimal
medium used for root growth. Earlier reports found that the
growth of transformed roots was influenced by sucrose con-
centration (Praveen and Murthy 2012; Wang and Weathers
2007) and by altering the concentration of macroelements
(Praveen and Murthy 2013). Our study opens up a platform
to analyse the response of elicitors, specifically biotic elici-
tors, such as mycorrhiza, which require low nutrient medium
as a pre-requisite for association with roots to be explored
for their influence on secondary metabolite production dur-
ing symbiosis. In the current study, we found a decrease in
the withanolide concentration with an increase in root age.
This correlation with root age may be different in different
species and different in transformed roots of the same spe-
cies (Srivastava et al. 2016).

The withaferin A concentration found in our study was
higher than that reported by Sivanandhan et al. (2012a) for
adventitious roots of W. somnifera. Additionally, withanolide
A and withaferin A concentration in in vitro and green
house grown plants of W. somnifera (Dewir et al. 2010)
was much less than that found in the transformed root cul-
tures developed in the current study. Thus, the fast growth
of transformed root cultures and the stability of secondary
metabolite production found in our study provides signifi-
cant advantages over conventional systems for efficient pro-
duction of secondary metabolites.

Determination of antioxidants in a plant extract has been
conventionally based on various off-line batch techniques
(Nopo-Olazabal et al. 2013; Thiruvengadam et al. 2014).
However, due to the complex nature of crude extracts
these methodologies were not efficient or accurate for the
determination of individual antioxidants (Karadag et al.
2009; Magalhaes et al. 2008; Moon and Shibamoto 2009).
Recently, on-line assays have been developed where detec-
tion of antioxidants was coupled with HPLC, these assays
include DPPH’, ABTS " and acidic potassium permanga-
nate chemiluminescence detection assays (Niederldnder
et al. 2008; Shi et al. 2009; Srivastava et al. 2016). Within
the on-line group of assays the acidic potassium perman-
ganate chemiluminescence detection method is much more
simplistic, robust and rapid to perform than the DPPH"
and ABTS * assays and total analysis time is significantly
improved (Niederldnder et al. 2008). The instrument set up
and preparation of reagents in both DPPH" and ABTS *
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Fig. 10 Chromatograms for W. somnifera 2 TR and NTR. Potassium
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UV-absorbance detection is presented as UV. Peak numbers (1-13)
are key signals which correspond to peak assignments indicated in

assays are both more complex and detailed than the simple
preparation required for acidic potassium permanganate. For
example, the preparation of the ABTS ' reagent requires an

the chromatograms. The most prominent peaks in TR and NTR are
circled in red. Letters a-d indicate the withanolides- withaferin
A, 12-deoxywithastramonolide, withanolide A and withanolide B
respectively. (Color figure online)

incubation of 16—17 h followed by degassing before use.
Similarly, in on-line DPPH" degassing of the reagent and
all chromatography solvents is required. However, the acidic
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potassium permanganate solution can be used immediately.
Secondly, both the assays require additional HPLC pumps
and UV-Vis absorbance detectors whereas with acidic
potassium permanganate chemiluminescence detection
only a peristaltic pump and flow through luminometer are
required. Further to this, the acidic potassium permanga-
nate working solution can be used continuously and even
stored for prolonged periods whereas in online DPPH" and
ABTS'*, working solutions need to be prepared freshly on a
daily basis (McDermott et al. 2011a). This experimental set
up enabled a simple, rapid and antioxidant selective determi-
nation of key withanolides in our W. somnifera extracts. The
utility offered by this system will afford operators a system
that is less prone to analytical error due to the stability of the
reagents enabling longer HPLC sequences to be performed
for screening of samples of interest.

The secondary metabolites examined in the present study
that were derived from a Withania species have specific
roles, for example, in plant defense but are also of value
as bioactives of pharmaceutical importance. The National
Medicinal Plant Board of India has recognized W. somnifera
as a plant that is in high demand in both Indian and inter-
national markets (Prajapati et al. 2007; Ramawat and Goyal
2008; Sharada et al. 2007). The major bioactives, witha-
nolides, are produced via the isoprenoid pathway, probably
via both the mevalonate and non-mevalonate pathways
(Sabir et al. 2013). The first branching point in the pathway
is at the intermediate, 24-methylene cholesterol, which is
the precursor of different withanolides that are synthesized
through an array of steps (Chaurasia et al. 2012; Madina
et al. 2007). Withaferin A is one such metabolite that is pro-
duced and other withanolides formed are a combination of
different alkyl groups associated with the primary skeleton
of withaferin A (Patel et al. 2015).

Various studies in W. somnifera, have identified the
importance of root extracts as an antioxidant source (Pan-
dey et al. 2014). Lab scale assessment of antioxidant activity
for W. somnifera extracts has been carried out using a num-
ber of different assays for example superoxide dismutase,
2,2-diphenyl, 1-picryl hydrazyl radical (DPPH") scavenging
activity, hydroxyl group reducing activity (Alam et al. 2012).
However, a rapid and efficient way of determination of anti-
oxidant potential of withanolides and along with it, a com-
plete profile of root extract of the plant has been undertaken
in the present study using a chemiluminescence detection
assay. To date, our study represents the first online deter-
mination of antioxidant-based molecules in W. somnifera
(TR and NTR). The benefits of using the acidic potassium
permanganate chemiluminescence detection technique in
W. somnifera extracts were related to the complex nature
of the crude extract (Chatterjee et al. 2010) and chromato-
graphic separation was required. The online detection tech-
nique presented here gives both qualitative and quantitative
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information and has the potential to quantify the antioxidant
activity of individual compounds within a complex matrix
(Srivastava et al. 2016). Greater sensitivity and rapid analy-
sis times are an added advantage over the many conventional
assays (McDermott et al. 2011a) as has been reported by our
group in comparative studies between chemiluminescence
assays and conventional antioxidant assays (Conlan et al.
2010; Francis et al. 2010).

The number of prominent peaks in the chromatograms of
W. somnifera indicated the presence of antioxidant activity
in NTR and TR extracts, not only for the targeted witha-
nolides, but also other molecules that were potentially witha-
nolides and that may have antioxidant properties. Several
unidentified peaks in the APPC chromatograms derived
from NTR and TR extracts were identified as potentially
important compounds due to their significant signal inten-
sity. The chromatograms and data generated for NTR and TR
extracts with the aid of CL and UV-Vis detection showed
a complex sample matrix containing at least 13 key com-
ponents. The targeted withanolides eluted quite late in the
methylene-selective separation process indicating that the
molecules were less water-soluble than the earlier eluting
compounds. Importantly this offers the potential for plants
grown in TR culture to be used in a selective bioprocessing
system that can target the production and subsequent extrac-
tion of withaferin A, a medicinally important metabolite
found in W. somnifera.

Conclusion

This study has shown that transformed root cultures are a
very useful, amenable system for biomass and secondary
metabolite production. The transformed root cultures devel-
oped showed high growth rates and enhanced metabolite
production compared with non-transformed roots. Further,
this study has found that transformed root cultures offer sig-
nificant potential for the generation of targeted antioxidants
in plant matrices and that the APPC assay should be the
assay of choice for their determination. Finally, we suggest
that this plant-based system may be exploited for mass pro-
duction of medicinally important withanolides.
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