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Abstract Agrobacterium rhizogenes-transformed hairy
root somaclones (rhizoclones) and regenerated shoots of a
rare medicinal herb, Hybanthus enneaspermus (L.) F.
Muell. were investigated as a source of coumarin. Trans-
formed nature of rhizoclones was verified by PCR ampli-
fication of rolA-B and mas2 genes. Clonal fidelity among
rhizoclones was revealed by RAPD analysis exhibiting
DNA monomorphism. Of a total of 104 rhizoclones of A4
origin and 76 rhizoclones of 8196 origin, a sample of 16
PCR tested clones was selected for shoot regeneration
including eight clones pertaining to each strain type on the
basis of sustained root growth index. Opine gene expres-
sion was demonstrated in rhizoclones and regenerated
shoots. Inter-rhizoclonal variations with respect to biomass
proliferation and coumarin content were evident. HPLC-
tested coumarin accumulation was ca. threefold higher in
the superior rhizoclone of A4 origin (A4-HRL-2B7) com-
pared to that in natural roots. Transformed leafy shoots
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derived from A4-HRL-2B7 had the maximum coumarin
content (3.25 mg g~ ' d.wt. extract) which was signifi-
cantly higher than that of in natura aerial part samples.
Genetic stability of selected fast-proliferating rhizoclones
and their respective in vitro shoot regenerants in terms of
RT-PCR based expression of ro/lB and rolC genes and
coumarin content was sustained through 16 successive
multiplication cycles. This investigation ushers the possi-
bility of harnessing the genetically stable biosynthetic
potential of hairy root clones and transformed shoot
regenerants of H. enneaspermus in vitro towards sustain-
able production of coumarin and other medicinally
important phytochemicals.
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Introduction

Hybanthus enneaspermus (L.) F. Muell. (Family—Vio-
laceae) is a small suffrutescent perennial herb native to a
few warmer regions of India. The plant grows 15-30 cm in
height with many diffuse or ascending branches and is
pubescent in nature (Kirtikar and Basu 1991). In Ayurveda,
the most ancient Indian Traditional System of Medicine,
the plant is known as ‘Madanmastak’ whose roots are
traditionally used as an aphrodisiac in cases of erectile
dysfunction and sterility in men. It is also used as demul-
cent, tonic, diuretic and also in urinary infections, diar-
rhoea, dysuria, leucorrhoea and gonorrhoea (Wealth of
India 1959). The anti-hyperglycemic, anti-oxidative and
anti-fertility activity in whole plant extracts of H. ennea-
spermus have recently been evaluated (Thenmozhi and
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Premalashmi 2011; Patel et al. 2011; Nathiya and Sen-
thamil Selvi 2013).

Hybanthus enneaspermus is reported to contain various
phyto-constituents such as dipeptide alkaloids, auranti-
amide acetate, isoarborinol, [-sitosterol, coumarins,
essential oils, triterpenoids, flavonoids, tannins, saponins,
etc. (Amuthapriya et al. 2011; Krishnamoorthy et al. 2014).
Coumarins, also known as benzopyrones, represent a class
of heterocyclic compounds which are currently of consid-
erable interest to research groups worldwide because of the
unique diversity in their structure and biological activities.
These compounds are used as drugs for various ailments
such as asthma, lymphodema, Alzheimer’s disease and
cancer. Though coumarin, a medicinally important
phenylpropanoid, has been isolated from several higher
plants and a few fungi too, the quest continues for dis-
covery of new biological species as alternative source of
novel coumarin derivatives. Interestingly, many additional
structures related to coumarin have been developed via
synthetic chemistry. A state-of-the-art in research relating
to occurrence, synthesis and medicinal chemistry of simple
coumarins and analogues has been aptly reviewed (Borges
et al. 2005). During the past few years, biotransformation
of coumarin towards production of novel derivatives of
biological significance has emerged as an important area of
research (Eisenbrand et al. 2003; Vassallo et al. 2003). In
this context, Agrobacterium rhizogenes-transformed hairy
root cultures (HRCs) are, indeed, relevant. In addition to
being envisioned to serve as a sustainable source of
bioactive raw material for pharmaceutical industry HRCs
can be viewed as an effective biotechnological tool for
biotransformation through which new avenues are expected
to open up towards production of altered compounds of
higher pharmaceutical relevance. There has been an
increasing interest in utilizing HRCs as biocatalysts to
transform substrates into value-added products through
reactions involving glucosylation, glycosylation, esterifi-
cation, oxidation, reduction, hydroxylation and condensa-
tion (Banerjee et al. 2012). For example, glucosylation and
other types of conversions of seven coumarin and flavone
derivatives were carried out by HRCs of Pharbitis nil (syn.
Ipomoea nil; Family: Convolvulaceae) and the biotrans-
formed products were detected in the root mass (Kanho
et al. 2004). HRCs of Polygonum multiflorum (Family:
Polygonaceae) have been shown to possess the ability of
causing glycosylation of hydroxycoumarins and other
phenolic compounds (Yan et al. 2007; Yu et al. 2008). A
more recent study by Zhou et al. (2012) demonstrated
biosynthesis of nine corresponding glycosides including
four new compounds in HRCs of P. multiflorum via gly-
cosylation of nine hydroxycoumarins (including the natural
esculetin) with different substituted groups employed as
substrates. Such type of investigations stimulated us to
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explore the possibility of extending biotransformation in
the transformed root cultures of H. enneaspermus towards
production of novel coumarin-derived phytocompounds,
hitherto unknown for natural parts of this plant species.
Fundamental to achieving this objective is to induce and
establish in vitro-optimized HRCs of H. enneaspermus
through genetic transformation mediated by selected
strains of A. rhizogenes. It was also important to ascertain
the clonal fidelity among the rhizoclones and, more
importantly, the genetic stability of rhizoclones and
regenerated shoots through successive multiplication
cycles with a view to sustainably harnessing the biosyn-
thetic potential of HRCs and transformed plants in respect
of coumarin production.

Materials and methods
In vitro shoot cultures

Stem nodal explants of H. enneaspermus obtained from the
experimental garden of the Post-Graduate Department of
Botany, Utkal University (Bhubaneswar, Odisha, India)
were inoculated in Murashige and Skoog’s (1962) medium
(MS) augmented with 0.25 mg 17! ®N-benzyladenine (BA)
in combination with 0.1 mg 17! indole-3-acetic acid (IAA)
and gelled with 8 g 17" agar—agar (Hi-Media, Mumbai,
India). Axillary proliferated shoots were multiplied in vitro
by repetitive nodal culture and maintained as renewable
axenic shoot cultures (25 & 1 °C, 16 h photoperiod at
50 umol m~2 s~ photon flux density (PFD).

Transformation, establishment of rhizoclones
and plant regeneration

Different strains of A. rhizogenes namely A4, A4T, 8196
and LBA 9402 used in the present study and their culture
maintenance was as described earlier (Swain et al. 2012a).
Leaf or internode explants from the outdoor-grown donor
plant after surface-disinfection, as well as those from
in vitro-grown axenic shoot cultures (7-8 week-old), were
used for transformation. Apical portions of the cut intern-
odal surfaces and leaf midribs were treated with 10-30 pl of
an overnight suspension of A. rhizogenes (pre-cultured with
100 pM acetosyringone (Sigma-Aldrich, USA). For caus-
ing infection, explants were pricked with a sterile hypo-
dermic needle and bacterial suspension was placed in form
of a droplet at the site of prick (5 pl droplet/prick). Explant
were blotted dry and transferred to agar-gelled MS medium
without plant growth regulator supplement (MSO) for a co-
cultivation period of 3 days, after which they were trans-
ferred to MSO containing 500 ug ml~" cefotaxime. Each
treatment comprised of ten replicate culture vessels (4-6
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explants per culture vessel) and experiments were repeated
thrice. All the flasks/jars containing infected explants were
kept inside the culture room (25 £ 1 °C) under dark/dif-
fused light with a low PFD (10 pumol m2s .

Roots (1.0-1.5 cm) that were developed along the inoc-
ulated surface were individually excised and each trans-
ferred to a 50 x 11 mm transparent plastic Petri dish (TPX;
Tarson, Mumbai) containing 3.0—4.0 ml of agar-gelled
MSO. Proliferated root clones (rhizoclones) were replicated
in 250 ml conical flasks (Borosil, India) each containing
50 ml MSO medium supplemented with 500 pg ml™"
cefotaxime. Roots were incubated at 25 £ 1 °C and
20 pmol m™2 s~ PFD and subcultured every 4 weeks.
Subsequently, root cultures were maintained in MSO free of
the antibiotic and root growth index (RGI) was determined
(Swain et al. 2012a, b). Each rhizoclone was replicated in
ten culture flasks and experiments were repeated thrice.
PCR-tested rhizoclones of either origin (A4/8196) were
selected for regeneration studies and they were transferred
to a higher illumination (30-40 pmol m~2 s~' PFD). The
organogenic green parts of the transformed root clump
bearing adventitious shoot buds were transferred to MS
medium augmented with cytokinins (BA/Kinetin) at a range
of concentrations (0.25-1.0 mg 17") for stimulating
organogenesis and shoot elongation. Elongated shoots were
subjected to successive nodal multiplication at 4 week
intervals using MS + 0.25 mg 1! BA and maintained
in vitro as renewable shoot cultures. Each treatment com-
prised ten replicates and repeated thrice.

Molecular analysis of rhizoclones and regenerated
shoots

Prior to plant regeneration, transformed nature of randomly
selected fast-growing hairy root lines (rhizoclones) were
verified by PCR amplification of A. rhizogenes pRi
T-DNA-specific rolA-B and mas2 ORFs in root genomic
DNA according to the published protocol (Sahu et al.
2014). Assay for opines in extracts of transformed roots
and leaves from regenerated plants of selected transformed
rhizoclones of A4/8196 origin was carried out by paper
electrophoresis following the published procedure (Pal
et al. 2013). The test of clonal fidelity was carried out by
RAPD analysis using random oligonucleotide primers (10-
mer) from OPERON Series C (1-19) (Operon Tech, Ala-
meda, USA) that were selected for RAPD analysis using a
PCR thermocycler (GeneAmp PCR System 9700, Applied
Biosystems, Singapore). Genetic stability of the superior
rhizoclones of A4/8196-origin was verified through dif-
ferent multiplication cycles (up to 16th culture passages)
by PCR amplification followed by electrophoresis. Trans-
gene stability with respect to rolB and rolC gene expres-
sion was verified by reverse transcription-polymerase chain

reaction (RT-PCR) analysis. Total RNA were isolated from
root tissues of selected rhizoclones (A4/8196 origin) and
leaf tissues of plants, regenerated from respective rhizo-
clones, through 4-16 multiplication cycles (4, 8, 12, 16
subculture passages) using RNA isolation kit (RNeasy
Mini Kit, Cat. No. 74104, Qiagen, USA). RT-PCR was
conducted using the Quantitect reverse transcription kit
(Qiagen, USA, Cat. No. 205310) following the manufac-
turer’s instructions. The primer sequences for amplifying
rolB and rolC cDNA were the same used by Sahu et al.
(2013) and those for the actin gene (house keeping gene
used as loading control) were according to Swain et al.
(2012b). The RT-PCR products were electrophoresed on
1.5 % agarose gel and gel-documented.

HPLC quantification of coumarin

The selected rhizoclones derived from A4/8196 strains and
their respective shoot regenerants were harvested after
4 weeks of in vitro culture. Besides, the aerial parts/roots
of H. enneaspermus were collected from garden-grown/
in vitro-grown non-transformed plants. Samples were
extracted in methanol, concentrated to dryness and the
concentrate  dissolved in HPLC-grade acetonitrile
(100 mg ml™Y), filtered and injected (25 pl) to HPLC
column. Coumarin standard (Ebiochem, Sanghai, China)
was prepared in acetonitrile at the concentration of
1 pg uI~'. An Agilent Technology 1200 Series HPLC
system (Agilent Technology, USA) coupled with diode
array detector (DAD; DE64264226) and consisting of a
quarternary pump (DE62976370), a vacuum degasser
(JP94177339) and EZ Chrom Elite software was used for
the study. Chromatographic separation was achieved on a
Agilent Zorbax Eclipse XBD-C,g semi preparative ana-
lytical column (250 mm x 9.4 mm, 5 pm Purosphere;
Agilent, USA). The following gradient was used for sep-
aration: 0 min, 20:80 (A:B); 20 min, 80:20 (A:B), with
flow rate of 1 ml min~! (A, acetonitrile; B, water con-
taining 0.01 % orthophosphoric acid). The detection was
performed at 220 nm. Validation of the analytical method
for coumarin was examined for specificity, linearity,
accuracy, and precision, limit of detection (LOD) and limit
of quantitation (LOQ) following methods as described by
Su et al. (2009).

Statistical analysis

All transformation experiments were set up in a completely
randomized design (CRD). Each treatment for induction of
hairy roots consisted of ten replicate culture vessels
(250 ml conical flask/500 ml jar) each containing 4-6
explants (leaf/internode). Each hairy root clone (rhizo-
clone) was replicated in ten culture flasks and each
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experiment was repeated thrice for evaluating root biomass
growth. For estimating coumarin content data were pooled
from a total of 6 replicates for each tissue sample (root/
aerial part). Data were processed using analysis of variance
(ANOVA) for a completely randomized design. Duncan’s
new multiple range test (DMRT) (Gomez and Gomez
1984) was used to separate the mean of significant effect.

Results
Relative transformation efficiency

Axillary shoots were developed from nodal segments (ca.
90 % proliferation frequency, 38 shoots/explants) and
in vitro shoot cultures were established through successive
nodal multiplication. Among the two types of explants used
for transformation experiments i.e. leaf and internode, the
former was more responsive regardless of A. rhizogenes
strains employed or explant source (Fig. 1a, b). Explants
from garden-grown plants were less susceptible to
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Fig. 1 Influence of explant source/type and A. rhizogenes strain on
hairy root induction. a Percentage rhizogenesis b Number of roots per
explant (column bars, marked with a different alphabet are signif-
icantly different at p < 0.05 as determined by Duncan’s new multiple
range test: DMRT)
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Agrobacterium than in vitro-grown cultures on the basis of
rhizogenic response and %transformation. In MS basal
medium devoid of PGRs (MSO0), hairy roots emerged at the
pricked midrib sites of leaf explants from in vivo/in vitro
sources within 6-8 days/5-7 days respectively for A4-
treated explants, whereas those treated with 8196 strain
required 10-12 and 8-10 days respectively for the same
(Fig. 2a, b). In vivo internodes took 12—-14 days (A4-trea-
ted) or 14-16 days (8196-treated) to develop roots. A rel-
atively short period was taken for root emergence from
in vitro internode explants i.e. 10-12 or 12-14 days in
response to treatment with A4 or 8196 strain respectively.
Leaves from in vitro cultures gave the best response
compared to in natura leaves or internodes regardless of
source and A. rhizogenes strain type. The percentage rhi-
zogenic response of A4-treated in vivo leaf, in vitro leaf,
in vivo internode and in vitro internode explants were 93.3,
100, 43.3 and 66.6 respectively. In comparison, explants
treated with 8196 had at a lower percentage response i.e.
73.3, 80, 26.6 and 43.3 for respective explant categories.

Establishment of transformed hairy root cultures
as rhizoclones

Hairy roots developed in explant types (leaf/internode)
from different sources (in vivo/in vitro) using A. rhizogenes
strain types (A4/8196) were maintained separately as dif-
ferent somaclones (rhizoclones) in MS basal medium
lacking plant growth regulators (MS0). The percentage
survival was 100 % in all the transformed rhizoclones after
subculture. A4-induced rhizoclones grew luxuriously with
fast and extensive lateral branching within 5-6 weeks
generating higher biomass compared to root clones incited
by 8196 strain. The growth rate of A4 and 8196 induced
hairy roots enhanced after subculture. A4 induced rhizo-
clones had the same growth rate during subsequent cycles
of in vitro multiplication, each cycles being of 4 week
period. However, for rhizoclones incited by 8196, growth
efficiency declined after the 16th subculture. Of a total of
104 rhizoclones of A4 origin and 76 rhizoclone of 8196
origin, a sample of 16 clones were selected including eight
clones pertaining to each strain type on the basis of sus-
tained growth and biomass generation. Eight fast-prolifer-
ating rhizoclones from each strain i.e. A4 (A4-HRL-1A3,
A4-HRL-2B7, A4-HRL-2B10, A4-HRL-4C7, A4-HRL-
5E4, A4-HRL-6F3, A4-HRL-7G8, A4-HRL-3H2) and
8196 (8196-HRL-1AS8, 8196-HRL-3C6, 8196-HRL-3C9,
8196-HRL-4D5, 8196-HRL-5ES, 8196-HRL-7F2,
8196-HRL-2G3, 8196-HRL-7H4) were further evaluated to
identify the best rhizoclone of respective strain. Among
these, A4-HRL-2B7 and 8196-HRL-3C6 exhibited the
fastest growth and proliferation (Figs. 2c, d, 3). The hairy
root somaclones derived from A4 grew luxuriously with
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Fig. 2 Plant regeneration from hairy root cultures of H. enneasper-
mus induced by A. rhizogenes. a Hairy root induction in a leaf midrib
10 days after infection with A4 strain. b Hairy root induction in a leaf
midrib 14 days after infection with 8196 strain ¢ growth of rhizoclone
A4-HRL-2B7 on MSO agar medium after 6 weeks of single root

fast and extensive lateral branching up to 5-6 weeks
resulting in the highest biomass (rhizoclone A4-HRL-2B7,
15.5 g.f.wt.), whereas 8196 induced hairy root somaclones
grew at a relatively slow rate (rhizoclone 8§196-HRL-3C6,
9.5 g.f.wt.). During this period, the best two rhizoclones
i.e. A4-HRL-2B7, 8196-HRL-3C6, attained maximum
biomass displaying mean root growth index (RGI) values
of 30 and 18 respectively. After 8 weeks of continuous
growth (without subculture), hairy roots gradually changed
their colour from white to brown and showed a

culture (cloning), d growth of rhizoclone 8§196-HRL-3C6 on MSO
medium after 6 weeks of single root culture (cloning). e Proliferation
of shoots from A4-HRL-2B7 rhizoclone after 6 weeks culture on
MS + 0.2 mg 17! BA. f Proliferation of shoots from 8196-HRL-3C6
rhizoclone after 6 weeks culture on MS + 0.2 mg 17! BA

decelerating growth rate associated with reduced branching
ability irrespective of the strain type. Therefore, selected
rhizoclones were subcultured at a regular interval of
4 weeks to ensure sustained growth.

PCR detection of pRi T-DNA genes in rhizoclones
Genomic DNA isolated from several independent trans-

formed hairy root clones (A4/8196), capable of showing
auxin-independent  growth, revealed the expected
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Fig. 3 Comparative growth and a Ad4-rhizoclones
proliferation of selected 30 1 a

rhizoclones incited by different b ab

A. rhizogenes strains (A4/8196)
after 6 weeks of culture period
(Rhizoclones represented by
column bars, marked with a
different alphabet are
significantly different at

p < 0.05 as determined by
Duncan’s new multiple range
test: DMRT)

25 1

Root Growth Index (RGI)

B 519 rhizoclones

amplification product of 1540 bp specifying A4 rolA-B
gene (Fig. 4a). This indicated the presence of the
Agrobacterium ORFs (pRi T;-DNA) in the recipient plant
genome via genetic transformation. Besides this, transfor-
mation was also ascertained by using the primer designed
for mas2 gene which gave the predictable amplified prod-
ucts of 512 bp (Fig. 4b). Amplification product was not
detected in DNA from untransformed plants when sub-
jected to PCR amplification with the gene primers specific
to the rolA-B or mas2 gene sequences.

Plant regeneration from transformed rhizoclones

After 4-5 weeks of culture in MSO the central portion of
the transformed root clump of selected rhizoclones (A4-
HRL-2B7 and 8196-HRL-3C6) turned green upon expo-
sure to higher PFD (30-40 umol m 2 s~ '). 1 week later,
shoot buds emerged but only a few of them developed into
shoots (3-5 shoots per culture flask) at the end of the 8th
week of culture. Following transfer of the organogenic
greeny part of the rhizoclone with transformed shoot buds
to MS medium augmented with 0.25 mg 1~' BA shoot
proliferation was stimulated. About 30-40/10-15 trans-
formed shoots were developed from each root clump of
A4-HRL-2B7 or 8196-HRL-3C6 rhizoclones respectively
within 6 weeks of transfer (Fig. 2e, f). Kinetin
(0.5 mg 1™") augmented to MS medium also elicited shoots
with fully-expanded leaves, though shoot number was less
than that of BA (0.25 mg 1™"). The primary transformed
shoots were multiplied by in vitro culture of nodal explants
via successive culture passages. The well-grown trans-
formed shoots got rooted spontaneously without any sup-
plement of auxins to the MS basal medium (MSO0).
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Fig. 4 PCR amplifications demonstrating T-DNA genes (rol/opine
synthase genes) in selected rhizoclones resulted from transformation
with A. rhizogenes A4/8196 strain. a PCR amplification of rolAB
gene in A4-induced rhizoclones M: 1 kb ladder, PC: positive control
(pRi A4), lane I: Natural leaves from donor plant, lane 2-8: A4
rhizoclones (A4-HRL-1A3, A4-HRL-2B7, A4-HRL-2B10, A4-HRL-
4C7, A4-HRL-5E4, A4-HRL-6F3, A4-HRL-2G3). b PCR amplifica-
tion of mas2 gene; M: Medium range ruler, PC: Positive control (pRi
8196), lane I: Natural leaves from donor plant, lane 2-8: 8196
rhizoclones (8196-HRL-1A8, 8196-HRL-3C6, 8196-HRL-3C9,
8196-HRL-4D5, 8196-HRL-5E8, 8196-HRL-7F2, 8196-HRL-2G3)
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Opine gene expression in rhizoclones
and transformed plants

Extracts of root tissues from the transformed rhizoclones
and leaf tissues from regenerated plants subjected to paper
electrophoresis developed silver nitrate positive blackish-
brown spots along the electropherogram (Fig. 5). Root/leaf
tissues of all examined rhizoclones contained a consider-
able amount of compounds which had the same mobility as
authentic agropine and/or as additional compounds(s) with
a lower mobility representing a combination of mannopi-
ne + mannopinic acid, the opine chain precursors of
agropine. Agropine along with mannopine was evident in
Ad4-induced rhizoclones and regenerated plants derived
from them; whereas mannopine was the single predomi-
nating compound in all rhizoclones induced by 8196 strain
or plants thereof. None of these compounds was evident in
root extracts of a non-transformed in vitro regenerated
plant.

Clonal fidelity of rhizoclones and shoot regenerants

To ascertain whether or not the rhizoclones induced by A4/
8196 strains were genetically identical, random amplified
polymorphic DNA (RAPD) marker analysis was used in
this study. Of a total of 104 rhizoclones of A4 origin and 76
rhizoclones of 8196 origin, 40 randomly selected rhizo-
clones of either type were subjected to the test of clonal
fidelity. Selected 19 different random decamer primers
such as OPCO01-OPC19 from OPC-series (Operon Tech,
Alameda, USA) (Supplementary Table 1) were used on the

A=> =
M—>

+383834

S1 NR 1 2 3 4 5 6 S2

NS—>

Fig. 5 Paper electropherogram showing opines in extracts of A4 and
8196 rhizoclones and in respective regenerated plants. S1, Agropine
standard; NR, non-transformed roots (roots from in vitro non-
transformed plant); lane 1-2: Root extracts of A4 rhizoclone (A4-
HRL-2B7, A4-HRL-2B10); lane 3—4: Leaf extracts of plants regen-
erated from A4-HRL-2B7 and A4-HRL-2B10 rhizoclones respec-
tively; lane 5: Root extract of 8196 rhizoclone (8196-HRL-3C6); lane
6: Leaf extract of a plant regenerated from 8196-HRL-3C6 rhizo-
clone, S2: Mannopine standard, A agropine, M mannopine, NS neutral
sugar

basis of robustness of amplification, reproducibility and
scorability of bands. A total of 165 scorable bands were
generated by the length of amplification products ranging
150-2500 bp (Supplementary Table 1). The number of
bands per primer varied from 5 to 17 with an average of
8.68 bands per primer. None of the primers was able to
generate polymorphic bands in A4-induced rhizoclones.
However, OPC-4 and OPC-19 produced DNA polymor-
phism in 2 different rhizoclones originated from 8196
source. The number of monomorphic bands was the highest
i.e. 17 in case of primer OPC-16 (ranging from 150 to
1815 bp) and the lowest i.e. 5 in case of OPC-3 (ranging
from 500 to 200 bp). Primer OPC-4 and OPC-19 gave rise
to second highest of 12 monomorphic bands with fragment
size ranging from 150 to 1815 and 400 to 2000 bp
respectively whereas OPC-2 resulted 11 monomorphic
bands ranging 150-1815 bp. The highest amplified band
size of 2500 bp was recorded using OPC-12. The RAPD
banding pattern showing absolute (100 %) DNA
monomorphism (zero polymorphic DNA) was observed in
all 16 fast-growing rhizoclones (8 each of A4/8196 origin)
and plant respective plant regenerants indicating genetic
integrity (Supplementary Table 2). The two deviant rhi-
zoclones (8196-HRL-7H8 and 8196-HRL-514) showing
polymorphic bands failed to grow further and eventually
turned brown and necrotic (data not shown).

Coumarin content of rhizoclones and transformed
shoots

Coumarin content of the transformed root samples and
leafy shoots of regenerated plants of H. enneaspermus were
determined by HPLC technique. These were compared
with that of in vivo roots/aerial parts from naturally
occurring plants and in vitro non-transformed roots/aerial
parts (control) (Table 1). In vivo roots had the least cou-
marin content (0.282 mg g~ ' d.wt. extract) among all other
tissue samples analyzed. Aerial part samples of either
origin (transformed/non-transformed plants) exhibited
asuperiority over their respective root samples on the basis
of significantly higher coumarin accumulation. In com-
parison with that of in vivo/in vitro non-transformed root
samples coumarin content was 2.6- to 2.9-fold higher in
Ad-rhizoclone (A4-HRL-2B7), whereas the 8196-rhizo-
clone (8196-HRL-3C6) had only a marginally superior
accumulation (Table 1). Transformed shoots of A4 origin
exhibited the highest coumarin content (3.258 mg g~ ' d.w.
extract) which was significantly higher than that of aerial
part samples of in vivo/in vitro origin.

Eight superior rhizoclones each of A4 and 8196 origin
were selected on the basis of biomass production and their
coumarin biosynthetic potential was compared. There was a
distinct inter-rhizoclonal variation in coumarin content. It
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Table 1 Coumarin content in transformed rhizoclones' and in vitro
regenerated shoots? vis-d-vis non-transformed tissue sources

Coumarin content
(mg g~' d.wt. extract)

Tissue source

In vivo root (natural) 0.282 + 0.01f
In vivo aerial part (natural) 2.870 + 0.15°
In vitro root (non-transformed) 0.31 + 0.012
In vitro aerial part (non-transformed) 25 £0.11°
A4-rhizoclone (A4-HRL-2B7) 0.82 + 0.022°
8196-rhizoclone (8196-HRL-3C6) 0.38 & 0.028f
Ad4-transformed shoot (A4-HRL-2B7) 3.258 £+ 0.15%
8196-transformed shoot (8196-HRL-3C6) 1.25 + 0.118¢

Data pooled from a total of 6 replicates for each tissue sample.
Mean + SD values within column followed by different alphabets in
superscript are significantly different (p < 0.05; Duncan’s new mul-
tiple range test: DMRT)

-2 Data collected from root tissues of rhizoclones after first passage
of culture (4 weeks) and regenerated shoots after 4 weeks of in vitro
culture

was observed that the fast-growing, late-maturing rhizo-
clones accumulated a higher coumarin content than the slow-
growing and early maturing clones. Among the 16 selected
rhizoclones, A4-HRL-2B7 with highest biomass growth had
the maximum coumarin content (0.82 + 0.022 mg g’
d.wt. extract) among all root samples.

Genetic stability of rhizoclones and transformed
plants

Genetic stability of the superior rhizoclones, one each of
A4-origin (A4-HRL-2B7) and 8196-origin (8196-HRL-
3C6), and their respective plant regenerants was indicated
by RAPD amplification of DNA from root/leaf tissues
obtained through 16 successive multiplication cycles dis-
playing absolute homogeneity in the banding pattern. DNA
monomorphism was revealed in rhizoclones and regener-
ated shoots through 4-16 cycles (4, 8, 12, 16 subculture
passages) using the decamer primers OPC-4 (Fig. 6) and
OPC-19 (Fig. 7) for A4 and 8196-derived plant materials
(root/leaf tissues) respectively. Sustained RT-PCR ampli-
fication of rol/B and rolC genes was demonstrated in the
two selected rhizoclones and respective transformed plants
through culture passages indicating transgene stability in
terms of transcriptional activity of rol genes (Fig. 8 a, b).

The coumarin accumulation in A4 and 8196 induced
rhizoclones (selected 8 each) and in vitro multiplied shoots
in different culture passages (4th, 8th, 12th, 16th) covering
a period of 4-16 months were analyzed. Both A4 and 8196
derived rhizoclones and shoots regenerated thereof showed
a stable range of coumarin content through successive
culture passages (Figs. 9, 10). Accumulation of coumarin
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1815 bp
1500 bp

Fig. 6 Determination of genetic stability of A4-HRL-2B rhizoclone,
and plants regenerated thereof, during successive multiplication
cycles (4th—16th) using OPC-4 operon primer for RAPD analysis. M:
low range DNA ruler Plus (GeNei-Merck, Mumbai, India), lane 0:
DNA from primary transformed hairy root culture, lane I—4: root
DNA from respective subculture passages (4th, 8th, 12th, 16th); lane
5-8: leaf DNA of regenerated plants from respective subculture
passages (4th, 8th, 12th, 16th)

3000 bp —
1815 bp
1500 bp —S

Fig. 7 Determination of genetic stability of 8196-HRL-3C6 rhizo-
clone, and plants regenerated thereof, during successive multiplica-
tion cycles (4th—16th) using OPC-19 operon primer for RAPD
analysis. M: low range DNA ruler Plus (GeNei-Merck, Mumbai,
India), lane 0: DNA from primary transformed hairy root culture, lane
1—4: root DNA from respective subculture passages (4th, 8th, 12th,
16th); lane 5-8: leaf DNA of regenerated plants from respective
subculture passages (4th, 8th, 12th, 16th)
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€—533bp

Fig. 8 RT-PCR based rol gene expression in selected rhizoclones
resulted from transformation with A. rhizogenes (A4/8196), and
plants regenerated thereof, during successive multiplication cycles
(4th—16th). a rolB gene (A4-HRL-2B rhizoclone) b rolC gene (8196-
HRL-3C6 rhizoclone). Upper panel lanes 1-4: Root DNA from
respective subculture passages (4th, 8th, 12th, 16th); Upper panel
lanes 5—-8: Leaf DNA of regenerated plants from respective subculture
passages (4th, 8th, 12th, 16th). The lower panel lanes 1-8 shows the
amplification of actin used as a loading control

did not vary significantly among the culture passages
although A4-elicited rhizoclones maintained their superi-
ority over those incited by 8196 in respect of coumarin
content. There was no significant difference in respect of

Fig. 9 Genetic stability among

selected rhizoclones incited by a a
A. rhizogenes strains (A4/8196) E 0.9 1 Lt ad asa
in respect of coumarin Z 08 &
production through successive o
culture passages (CP) each of 3 0.7
4 weeks duration. Data pooled :’
from a total of six replicates for o 0.6 1
root tissue sample of each E 05 4
rhizoclone (column bars, each £ '
representing a culture passage S 04
viz. 4th/8th/12th/16th of each =
rhizoclone, marked with the g 0.3 1
same alphabet are not =
significantly different at = 027
p < 0.05 as determined by g 01 A
Duncan’s new multiple range S
test: DMRT) 0 A
qy\Vb ’19:\ \)g‘,b\g N,
S §
LA N o

coumarin content in rhizoclone-derived in vitro shoots
through corresponding multiplication cycles (4th—16th).

Discussion

Agrobacterium rhizogenes—mediated transformation effi-
ciencies (based on days to root emergence, %rhizogenesis,
roots per explant) of H. enneaspermus varied with respect
to explant type and explant source. Leaf explants were
found to be markedly more susceptible compared to stem
internodal segments irrespective of explant source or
Agrobacterium strains used. Although this corroborates
with that reported for Gentiana macrophylla (Tiwari et al.
2007) and Picrorhiza kurroa (Verma et al. 2007), it dis-
agrees with that for Clitoria ternatea (Swain et al. 2012a)
and Amaranthus spinosus (Pal et al. 2013) in which
internodal explants were more responsive. In our experi-
ments with H. enneaspermus in vitro explants (leaf/in-
ternode) exhibited a superior response than those obtained
from naturally grown plant sources. The varying suscepti-
bility among plant species or between different explant
types was ascribed to the auxin and sucrose content
(Nilsson and Olsson 1997). The underlying mechanism of
how the gene expression, age and endogenous hormonal
balance of host tissue may affect the transformation fre-
quencies is not well understood at present and warrants
further investigation.

In H. enneaspermus, the agropine-type A4 strain induced
a higher frequency of transformation compared to the man-
opine-type 8196 strain on the basis of earlier emergence and
growth of hairy roots. The superior pathogenicity of A4 over

CP-4 mCP-8
CP-12 mCP-16
'da aa
a a ag a
. . al|y aaaa
)
83,2 ad a a
ada, o faza e aad, ada agda
A ) S S © NS O
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X » b?z\ X o o ‘o‘z‘ q‘o’ o,b o o
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Root tissue of selected rhizoclones
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Fig. 10 Genetic stability 4 -
among shoot regenerants from
selected rhizoclones incited by 354,

A. rhizogenes strains (A4/8196)
in respect of coumarin
production through successive
culture passages (CP) each of
4 weeks duration. Data pooled
from a total of six replicates for
shoot tissue sample of each
rhizoclone (column bars, each
representing a culture passage
viz. 4th/8th/12th/16th of each
rhizoclone, marked with the
same alphabet are not
significantly different at

Coumarin production (mg g d. wt.)

CP-4 mCP-8

CP-12

HCP-16

p < 0.05 as determined by
Duncan’s new multiple range
test: DMRT)

other strains, observed in the present study, is in consonance
with earlier reports on Pelargonium sp. (Saxena et al. 2007),
P. kurroa (Verma et al. 2007) and Clitoria ternatea (Swain
etal. 2012a); albeit contrary to that on Torenia fournieri (Tao
and Li 2006) and Hyoscyamus sp. (Akramian et al. 2008).
Differential expression of chromosomal virulence genes
chvD-E of Agrobacterium and of the virulence regulon on the
Ti/Ri plasmid are important internal factors influencing the
infecting ability of A. rhizogenes (Tiwari et al. 2007). A
constraint often met in Agrobacterium-mediated plant
transformation perhaps owes to a difficult-to-predict pattern
of T-DNA integration in the host genome and subsequent
gene expression. The focal basis of inconsistency in T-DNA
gene expression in plants could be attributed to the site of
T-DNA integration into the plant genome (position effect)
and/or copy number (Koprek et al. 2001; Kohli et al. 2003).

A. rhizogenes pRi T-DNA rolA, rolB and rolC onco-
genes have been considered to be modulators of plant
growth and cell differentiation. Though each of these
genes, on its own, is capable to promote root formation yet
they differ in their efficiency; for example, rolB is more
efficient than rolA or rolC (Bulgakov 2008). In the present
study, transformed nature of resulting rhizoclones of H.
enneaspermus was ascertained by positive PCR amplifi-
cation of rolA-B genes borne on pRi T-DNA segment.
Positive PCR-based detection of T-DNA borne rol genes in
hairy root genome have been reported in several plants of
pharmaceutical or nutraceutical relevance (Sudha et al.
2013; Majumdar et al. 2012; Pal et al. 2013). Besides, an
opine synthase gene, particularly mas2 coding for manno-
pine synthase has been detected in HRCs of H. ennea-
spermus as in a few others plant species including C.
ternatea (Swain et al. 2012a, b) and Plumbago zeylanica
(Nayak et al. 2015).

@ Springer

Shoot tissues regenerated from selected rhizoclones

Production of transformed plants from HRCs has been
reported in a few plant species, in which plant regeneration
occurred either spontaneously or induced by PGRs. Similar
to our observation in H. enneaspermus, spontaneous
induction of shoot buds was also recorded in many plant
species such as Taraxacum platycarpum (Lee et al. 2004),
Centaurium erythraea (Subotic et al. 2003), Tylophora
indica (Chaudhuri et al. 2006), Pelargonium graveolens cv.
Hemanti (Saxena et al. 2007), Plumbago indica (Gan-
gopadhyay et al. 2010), Bacopa monnieri (Majumdar et al.
2011) etc. In the present study, exogenous supplement of
0.25 mg 1~' BA not only enhanced shoot bud production
frequency (100 %) but also, more importantly, stimulated
shoot elongation. Shoot bud development from hairy root
cultures (HRCs) was reported using MS with BA as the
sole PGR supplement at varied concentrations Viz.
1.0 mg I™' (Taraxacum platycarpum, Lee et al. 2004),
2.0 mg 1! (Plumbago rosea, Satheeshkumar et al. 2009),
10 mg 17! (Ajuga reptans, Uozumi et al. 1996). A com-
bination of 1.0 mg 1" BA and 0.1 mg1™' NAA (Rau-
wolfia serpentina, Mehrotra et al. 2013) or 2.0 mg 17"
zeatin (Amaranthus spinosus, Pal et al. 2013) was stimu-
latory for direct plant regeneration from hairy roots.

It was interesting to observe in the present study on H.
enneaspermus that the coumarin content, as quantified by
HPLC technique, was ca. threefold higher in one of the A4-
derived superior rhizoclone compared to that in natural
roots. Furthermore, the leafy shoots regenerated from the
selected rhizoclone had a significantly higher coumarin
accumulation than aerial parts of naturally occurring plants.
Anticipated advances especially by designing and estab-
lishing efficient, cost-effective bioreactor configurations,
should lead to commercialization via scaling-up of pro-
ductivity of H. enneaspermus HRCs, thereby enabling them
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to offer their fullest potential as a sustainably
exploitable source of natural coumarin group of compounds
or their novel derivatives following biotransformation.

Verification of genetic integrity of Agrobacterium-in-
duced rhizoclones is critically important to ensure sus-
tained growth and production of root-specific bioactive
compounds, thereby accounting for a consistent biotech-
nological application of transformed HRCs. Our results
with H. enneaspermus demonstrated not only an absolute
clonal fidelity among the rhizoclones but more importantly
genetic stability of superior rhizoclones and their plant
regenerants from respective cycles of cultures, using
RAPD technique. In addition, transgene stability in respect
of rolB and rolC gene expression was also sustained in the
selected rhizoclones and respective transformed plants
through 16 multiplication cycles. PCR amplification of rol
genes has recently been used as an indicator of long-term
expression stability in a hairy root clone of Rauvolfia ser-
pentina (Pandey et al. 2014). Genetic stability of plants
derived from encapsulated hairy roots of P. kurrooa has
been demonstrated indicating a low frequency of DNA
polymorphism i.e. 5.2 and 3.6 % using RAPD and ISSR
primers respectively (Rawat et al. 2013). Perhaps, the
apparent absence of genetic distortion through culture
passages owes to rapid proliferation rate of HRCs and
regenerated shoots in simple nutrient media without/with a
low PGR supplement. The absence of significant variation
in coumarin accumulation in rhizoclones through succes-
sive culture passages over a period of 16 months reflects
long-term stability of rol gene expression.

Conclusion

In essence, the paper describes establishment of Agrobac-
terium rhizogenes-mediated transformed hairy root soma-
clones (rhizoclones) of a rare medicinal herb, Hybanthus
enneaspermus, and regenerated shoots thereof, which were
exploited as a renewable source of the health-proactive
compound, coumarin. Further, we have demonstrated the
genetic stability of rhizoclones associated with a sustained
retention of their biosynthetic potential for coumarin pro-
duction over a prolonged period of time through successive
in vitro multiplication cycles (culture passages). Such an
endeavour will help ensure long-term sustainable produc-
tion of bioactive phytochemicals implicated in human
healthcare.
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