Protoplasma (2016) 253:1145-1158
DOI 10.1007/s00709-015-0875-5

@ CrossMark

ORIGINAL ARTICLE

Advances in Boerhaavia diffusa hairy root technology: a valuable
pursuit for identifying strain sensitivity and up-scaling factors
to refine metabolite yield and bioactivity potentials

Ruby Gupta'? . Pallavi Pandey'” - Sailendra Singh'* - Dhananjay Kumar Singh? -
Archana Saxena® - Suaib Lugman? - Dnyaneshwar U. Bawankule® - Suchitra Banerjee'

Received: 11 June 2015 /Accepted: 17 August 2015 /Published online: 28 August 2015

© Springer-Verlag Wien 2015

Abstract The present study reports the Agrobacterium
rhizogenes-mediated hairy root induction in of an ethno-
medicinally significant herb—Boerhaavia diffusa L., for eluci-
dating the underlying competence regarding its biosynthetic
(i.e. boeravinone B and eupalitin) and bioactivity
(antibacterial, antioxidant and anti-inflammatory) potentials.
Host plant-specific receptiveness towards A. rhizogenes
strains and disparity in compatibility threshold of leaf and
nodal explants were evident. Only leaf explants responded,
attaining hairy root induction with the ATCC 15834 followed
by A4 and SA79 strains in reducing order of transformation
efficiency. The growth behaviours differed amongst indepen-
dent rhizoclones, and two clones of A4 (RBH) and ATCC
15834 (RBT8) origin demonstrated higher growth potentials.
Polymerase chain reaction amplification of rol genes con-
firmed their transformed nature. Optimization of the appropri-
ate solvent and reverse phase high-performance liquid chro-
matography parameters relating to the targeted metabolite pro-
duction in the selected RBH and RBTS clones revealed higher
accumulation of eupalitin with the RBH clone having the best
result of 1.44 times greater yield over the control root.
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Compared to the selected rhizoclones, the control roots how-
ever showed higher boeravinone B content. Devising a mod-
ified “stirred-tank” reactor through equipping with marine
impellers and ring spargers facilitated high-density RBH root
biomass yield with 6.1-fold and 1.15-fold yield increment of
the boeravinone B and eupalitin respectively compared to
shake-flask cultures. Considering the control roots, the RBH
clone revealed analogous antioxidant/antibacterial activities
with improved anti-inflammatory potential. The hairy root
mediated higher production of boeravinone B and eupalitin
could be achieved for the first time in bioreactor.

Keywords Boerhaavia diffusa - A. rhizogenes strains - Hairy
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Introduction

Boerhaavia diffusa L. (Nyctaginaceae) is one of the most re-
nowned traditional herbs in India that is found in age-old
applications in the Ayurveda and Unani systems of medicines
(Riaz et al. 2014). Its various parts and especially the roots
(Rajpoot and Mishra 2011) have predominantly been used in
the Indian traditional systems of medicines for the treatment of
diverse human ailments, such as jaundice, spleen enlargement,
oedema, anaemia, leprosy, skin diseases, rheumatism and oc-
ular disorders (Murti et al. 2010; Chaudhary and Dantu 2011).
Advanced pharmacological studies have relentlessly
displayed its notable therapeutic applications by virtue of the
identified hepatoprotective, anticonvulsant, antioxidant,
adaptogenic, antistress and antihyperglycemic potentials
(Mishra et al. 2014). The latest discoveries of the potential
anticancer, immunomodulatory and radioprotective activity
of B. diffusa have highlighted its beneficial efficacies in cancer
therapy (Mishra et al. 2014). Demonstration of
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antispasmodics/spasmolytic activity of the methanolic root
extracts of this plant has further shown the potent use of this
time-honoured medicinal plant for the treatment of involun-
tary muscle spasm caused due to various muscle disorders,
including the debilitating symptoms of torticollis, paraplegia
and palsy/glossal palsy (Borrelli et al. 2006; Mishra et al.
2014). A recent report has ignited new expectations about
the cardio-protective potential of the ethanolic extract
B. diffusa by highlighting its efficacious impact against mito-
chondrial dysfunction, which has formerly been proven to
play a crucial role in triggering the development of cardiac
hypertrophy and heart failure (Prathapan et al. 2014). The
revelation of such multifaceted pharmacokinetics of this plant
through the advent of latest tools of combinatorial chemistry is
not only the additional therapeutic applications of this ancient
medicinal plant in adjunct to its traditional uses, but also
boosted its demand in the pharmaceutical industries for future
drug development in the years to come.

B. diffusa has been reported to be a rich reservoir of diverse
secondary metabolites, which includes flavonoids,
isoflavonoids (rotenoids), alkaloids, triterpenoids and pheno-
lic glycosides (Mishra et al. 2014). Amongst this vast reposi-
tory of metabolites, boeravinone B and eupalitin have
attracted recent research attention as marker molecules owing
to their promising anticancer properties. Boeravinone B, a
major rotenoid of B. diffusa, has been reported to posses anti-
cancer (Ahmed-Belkacem et al. 2007) and in vitro COX-1/2
inhibitory activities in addition to in vivo anti-inflammatory
potential (Bairwa et al. 2013a, b). On the other hand, eupalitin
has also exhibited significant cytotoxicity and anti-
proliferative property against human colorectal tumour cells
as it induced apoptosis in cells through activation of caspases
3/7 (Ghalib et al. 2013).

The demand of the B. diffusa is mostly fulfilled by mass
scale collection of this plant from natural habitats leading to
invariable depletion of this plant species as well as adultera-
tion of its raw materials to comply with its escalating demand
(Gomes et al. 2013). Propagation by seeds and cuttings is
normally practiced, but low germination percentage/poor seed
viability and perennial nature of the above-ground tissues ne-
cessitated biotechnological interventions for round-the-year
supply of plant materials independent of seasonal fluctuations
and environmental/pathological constraints. Literature survey
revealed some reported attempts on direct and callus-mediated
propagation of B. diffusa (Bhansali et al. 1978; Shrivastava
and Padhya 1995; Nagarajan et al. 2005; Sudarshana et al.
2008; Sahu and Khalkho 2012).

Moreover, since roots are the chief source of the therapeu-
tically active constituents of B. diffusa (Sahu et al. 2014), their
exclusive authentic collection implies utmost significance to
comply with the characteristic pharmaceutical traits of the raw
material. However, the uninhibited adulteration of its roots
with that of Trianthema portulacastrum imparts serious
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practical challenge, which cannot only inadvertently jeopar-
dize the overall bioactivity quotient of its metabolites but also
can inflict detrimental effects on the curative benefits of its
roots (Gomes et al. 2013). To this end, Agrobacterium
rhizogenes-mediated hairy root cultures present an excellent
platform for sustainable production of authentic root biomass,
unharmed of the problem of cell-culture linked genetic/
biochemical instability or normally endured seasonal/
pathological constraints (Georgiev 2014; Ludwig-Muller
et al. 2014). As a result of concerted global research efforts
for more than three decades, hairy root has now been recog-
nized as the most proficient alternative as sources of valuable
phytomolecules of industrial demand, as it also adheres to the
commercial obligation of biosynthetic stability, cost efficien-
cy, long-term production uniformity and amenability for
scale-up cultivation in bioreactors (Ono and Tian 2011). In
recent years, a universal consensus has finally been achieved
concerning the industrial applicability of hairy root culture as
a strategic production alternative of raw materials and their
associated metabolites through the advent of a Swiss company
called ROOTec Bioactives (Talano et al. 2012). It is however
disheartening to note that the hairy root culture system is rel-
atively underutilized in B. diffusa and phytochemically the
same remained uncharted so far. Only a handful of reports
are presently available concerning the establishment of both
adventitious root culture as well as 4. rhizogenes-mediated
hairy root cultures in this plant (Shrivastava and Padhya
1995; Jenifer et al. 2012; Sahu et al. 2013), which assigns
ample scope for further studies.

In the background of this information, the present study
was undertaken to evaluate the impending competence of
the 4. rhizogenes-induced hairy root cultures of B. diffusa
relating to their biosynthetic as well as bioactivity potentials.
Generation of different strains of 4. rhizogenes-mediated in-
dividual rhizoclones followed by judicious screening and se-
lection of the elite clone(s) with best yield potential in terms of
biomass as well as boeravinone B and eupalitin accumulation
constitutes the primary research objective of the present study.
Consequent tailoring of the rate-limiting factors pertaining to
both the extraction /quantitation of the targeted molecules as
well as bioreactor scale-up procedures was also under taken to
pave the way for industrial exploitation of this system involv-
ing this universally reputed medicinal plant—B. diffitsa.

Materials and methods

Plant material and in vitro establishment

Axenic shoot cultures of B. diffusa L. were generated to serve
as explant source for hairy root (HR) induction by collecting

young nodal segments from the field-grown plant of CSIR-
CIMAP. Sterilization of the explants was done according to
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our previously reported protocol (Pandey et al. 2015), and the
cultures were established on semi-solid Murashige and
Skoog’s (Murashige and Skoog 1962) basal medium, supple-
mented with 3 % (w/v) sucrose+0.8 % (w/v) agar (Merck,
India) and (1-2 mg/l) 6-benzylaminopurine or kinetin
(Sigma-Aldrich). Individual microshoots, generated through
auxiliary bud proliferation, were excised (2.5-3.5 cm) after
4-5 weeks of culture initiation and transferred to half-
strength MS basal medium supplemented with indole-3-
butyric acid (IBA) (0.5 to 2.0 mg/l) for rooting. The rooted
plantlets were maintained through regular subculturing at 4—6
weeks intervals to serve as stock cultures for all hairy root
induction experiments. All the cultures were maintained at
25+2 °C under 16/8 h light/dark photoperiod.

Chemicals

Benzyl amino purine (BAP), IBA and kinetin (Kn) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
High-performance liquid chromatography (HPLC) grade
acetonitrile, methanol and water were purchased from
Merck (Mumbai, India). Boeravinone B and eupalitin
standards were purchased from Natural Remedies Pvt.
Ltd., Bangalore, India.

Bacterial strains used

Three strains of A. rhizogenes, viz, A4 (a kind gift from Prof.
D. Tepfer, INRA, Versailles Cedex, France), ATCC 15834 and
SA79 (kind gift from Dr. Alok Sinha, NIPGR, New Delhi,
India) were used in the present study, which were grown in
liquid YMB (Hooykaas et al. 1977) medium (ODggpnm=1.0)
following our earlier reported protocol (Pandey et al. 2014).

Induction and establishment of hairy roots

The induction of hairy roots was done using the third and
fourth leaves and apical portion of stem segments (1.0 cm in
length) of 8-week-old, in vitro-established B. diffusa plants
following standard protocol. In addition to the needle-
pricking method, immersion of the cut-ends of both leaf and
nodal explants in bacterial suspension for 10 min followed by
co-cultivation for 2—4 days on basal MS medium was also
carried out for optimizing the maximum root induction rate.
After 2—4 days of co-cultivation with the individual bacterial
strain (depending upon the manifestation of bacterial growth
on the media surface), the explants were transferred onto the
basal MS medium containing 1.0 g/l of cefotaxime (Alkem,
India) under dark conditions. Analogous explants, wounded
in similar method but without any bacterial inoculation, were
cultured under uniform conditions as controls.

The emerging HR clones were initially transferred to the
half and full strengths of semi-solid MS medium containing

3 % (w/v) sucrose to facilitate their proliferation and were
subsequently established through transferring them separately
to liquid half and full strengths of MS medium with the same
concentration of antibiotic by incubating on a rotary shaker in
the dark at 25+2 °C under constant agitation (80 rpm). The
antibiotic concentration was progressively lowered and finally
completely omitted after 8 months of establishment through
checking the total elimination of A. rhizogenes contamination.

Growth Kinetic studies and characterization

The growth properties of 20 independently generated hairy
root clones, irrespective of their strain-specific origin, were
evaluated on the basis of total root elongation (cm), lateral
branching/centimetre of primary roots and fresh weight
(FW) increment after 10 days of their cultivation in liquid
MS medium containing 3 % sucrose. On the basis of promis-
ing growth potentials, four rhizoclones were selected and were
subjected to growth performance analysis at 12 days interval
from 12 to 60 days of culture. The transformed nature of these
independently generated putative hairy root clones was con-
firmed through polymerase chain reaction (PCR) according to
the earlier published protocol (Pandey et al. 2014) using rol
gene-specific (B and C) primers.

Scaling up of hairy root culture in bioreactor

The best performing HR clone of B. diffusa (i.e. RBH) was
selected for scale-up studies in a 10 1 bioreactor (BioFlow
3000, M/s New Brunswick Scientific, USA). Since the select-
ed RBH clone was found amenable to grow as submerged
culture in liquid medium, it was cultivated in the liquid-
phase culture environments of the aforesaid bioreactor
through certain modifications following our earlier patented
procedure (Banerjee et al. 2003). In short, the presently opti-
mized amendments mainly included incorporation of (i) an
autoclavable nylon mesh support, tightened to the central shaft
of'the glass culture vessel for providing anchorage to the roots;
(i1) two standard ring spargers at both sides of the central
nylon mesh and (iii) with or without two marine impellers.
Basically, for the cultivation of the selected RBH rhizoclone
of B. diffusa, the bioreactor has been modified to give the
configurations of either a bubble-column reactor (without
any impeller) with two standard ring spargers at both sides
of the central nylon mesh or that of a modified “stirred-tank”
reactor through employing dual spargers on either side of the
central support mesh and two marine impellers, placed at 3—
4 cm above these two spargers on each side of the central
support.

The impeller speed was kept constant at 75 rpm after an
initial wait of 5 days to allow proper anchorage of the inocu-
lated roots on the mesh surface. Sterile gas from an air pump
was added using a flow meter after passing through an air
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filter (Whatman USA; 0.22 pum) to obtain regulated mixing
and aeration (2.5 I/min) during the entire run period. The pH
and temperature of the cultures (maintained at 5.8 and 25 °C,
respectively) were monitored by connecting a pH electrode
and temperature sensor to the bioreactor. The initial inoculum
(10.23+1.3 g FW) of RBH hairy root clone was inoculated in
the bioreactor containing 4 1 of half-strength MS medium.
Biomass accumulation was monitored by fresh and dry weight
determinations after 48 days of cultivation.

Quantification of metabolites by HPLC

The biosynthetic potentials of two independent HR clones of
B. diffusa (i.e. RBH of A4 origin and RBT8 of ATCC 15834
origin) and control roots from in vivo-grown plants (>2 years
old) were analyzed through quantification of two targeted me-
tabolites (boeravinone B and eupalitin) using reverse phase
HPLC (RP HPLC) (Waters Corporation, USA). The RP
HPLC conditions were optimized for accurate quantification
of these two metabolites using C18 column (250x4.6 mm,
Waters) following certain modifications of an earlier reported
protocol (Pandey et al. 2015). Concisely, the mobile phase
consisted of solvent A as acetonitrile and solvent B as water
(75:25) in isocratic elution mode with flow rate of 0.8 ml/min.
All the extracts and standard stock solutions were prepared
and purified according to our previously reported method
(Pandey et al. 2015). The injection volume and detector wave-
length were 15 ul and 274 nm, respectively. The identifica-
tions of the targeted compounds in the samples were done by
comparing their UV absorbance and retention time with that of
the authentic standards. Quantitative analyses of boeravinone
B and eupalitin were based on their respective calibration
curves.

Biological activity
Estimation of antioxidant enzymes

Fresh control roots from in vivo-grown plants (>2 years old)
and RBH clone of B. diffusa (200 mg) were powdered in
liquid nitrogen and homogenized in 1.2 ml of 0.2 M potassium
phosphate buffer (pH 7.8 with 0.1 mM EDTA). The homog-
enate was centrifuged at 15,000% g for 20 min at 4 °C, and the
supernatant was collected and preserved at 4 °C for further
use.

Ascorbate peroxidase (APX) activity was estimated ac-
cording to the method of Nakano and Asada (1981) with some
modifications. A gradual decrease in optical density at 290 nm
was observed and noted for 3 min. In brief, 250 ul of the
reaction cocktail was containing 50 mM potassium phosphate
buffer (pH 7.0), 0.5 mM ascorbate, 0.5 mM H,0, and 5 pl of
the root homogenate. Results were expressed in terms of mil-
limolar of ascorbate/min/g FW, which was calculated with the
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help of extinction coefficient of 2.8 mM/cm for reduced
ascorbate.

The amount of catalase enzyme was quantified by the
method of Aebi and Lester (1984) with slight modifications
which is based on the principle of breakdown of H,0,.
Decrease in absorbance at 240 nm for 3 min was observed
and recorded with UV/vis spectrophotometer (Spectramax
Plus 384 with Softmax pro v 5.3 software—Molecular Device
Corp, USA). For the catalase estimation, 300 pl of assay mix-
ture containing 5 pl of root extract, 50 mM potassium phos-
phate buffer (pH 7.0) and 10 mM H,0, solution was dis-
pensed in microplate and the absorbance was recorded. The
results were expressed in terms of mM of H,O,/min/g FW,
which was calculated with the help of molar extinction coef-
ficient of H,O, (40 mM/cm at 240 nm).

The estimation of superoxide dismutase (SOD) is based on
the ability of enzyme to inhibit the autoxidation of pyrogallol
in the presence of EDTA in the pH range from 7.9 to 10.6
(Marklund and Marklund 1974). The reaction mixture
(300 wl) containing 280 pl of 50 mM phosphate buffer
(pH7.9) with 1 mm of EDTA was taken and mixed with
10 pl of pyrogallol (2 mM), and the increase in absorbance
was recorded for 5 min at 420 nm. The 50 % inhibition cor-
responds to 1U of superoxide dismutase and it is expressed as
unit per milligram of fresh weight of extract.

Non-enzymatic antioxidant activity

The total phenolic content in the extracts of B. diffiisa RBH
hairy root clone and control roots from in vivo-grown plants
(>2 years old) was determined using the method of Singleton
and Rossi (1965) and expressed in terms of gallic acid equiv-
alence (Lugman et al. 2012).

The total flavonoid content was determined using a spec-
trophotometric method as described by Meda et al. (2005).
The extracts were added at different concentrations (10, 25,
50, 100 pg/ml) to 10 % AICl; and 1 M potassium acetate
followed by the recording of the optical density at 415 nm.
The total flavonoid content was determined using a standard
curve with quercetin as the standard, and the results were
expressed in terms of quercetin equivalent (Ahmad et al.
2014).

The free radical scavenging activity of RBH hairy root
clone and control roots from in vivo-grown plants (>2 years
old) was determined with 2,2-diphenyl-1-picrylhydrazyl
(DPPH) according to the method of Chung et al. (2002).
Different concentrations (10, 25, 50, 100 pg/ml) of extracts
were added to 100 mM Tris-HCI buffer (pH 7.4) and
500 uM of DPPH. The reaction cocktail was incubated
for 30 min in the dark at room temperature, and the absor-
bance was measured at 517 nm against a buffer blank. The
scavenging potential was calculated with respect to control
and expressed in percentage.
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Antibacterial activity

The antibacterial activity of CHCl;, EtOAc and MeOH extracts
of RBH hairy root clone and control roots from in vivo-grown
plants (>2 years old) was determined against Gram positive
(Staphylococcus aureus, Streptococcus mutans) and Gram neg-
ative (Escherichia coli and Pseudomonas aeruginosa) bacteria,
according to the method described by Lugman et al. (2008).

Anti-inflammatory activity

The effect of MeOH extract of RBH hairy root clone and
control root from in vivo-grown plants (>2 years old) was
applied on the production of pro-inflammatory markers i.e.
pro-inflammatory cytokines (TNF-oc and IL-6) and nitric ox-
ide. The quantification of pro-inflammatory cytokines through
ELISA from cell culture supernatant was carried out as per the
method described by Singh et al. (2014), and the levels of
nitric oxide production in the supernatant were carried out
according to a previously reported method (Sharma et al.
2014).

Statistical analysis

The values were expressed as mean+SD of three independent
tests in duplicates (n=3). The mean, SD and Pearson’s coef-
ficients were calculated with the help of MS Office Excel
version 2007. The Welch's corrected ¢ test was used for the
antioxidant activities to compare the enzymatic activity of
RBH clone to normal root as calculated in GraphPad Instat
version 3.06. The anti-inflammatory data were also expressed
as mean+SEM and analyzed statistically using GraphPad
Prism 4. ANOVA followed by Tukey’s multiple comparison
test was used to assess the statistical significance of
unstimulated vs LPS-stimulated cells as well as vehicle-
treated stimulated cells vs extract treatment-stimulated cells.
Differences with a p value of <0.05 were considered
significant.

Results

The establishment of protocol for rapid in vitro multiplication
of B. diffusa L. through auxiliary bud proliferation seemed an
essential prerequisite to execute genetic transformation stud-
ies. A maximum of 4.5+0.5 shoots was produced from a
single nodal segment of field-grown plant after 4 weeks of
transfer to MS medium supplemented with 1.0 mg/l BAP
(data not shown). The maximum number of root formation
was observed with half-strength MS medium supplemented
with 1.0 mg/l IBA, which resulted into the establishment of
complete plantlets to be used as explant source for the genetic
transformation studies.

Induction and establishment of hairy roots

The influence of three different strains of 4. rhizogenes, name-
ly A4 ATCC 15834 and SA79, in inducing hairy roots on the
stem segments and leaf explants of B. diffisa was investigat-
ed. Only the leaf explants of B. diffiisa showed susceptibility
towards A. rhizogenes-mediated hairy root induction where
roots emerged after 4 weeks of inoculation (Fig. 1a, b), while
the stem segments failed to reveal any result even after the
addition of acetosyringone. The transformation frequency in
B. diffusa differed amongst the tested strains, and the maxi-
mum root induction was noted with the ATCC 15834 strain
(46.82+1.2 %), which was moderately higher than that with
the A4 strain (42.31+2.14 %), while the SA79 strain revealed
the minimum (21.03+3.1 %) root induction frequency
(Fig. le).

In addition to the observed bacterial strain preferentiality
and explants’ specificity, the applied method of wounding as
well as the duration of co-cultivation has also been found to
impact the overall hairy root induction process in B. diffisa.
As opposed to the needle-pricking method, the immersion of
cut-ends of leaf explants in bacterial suspension for 10 min
followed by 2 days of co-cultivation was found most ideal for
achieving the maximum root induction frequency in
B. diffusa, and threefold higher root induction frequency could
be obtained regardless of the bacterial strains used (Fig. 1a, b).

Growth kinetics analysis and confirmation of Rol genes
through PCR

The morphology and the growth behaviour of the induced
hairy root clones originating through different bacterial strains
were found to differ significantly, and the maximum growth
potential (i.e. root elongation+lateral branching) was ob-
served amongst four hairy root clones out of 20 individually
generated rhizoclones, irrespective of their strain specific ori-
gin (Fig. 2), which were subjected to growth performance
analysis. Two hairy root clones of A4 (RBH) and ATCC
15834 (RBT®8) origin demonstrated higher growth potential
as compared to two other clones of ATCC 15834 (RBT3)
and SA79 (RBSA1) origin and accumulated maximum bio-
mass (i.e. GI 722.5+£18.45 and 483.5+£17.83 FW respectively)
on the 48th day of culture in half-strength liquid MS medium
(Fig. 2). Then again, the last two clones (i.e., RBT3 and
RBSA1) attained their maximum growth (i.e. GI 160.5+
16.3 and 94.5+6.93 FW respectively) on the 36th day of cul-
ture in the same medium (Fig. 2).

The maximum lateral branching, root elongation and rapid
multiplication in liquid medium could be obtained with the
RBH clone of A4 origin (Fig. 1c, d) followed by the RBT8
clone of the ATCC 15834 bacterial origin, which were select-
ed for further studies concerning their potential to synthesize
the two targeted metabolites (i.e. boeravinone B and eupalitin)
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Fig. 1 Induction and establishment of hairy roots in B. diffusa with
different strains of 4. rhizogenes. a, b Hairy root emergence at the cut
ends with the (a) ATCC 15834 and (b) A4 strain respectively. ¢ Best
elongation and lateral branching in a selected HR clone (RBH) of A4

at the optimum growth phase (48 days of culture) with respect
to that in the control roots of field-grown plants (>2 years old).
PCR analysis revealed the presence and expression of the rol
B and ro/ C genes (Fig. 3a, b) in all the four selected
rhizoclones of B. diffusa, indicating the integration of the Ri
T-DNA as against their absence in the control roots.

Quantification of secondary metabolites

The RP HPLC-based quantitative analysis of the crude meth-
anol, chloroform and ethyl acetate extracts of untransformed
control roots of field-grown plants and the two hairy root
clones (RBH and RBTS) with respect to the standard eupalitin
and boeravinone B revealed the best resolution at 274 nm with

800 -

—+—RBH —#—RBT3 RBTS ——RBSAl

700 -
600 -
500 -
400 -
300

Growth index (% FW)

200 -
100 -

12 24 36 48 60
Time (Days)

Fig. 2 Growth index (% FW) of four selected HR clones of different
bacterial origin at different time intervals (RBH=A4; RBT3 and
RBT8=ATCC 15834; RBSA1=SA79). The values are means of
three replicates+SD
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origin. d Successful establishment of RBH rhizoclone in half-strength
liquid MS medium. e Specific transformation frequency with individual
A. rhizogenes strain relating to leaf explants (magnification (a—d)=1 cm)

the retention time of 4.019 and 4.574 min respectively, which
remained consistent to that of the standard boeravinone B and
eupalitin (Fig. 4a, b), having peak purity of >98 %. Ethyl
acetate demonstrated better extractability in case of
boeravinone B, whereas methanol showed best results relating
to eupalitin (Fig. 5). An improved accumulation of
boeravinone B could be noted in the untransformed control
root extracts in comparison to that in both the hairy root clones
at their 48th day of cultivation (Fig. 5). The highest yield of
boeravinone B (0.027+£0.001 mg/g DW) could be obtained
from the ethyl acetate extract of the untransformed control

762bp

500bp

539bp

500bp

Fig.3 PCR confirmation of 7o/ genes expression in different rhizoclones
of B. diffusa. a rol B=762 bp. b rol C-539 bp (M marker (1 kb plus—
Fermentas), CR control root, / RBH, 2 RBT3, 3 RBTS8, 4 RBSA1 clones)
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roots of field-grown plants, which was ~5 times higher than
that in either of the two rhizoclones (extracted with the same
solvent) at their maximum levels of synthesis (Fig. 5). On the
contrary, both the rhizoclones demonstrated enhanced produc-
tion of eupalitin over that in the untransformed control root,
and amongst the two, the RBH rhizoclone demonstrated the
higher accumulation of the same, which was 1.44 times great-
er than that in the control root (Fig. 5).
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Fig. 5 Content of eupalitin and boeravinone B in 48-day-old rhizoclone
(RBH and RBTS) of B. diffusa with respect to control roots (>2 years
old), extracted with three different solvents. The values are the means of
three replicates+=SD

Scaling up of selected rhizoclone in bioreactor

In view of the fact that the selected RBH hairy root clone of
B. diffusa was amenable to grow as submerged culture in
liquid medium (Fig. 1d), it was cultivated in a modified 10 1
bioreactor (BioFlow 3000, M/s New Brunswick Scientific,
USA), fitted with a central nylon mesh to provide anchorage
(Fig. 6a, b); and parameters, such as presence or absence of
impeller, position of sparger, airflow rate and impeller speed,
were optimized through independent batch cultures following
our earlier patented procedure (Banerjee et al. 2003).

The growth of the hairy roots was too little (3.8-fold in FW)
in the bubble-column reactor since the hairy roots formed
intertwined clusters at isolated places in this configuration
during the present study. On the contrary, the modified
stirred-tank reactor of the present study equipped with central
nylon-mesh support, marine impellers and standard ring
spargers facilitated high-density culture of the RBH hairy root
(Fig. 6b, ¢) with the best biomass yield (GI=730.49+10.89),
which was moderately superior to that noted in the 250-ml
shake flasks (GI=721.67+17.21). This result not only indi-
cates the effectiveness of the presently optimized process but
also calls for further optimization to boost up the biomass
accumulation.

The RP HPLC-based quantitative analysis of boeravinone
B and eupalitin in the crude ethyl acetate extracts of untrans-
formed control root and the RBH hairy root clone in both
shake-flask and 10 1 bioreactor indicated almost 6.1-fold
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Fig. 6 Up-scaling of the RBH
rhizoclone of B. diffusa in
bioreactor. a Bioreactor setup of
BioFlow 3000 (with 10-1
capacity—M/s New Brunswick
Scientific, USA). b Biomass
enhancement after 48 days of
cultivation in half-strength MS
medium. . (The arrow indicates
the position of the nylon mesh,
incorporated for the anchorage
and distribution of HR mass). ¢
Root mass accumulation at
harvesting

enhancement in the boeravinone B content in the bioreactor-
grown culture compared to the shake flask culture, which even
marginally (1.11-fold) superseded the yield in the control
roots (Table 1). Likewise, compared to shake flask, the yield
increment of eupalitin in the RBH clone was also enhanced by
1.15-fold through bioreactor up-scaling, which was 2.38-fold
higher over that in the control roots (Table 1).

Biological activity assay

The biological activity of the selected RBH rhizoclone of
B. diffusa was evaluated on the basis of enzymatic/non-
enzymatic antioxidant levels, antimicrobial efficacy and anti-
inflammatory potential compared with that of the untrans-
formed control roots of field-grown plant.

Enzymatic antioxidant activity

Evaluation of enzymatic antioxidant levels (i.e. SOD and
CAT) in the selected RBH rhizoclone of B. diffisa revealed
1.79- and 1.41-fold higher SOD and CAT activities respective-
ly with reference to the same in the control roots (Table 2).
Contrarily, the APX level was found significantly higher

Table 1
field-grown control roots

(8.95-fold) in the control roots over that in the RBH
rhizoclone (Table 2).

Non-enzymatic antioxidant activity

Amongst the different tested extracts, the EtOAc extract of
control root revealed the highest amount of phenolic com-
pounds (16.63+0.120 GAE), whereas its maximum level in
the RBH hairy root clone (7.93+0.33 GAE) could be obtained
in the CHCIj; extract at 100 pg/ml concentration (Fig. 7a). The
extracts of B. diffusa RBH HR clone and control root were
also analyzed relating to total flavonoid content which showed
similar trend of higher flavonoid content at 100 pug/ml con-
centration in the EtOAc extract (20.7+0.87 QE) of control
root (Fig. 7b). On the other hand, the RBH hairy root clone
showed its highest total flavonoid content (8.15+0.24 QE) in
MeOH extract (Fig. 7b).

All the tested extracts of B. diffitsa control root and RBH
hairy root clone demonstrated significant radical scavenging
(DPPH) properties (Fig. 7c). The MeOH extract of control
root demonstrated highest scavenging potential of 97.91+
1.06 % at 100 pg/ml concentration. Amongst the RBH hairy
root extracts, the CHCIl; extract exhibited the best DPPH

Comparative amounts of the targeted metabolites in the Erlenmeyer flask- and bioreactor-grown cultures of RBH clone with respect to the

Metabolites Bioreactor (10 1) Flask (250 ml) Control root Fold increase Fold increase

(mg/g DW) (48 days) (48 days) (>2 years) (bioreactor vs flask) (bioreactor vs control)
Boeravinone B 0.0299+0.0015 0.0049+0.0009 0.027+0.001 6.1 1.11

Eupalitin 0.0031+0.001 0.0027+0.0002 0.0013+0.0004 1.15 2.38
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Table 2 Comparative enzymatic antioxidant activity in control root
and RBH clone of B. diffusa

Parameter Control root Hairy root
1 Superoxide dismutase (SOD) 0.90+0.07 1.61+0.01
2 Catalase 1.05+0.01 1.48+0.18
3 Ascorbate peroxide (APX) 5.10+£0.20 0.57+0.27

Units: SOD, U /mg of FW of tissue; catalase, pmole of H,O, FW of
tissue; APX, mM/min/g of tissue
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radical scavenging potential with percent inhibition of 91.50+
0.60 at the same concentration (Fig. 7¢).

Antibacterial activity

The magnitude of inhibition differed amongst the different ex-
tracts (MeOH, CHCl; and EtOAc) used with EtOAc proving
superiority to others (Fig. 8). The zone of inhibition (ZOI)
pertaining to the responding extracts ranged from 2 to 7 mm
at concentration of 100 pg/disc (Fig. 8). All the tested extracts
of control and RBH hairy root clone showed inhibitory activity
against Staphylococcus aureus. Noticeably, in the case of
S. aureus, the EtOAc extracts of RBH clone showed maximum
growth inhibition (7 mm ZOI) followed by the same solvent
extract of the control roots (6 mm ZOI). On the other hand, the
EtOAc extract of control and RBH clone showed comparable
inhibition against Streptococcus mutans and Pseudomonas
aeruginosa (Fig. 8). In the case of Escherichia coli, both the
RBH clone and control roots in all the tested solvents showed
effective growth inhibition (2-7 mm ZOI) with the highest
activity in the CHCI; extract of control root (Fig. 8).

Quantification of pro-inflammatory mediators

In an attempt to evaluate the potential of the selected RBH
rhizoclone pertaining to this specific function, the production
of pro-inflammatory cytokines (TNF-c, IL-6) and nitric oxide
(NO) was analyzed. The levels of TNF-«, IL-6 and NO were
significantly (p<0.05) increased in LPS-stimulated cells com-
pared to the un-stimulated control cells. The MeOH extracts of
RBH hairy root clone and control root exhibited significant
(»<0.05) inhibition of pro-inflammatory cytokines (Table 3)
and NO (Fig. 9) production when compared with vehicle-
treated LPS-stimulated cells. When the anti-inflammatory

B.S. aureus B.S. mutans WE. coli B P. aeruginosa
7 4 I
£
£s
=
= 4
=
g 3 i
L
§ 2
N
1 4
0
HR CR HR CR HR CR
CHCl, EtOAc MeOH

Fig. 7 Estimation of the antioxidant potential of the RBH rhizoclone
(HR) of B. diffisa in a dose-dependent manner in comparison to that in
the control roots (CR), extracted with three different solvents. a Total
phenolics. b Total flavonoids. ¢ Free radical scavenging (DPPH)
activity. (The values are mean+SD of three independent experiments in
replicates at each concentration)

Fig. 8 Antibacterial activity of the RBH rhizoclone (HR) of B. diffusa
against pathogenic Gram-positive (Staphylococcus aureus, Streptococcus
mutans) and Gram-negative (Escherichia coli and Pseudomonas
aeruginosa) bacteria in comparison to that in the control roots (CR),
extracted with three different solvents. The values are the means of
three replicates=SD
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Table 3  Effect of MeOH extract of control root (CR) and RBH hairy
root (HR) on pro-inflammatory cytokine production in LPS-induced
inflammation in macrophage cells

Treatment Dose (png/ml) Pro-inflammatory cytokines (pg/ml)
TNF-oc IL-6
(mean+SE) (mean+SE)
Basal - 22.4242.30 351.33+8.99
Vehicle - 186.42+5.81% 1246.00+25.24°
CR 10 158.17+9.39 1084.33+37.86
100 121.92+5.25° 840.00+17.58°
HR 10 121.92+5.25° 856.33+58.85°
100 65.00+10.18° 381.67+34.33°

Data are expressed as mean+=SEM; p<0.05
 Basal vs vehicle
® Vehicle vs treatment, n=3

activity of root extracts was compared, the RBH clone
displayed higher potential compared to that of the control root.

Discussion
Induction and establishment of hairy roots

Seeing that A. rhizogenes strain specificity together with plant
genotype and explants factors has played a crucial role in
determining the overall success of the underlying transforma-
tion events (Ooi et al. 2013), premeditated optimization of
such decisive factors seemed realistic to reap the best advan-
tage of applying this hairy root technology in B. diffusa. The
presently observed exclusive susceptibility of leaf explants
and total failure of stem segments towards A. rhizogenes-me-
diated hairy root induction contradict the earlier findings of

60 -
@10pg/ml
50 A
@100pg/ml

40

30 -

NO (uM)

20 A

10 A

Basal Vehicle CR HR

Fig. 9 Effect of methanol extracts of RBH clone relative to the control
roots (>2 years old) on nitric oxide (NO) production in cell culture. Data
are expressed as mean+=SEM; p<0.05; #basal vs vehicle; *vehicle vs
treatment, n=3. CR control root, HR hairy root
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Sahu et al. (2013, 2014), who have demonstrated notable sus-
ceptibility of intermodal segments of in vivo-grown B. diffusa
plants towards the peak limit of hairy root induction. The
disparity in the maturity levels of the utilized explants could
be one of the causes for the observed difference in suscepti-
bility of the nodal segments, as the maturation status of ex-
plants predominantly impacts the availability of functionally
competent cells (as well as their internal hormonal levels),
which essentially serve as ideal targets for hairy root induction
(Potrykus 1990).

The currently documented preferentiality of B. diffitsa leaf
explants towards the three selected 4. rhizogenes strains reit-
erates earlier observations where the transformation efficien-
cies of the ATCC 15834 and A4 strains have differed accord-
ing to the plant system under study, and both their supremacies
as well as failures have been documented earlier (Fu et al.
2005; Ooi et al. 2013; Setamam et al. 2014). In tandem, the
prevailing lesser compatibility threshold of the SA79 strain
towards B. diffusa substantiated a previous report involving
Catharanthus roseus (Batra et al. 2004). However, higher vir-
ulence of the SA79 strain over other A. rhizogenes strains
including the A4 could also be noted in case of Bacopa
monnieri (Bansal et al. 2014) contradicting our present obser-
vation. Host plant-specific receptiveness towards designated
A. rhizogenes strain, in combination with the compatibility
threshold of certain explants, might primarily be accountable
for the presently observed trend, which has already been ex-
emplified in several earlier studies (Zehra et al. 1999;
Akramian et al. 2008; Roychowdhury et al. 2013).

The presently noted better outcome of the cut-end immer-
sion technique of leaf explants in bacterial suspension as op-
posed to the conventionally used needle-pricking method
clearly indicated that apart from the recognized bacterial strain
and explant specificities, the applied method of wounding
with the co-cultivation duration can exert a controlling influ-
ence on the overall hairy root induction process in B. diffitsa.
The requirement of an accurate time duration and optimum
cell surface area for maximum interaction with metabolically
active cells and unsuppressed signal transduction leading to T-
DNA transfer/integration necessitates optimization of
wounding process and co-cultivation duration, which have
already been highlighted earlier in several instances (Swain
et al. 2012; Bansal et al. 2014).

Growth kinetics analysis

The observed range of morphological and growth behaviour
diversities in the ensuing hairy root clones has offered the
privilege of selecting four promising hairy root clones out of
20 individually generated rhizoclones, irrespective of their
strain-specific origin. The prevalence of intra-clonal diver-
gence has further facilitated the selection of two best
performing rhizoclones of A4 (RBH) and ATCC 15834
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(RBTS) origin, demonstrating higher growth potential as com-
pared to the two other clones of ATCC 15834 (RBT3) and
SA79 (RBSA1) origin. Such observation has yet again reiter-
ated the unanimously acknowledged fact that differential in-
teraction of the Ri T-DNA with the host plant genome, in
parallel with the variance in integration sites and copy num-
bers, imparts enormous chance of generating variability with-
in the resultant rhizoclones in terms of growth and productiv-
ities (Roychowdhury et al. 2013). Strategic screening and se-
lection have ultimately proved to be genuinely realistic for
making a choice amongst the cream of the crop to fulfil the
entire purpose of generating functionally eminent, elite hairy
root clone in B. diffusa.

Quantification of secondary metabolites

The RP HPLC-based quantification of eupalitin and
boeravinone B contents in the two selected hairy root clones
(RBH and RBTS) of B. diffusa has not only revealed their
potential to synthesize both the molecules of therapeutic sig-
nificance but also proved superior to control roots of field-
grown plants in terms of eupalitin production, which signifies
the future bearing of the present study in terms of anticancer
drug development since eupalitin has already proved effica-
cious as an anticancer molecule for treating human colorectal
tumour cells (Ghalib et al. 2013).

Scaling up of selected rhizoclone in bioreactor

Typically, growing the three dimensional structure of hairy
roots in the containment of bioreactors under defined condi-
tions reflects the need of optimizing a combination of factors
to achieve competitive performance (Stiles and Liu 2013).
Most of these factors are principally governed by certain tech-
nical issues that entail serious challenges and require special
attention to comply with the changeable specifications which
inadvertently differs from plant to plant owing to the variable
morphology and textures of the resultant hairy roots (Eibl and
Eibl 2008; Georgiev 2014).

On the basis of the observed amenability of the selected
RBH hairy root clone to grow as submerged culture in liquid
medium, the optimization of the bioreactor up-scaling param-
eters was carried out in a modified 10 1 bioreactor at two
different modes, i.e. either a bubble-column reactor (without
any impeller) or a modified stirred-tank reactor with dual
spargers and marine impellers, which has evidently demon-
strated the better performance of the latter in terms of root
biomass yield, while the former revealed poor root-yielding
threshold. The formation of intertwined clusters of root mass
at isolated places within the reactor vessel can account for the
presently perceived inferior biomass production during up-
scaling in the bubble-column reactor, which also corroborated
the earlier finding where conventional bubble-column reactor

design failed to deliver positive result involving Azadirachta
indica hairy roots (Srivastava and Srivastava 2013). Such un-
satisfactory performance might be due to inadequate fluid
mixing and oxygen mass transfer limitations as observed un-
der several other instances (Stiles and Liu 2013).

Conversely, the efficiency of the presently optimized mod-
ified stirred-tank reactor of the present study (equipped with
central nylon mesh support, marine impellers and standard
ring spargers) became strongly evident as it not only facilitat-
ed high-density biomass growth of the RBH hairy root clone
but also elevated the production of both boeravinone B and
eupalitin to surpass their levels of the same in the shake flask-
grown cultures as well as in the control roots of the >2-year-
old field-grown plants. Good fluid mixing, adequate oxygen
transfer and low shear stress might be the contributing factors
for such enhanced biomass and metabolite accumulations in
the presently modified bioreactor, because optimization of
these parameters has been designated as essential prerequisite
in many instances for improving the yield potentials of hairy
roots in an optimized bioreactor environment (Stiles and Liu
2013).

In the present scenario, the credit can be attributed to the
combined use of the marine impellers and the spargers, which
functioned optimally in agreement with our earlier findings
(Banerjee et al. 2003). The marine impellers ensured suitable
oxygen mass transfer at high root-grown areas through its
axial flow generation pattern without causing detrimental
shear damage because of its low shear stress level (Zhong
et al. 1994). Moreover, the presently adopted improvisation
technique of supplying air through the spargers and at the
same time prevention of bubbles from coalescing owing to
the presence of the marine impellers proved highly effective
for surpassing the performance of the shake flask cultures as
demonstrated ecarlier (Banerjee et al. 2003). Literature survey
corroborates the present findings by revealing the successful
use of either polypropylene mesh or perforated Teflon mesh as
a support for anchorage of roots in different types of reactors
including bubble-column or stirred-tank reactors of 3-1 capac-
ity for hairy root cultivation (Srivastava and Srivastava 2013;
Patra and Srivastava 2014). Noticeably, the present study re-
ports the optimization parameters in a 3.3 times bigger volume
bioreactor imposing additional challenges of mass transfer
limitations pertaining to O, and nutrient supply at higher
root-growing areas. Overcoming this bottleneck through the
use of the marine impellers and spargers at specific position
(even within the root growing zone) without causing any shear
damage highlights the significance of these observations
which can be implemented for commercial advantages.

Biological activity

The biological activity potential of the selected RBH
rhizoclone of B. diffiisa was analyzed to ascertain its worth
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in comparison to that of the control roots of field-grown plant.
B. diffusa is also recognized by its vernacular name of
“Punarnava”, the meaning of which in Sanskrit to English
translation signifies its therapeutic potential as it symbolizes
the plant “which rejuvenates the body” (Awasthi and Verma
2006). The “rejuvenation” power of any plant system has
shown a direct bearing on its “antioxidant-making” efficiency
(Matkowski 2008). Hence, the antioxidant activity of the pres-
ently established RBH rhizoclone of B. diffusa was deter-
mined to comprehend its healing merit in the background of
the control roots, which is otherwise widely renowned for
such functions (Mishra et al. 2014).

Enzymatic antioxidant activity

The overproduction of SOD and CAT and decreased level of
APX in the RBH clone as compared to control root (»<0.05)
indicate better antioxidant utility of the presently raised
rhizoclone, which might have happened due to Ri T-DNA-
induced activation of ROS signalling cascade (Allen et al.
1995). B. diffusa leaves are also testified to have noticeable
SOD and catalase activities as documented earlier (Premkumar
et al. 2010).

Non-enzymatic antioxidant activity

A considerable augmentation of free radical scavenging activ-
ity was evident in the extracts of B. diffusa in a concentration-
dependent mode. In accordance to the proven facts that the
most important exogenous antioxidants are normally rich in
polyphenols and flavonoids (Larson 1988; Berger 2005), the
tested extracts were also found to contain high amounts of
phenolic and flavonoid group of molecules which might sup-
port the antioxidant potential of B. diffitsa extracts with corre-
lation coefficient value from 0.04 to 0.88. Comparatively low-
er amount of total phenolics in the RBH clone of B. diffiisa
over that of the control roots can be attributed to the matura-
tion levels of the two (as the hairy root was 16.2-fold lower
age) as well as the influence of environmental factors. The
DPPH scavenging activity of the RBH hairy root clone is
comparable to that of control roots of field-grown plant, which
also substantiates an earlier report showing noticeable DPPH
scavenging activity of B. diffusa normal root (Khalid et al.
2011).

Antibacterial activity

There are only a handful reports available regarding the anti-
bacterial activity of B. diffiisa root extract (Mishra et al. 2014).
Different solvents have been used to screen the antibacterial
property of both root and aerial parts of B. diffusa with vari-
able results involving both Gram-negative and Gram-positive
bacteria (Murti et al. 2010; Ramachandra et al. 2012; Malhotra
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et al. 2013; Sahu et al. 2013). Enhanced antimicrobial activity
of RBH hairy root clone than that of its control roots against
S. aureus has corroborated a previous report demonstrating
better performance of Maytenus senegalensis hairy roots than
the control roots against the same bacterium (Jain et al. 2008).
Apparently, no direct correlation could be established between
the presently measured metabolite contents and the antibacte-
rial potentials of either of the control or hairy root clone.
However, since the reported effectiveness of B. diffiisa’s use
as an adjuvant to chemotherapy on pulmonary tuberculosis
has generated renewed interest in novel activities of this plant
(Kant et al. 2001), the better or comparable antibacterial effi-
cacy of the RBH clone of B. diffusa than that of its control
roots (15.21 times older) against S. aureus, Streptococcus
mutans and P. aeruginosa for the first time unearthed new
possibilities, expanding the scope of such hairy root’s appli-
cation in generating new remedy involving other pathogenic
bacteria.

Anti-inflammatory activity

Pro-inflammatory mediators, namely TNF-«, IL-6 and NO in
LPS-induced macrophages, are known to have profound ef-
fects on the regulation of immune reactions, haematopoiesis
and inflammation (Christiaens et al. 2008). Several inflamma-
tory mediators are induced by oxidative stress. This study, to
the best of our knowledge, provides the first clue that the RBH
extracts of B. diffusa exhibit superior anti-inflammatory activ-
ity than the control roots by inhibiting the production of pro-
inflammatory mediators in LPS-induced inflammation in
macrophages. The overproduction of these cytokines has been
implicated in the pathogenesis of many disease processes in
mammals. The control of macrophage overproduction of these
mediators should greatly facilitate the treatment of many
inflammation-linked diseases (Shishodia and Aggarwal
2006). The selected B. diffusa rhizoclone can therefore be
regarded as a suitable substitute of the field-grown roots which
can perpetuate the potential to rejuvenate the cells by deceler-
ating oxidative stress and inflammation. B. diffitsa normal root
extracts have earlier been noted to exhibit anti-inflammatory
activity as well (Mehrotra et al. 2002; Manu and Kuttan 2009).

Conclusions

What is noteworthy of our present overall findings is that the
biosynthetic potential and the bioactivity profile of the
established hairy root clones of B. diffitsa parallel that of con-
trol roots of field-grown plants with 15.21-fold time saving.
Besides circumventing the limitations of production instabil-
ities owing not only to the environmental/seasonal/pathologi-
cal constrains but also to the obligation of prolonged growth
requirement (>2 years), the currently developed rhizoclones of
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B. diffusa for the first time endorsed its practical utility relating
to the synthesis of two therapeutically significant high-
demand bioactive molecules bearing immense potentials in
future drug development. To the best of our knowledge, this
study also provides the first evidence of superior anti-
inflammatory activity of the hairy root extracts compared to
that of the control roots, indicating its potential to rejuvenate
the cells by decelerating oxidative stress. The current strategi-
cally tailored protocols further ascertained improvements in
the synthesis of the two targeted molecules through efficient
up-scaling in bioreactor, which added much commercial merit
to this study in view of the contemporary HR-based commer-
cial venture in the name of Rootec® (Talano et al. 2012). In
view of the credible assertion of the stability of hairy root
cultures in sustaining long-term productivity of desired me-
tabolites along with settlement of cost-related concerns as
documented recently (Pandey et al. 2014), the present findings
bear distinctive significance to sustain the boosted demand of
this time-honoured medicinal plant for future drug develop-
ment in the years to come.
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