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Abstract

Agrobacterium rhizogenes-mediated genetic transformation for the establishment of root
culture lines was developed successfully in the critically endangered medicinal plant
Swertia chirayita (Roxb.) H. Karst. The key factor for the successfull development of hairy
root culture lines was the use of whole micropropagated plants as excised explants of any
type did not show any response following infection with A. rhizogenes strains. Maximum
root induction frequency (25 + 4.4%) with 2 - 9 roots per node/intermodal cut site was
obtained following infection with A. rhizogenes strain LBA9402. Spontaneous
regeneration of shoot buds was observed in six 9402-transformed root lines maintained
in phytohormone free N/5 basal medium. The shoot buds developed for regenerating
whole rooted Ri-transformed plants in phytohormone free basal medium. Integration of
rolA, rolB, rolC and rolD genes of T.-DNA was confirmed in Ri-transformed root lines and
plants by PCR analysis. Ten fast growing Ri-transformed root lines were screened for
production of principal secoiridoids, characteristics of the parent plants. The
swertiamerin content varied from 0.042 to 0.207% in the transformed root lines after 4
weeks of culture in N/5 basal medium. Ri-transformed plants showed enhanced
accumulation of swertiamerin as compared to non-transformed plants of similar age.
This is the first report of swertiamerin production in hairy root cultures and transformed
plants of S. chirayita thereby providing new avenue for large-scale production of
secondary metabolites of S. chirayita.

Introduction

The most popular traditional Ayurvedic herb of Gentianaceae family, Swertia chirayita
(Roxb.) H. Karst. is indigenous to the temperate regions of the Himalayas. This species
holds immense ethno-medicinal significance in Ayurveda, Unani and Siddha as well as
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in Indian pharmaceutical codex, the British and the American pharmacopeias
(Brahmachari et al. 2004). The different parts of the herb and its decoction have been
well-reported to treat numerous ailments and show varied pharmacological activities
(Samaddar et al. 2014, Zhou et al. 2015, Kumar and Staden 2016). Although the whole
plant is found to be useful in traditional remedies, the root is considered to be the most
bioactive part (Kirtikar and Basu 1984).

Scientific exploration of chemical constituents of this plant has shown that different
classes of bioactive compounds such as iridoids, secoiridoids, xanthones, lignans,
alkaloids, flavonoids and terpenoids are responsible for its pharmacological efficacy
(Pant et al. 2000). Owing to its high national and international demand in pharmaceutical
industries, unscrupulous collection from their natural habitat along with narrow
geographic occurrence and problems regarding seed germination have led this plant
species to be considered as a critically endangered one according to the new International
Union for Conservation of Nature and Natural resources (IUCN) criteria (Joshi and
Dhawan 2005). Several studies on micropropagation, somatic embryogenesis and
synthetic seed production were conducted for sustainable production of S. chirayita
plants throughout the year (Kumar and Staden 2016). Agrobacterium rhizogenes induced
hairy root technology has been established in large number of species for the production
of secondary metabolites (Halder et. al. 2018). To the best of our knowledge, only one
attempt has been made on the establishment of hairy root culture in S. chirayita till date
(Keil et al. 2000). In the previous report, root cultures could not be established as true
hairy root lines on solid media and amarogentin was reported in roots cultured in liquid
medium (Keil et al. 2000).

In spite of several difficulties in collection of this critically endangered species from
the wild, hairy root cultures of S. chirayita via A. rhizogenes mediated genetic
transformation was successfully established in the present study. Spontaneous
regeneration of Ri-transformed whole plants from hairy roots has been reported for the
first time in this species. Analysis of characteristic secondary metabolites i.e. amaro-
gentin, swertiamarin (secoiridoid glycosides) and mangiferin (xanthone) have also been
carried out in the present study in Ri-transformed root lines and Ri transformed plants of
S. chirayita.

Materials and Methods

Immature fruits (capsules) of Swertia chirayita were collected from Lava, Darjeeling. For
germination, capsules were surface-sterilized with 0.1% (w/v) HgClI, treatment for 25 - 30
min, rinsed 4 - 5 times with sterile distilled water and seeds excised from capsules were
placed on MS supplemented with 3% (w/v) sucrose and 0.75% (w/v) agar at 24 + 1°C and
50 - 60% relative humidity in dark. Germinated plantlets were micropropagated by
repetitive nodal cultures on MS medium under 16/8 hrs (light/dark) photoperiod with
light provided by cool-white fluorescent tubes (Philips, India) at an intensity of 48
pmol/ma/s.
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Four wild type agropine strains of A. rhizogenes, namely LBA9402 (pRil855;
Hooykaas et al. 1977), A4 (pRiA4; Hooykaas et al. 1977), HRI (pRiHRI; Petit et al. 1983)
and R1000 (pRiA4b; Vervliet et al. 1975) were used. For explants infection, a loop-full of
bacterium from a single colony was inoculated into 10 ml of liquid bacterial medium viz.,
for strains LBA9402 and A4, YMB medium (Hooykaas et al. 1977), for strain HRI, AP
medium (Petit et al. 1983) and for strain R1000, YEP medium (Vervliet et al. 1975) and
incubated on a gyratory shaker (Certomat) at 180 rpm for 20 - 24 hrs at 26°C in dark. 200
UM acetosyringone (Sigma) was added to the overnight grown bacterial suspension
(~10% cells/ml) 2 hrs prior to infection to improve virulence.

To study the effects of different strains on rhizogenic response, excised leaf petiole
(~2 cm), excised leaf lamina (~1.5 cm) and whole plants (3 - 4 cm) from three-months old
in vitro cultures of S. chirayita were used as explants. The explants were wounded with
bacterial suspension by a sterile hypodermic needle. In case of whole plants,
node/internode (nodes and internodes were not considered separately due to very short
internodes), petiole and leaf lamina regions were wounded. Explants wounded with
bacteria-free liquid bacterial medium were used as control. In case of excised leaf petiole
and leaf lamina segments, both infected and control explants were co-cultivated on a
sterile filter paper moistened with liquid MS and kept in dark at 24 + 1°C. After 72 hrs,
explants were washed thoroughly with sterile double-distilled water containing 1 g/l
ampicillin for 30 min, rinsed 4 - 5 times in sterile double-distilled water and were finally
cultured on MS augmented with ampicillin (500 mg/l) at 24 + 1°C in dark and 50 - 60%
relative humidity. In case of whole plants, both infected and control shoots were cultured
on MS directly after wounding in culture tubes under 16/8 hrs (light/dark) photoperiod
at 24 + 1°C and 50 - 60% relative humidity. For each experiment, 50 explants of each type
were infected and the experiment was repeated three times.

For establishment of Ri-transformed root cultures, roots induced at wound sites were
excised and cultured on MS basal, modified MS basal (N/5; Tepfer 1995) and Gamborg’s
B5 (Gamborg et al. 1968) basal media in dark condition for 4 weeks under ampicillin (500
mg /1) selection pressure. Each excised primary root was propagated as a separate clone.
Each root line was screened for residual bacterial contamination by culturing root
segments in respective liquid bacterial medium. Fast-growing axenic Ri-transformed root
lines were maintained on ampicillin-free medium after 12 months with regular sub-
culturing at 4 weeks interval.

To study the morphology and growth of Ri-transformed root lines, root segments (~3
- 4 cm) were cultured on N/5 medium in dark at 24 + 1°C. After 4 weeks, roots were
harvested and the number of lateral branches on the primary roots (expressed as lateral
root density) was recorded. The roots were then washed with de-ionized water, blotted
to dry, fresh weight (FW) was measured and growth index (Gl) was determined. For
each root line, three replicates were used and the experiment was repeated thrice. Shoots
regenerating spontaneously from transformed roots were cultured on MS basal medium
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under 16/8 hrs (light/dark) photoperiod after 4 weeks of initiation to establish
transformed shoot cultures. For each root line, five Petri dishes were used.

Transformation was confirmed by PCR detection of rolA, rolB, rolC and rolD genes of
T.-DNA using genomic DNA and gene specific primers as described for other species
(Ray et al. 2014, Roychowdhury et al. 2015). Genomic DNA was isolated from 13
putatively Ri-transformed root lines and 6 regenerated Ri-transformed plant lines after 12
months of maintenance in vitro. The plasmid pLJ1 was isolated following standard
alkaline lysis protocol (Sambrook and Russel 2001) and was used as a positive control.
Genomic DNA from roots and leaves excised from in vitro grown non-transformed plants
was used as a negative control. To eliminate the chances of false positive PCR products
due to bacterial contamination, virD1 specific primers were used (Alpizar et al. 2008).

Swertiamarin, amarogentin and mangiferin contents were analyzed in 4 weeks old
axenic Ri-transformed root lines and Ri-transformed plant lines by HPTLC following the
method published earlier (Samaddar et al. 2013). A 500 mg amount of dried sample was
taken into the 50 ml conical flask, defatted with 20 ml n-Hexane for 48 hrs. The residue
was subsequently extracted with 20 ml methanol for 72 hrs. The extract was concentrated
under vacuum and dissolved in 5 ml HPLC grade methanol. Standard solutions of
swertiamarin (Day Natural), amarogentin (Day Natural) and mangiferin (Sigma) were
prepared (1 mg/ml) separately. Working solutions of 100 ug/ml (i.e. 100 ng/ul) were
prepared from all the three standard solutions by diluting them with HPLC grade
methanol. Chromatography was performed on 20 cm x 10 cm pre-coated silica gel 60 Fsa
aluminium-backed TLC plates (Merck, Germany) of 0.25 mm layer thickness. A CAMAG
HPTLC system (Muttenz, Switzerland) comprising a Linomat-5 automated sample
applicator equipped with a 100 pl syringe, CAMAG TLC scanner with winCATS
software (version: 1.4.6), a UV cabinet and a twin-trough glass tank was used for the
analysis. Details of the procedure of quantitative estimation have been described in
previous communication (Samaddar et al. 2013). Four weeks old excised root cultures of
S. chirayita (ScNTR), established on MS supplemented with 1.43 uM IAA, were used as
controls (since, unlike transformed roots, excised non-transformed roots do not grow on
hormone free basal media). Three biological replicates (n = 15) were used and the
experiment was repeated thrice.

Data were examined by a one-way analysis of variance (ANOVA) to detect
significant differences (p < 0 .05) in the mean (Sokal and Rohlf 1987). Tukey’s HSD test
was performed for post-hoc analyses at the same 5% probability using SPSS software
(version 16.0). Variability in the data was expressed as the mean + standard deviation
(Sd).

Results and Discussion

In the present study, genetic transformation and induction of hairy roots with wild
agropine strains of Agrobacterium rhizogenes was achieved in S. chirayita using whole
micropropagated plants (Fig. 1). No hairy root induction was obtained from excised
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petiole and leaf lamina explants upon infection with any of the four strains. As the
infection frequency depends directly on Agrobacterium strain, host genotype and explant
physiology (Karami et al. 2009), A. rhizogenes strain and host explant selection become an

Fig. 1. Response of S. chirayita whole plants on A. rhizogenes infection (a, b) control explant showing no root
induction, (c, d) explant infected with strain LBA9402, (e, f) infected with strain A4, (g, h) infected with
strain HRI, (i, j) infected with strain R1000. Arrows showing response at wound site. Bar = 1.65 cm (black)
and 0.41 cm (white).

important factor for hairy root induction. Till date, there is one report where root

induction from decapitated S. chirayita shoots upon infection with A. rhizogenes strains

ATCC15834, LBA9402 and TR105 (Keil et al. 2000). Root induction was noticed from

wound sites of petiole and node/internode regions of whole plants after 3 - 4 weeks.
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However, the frequency of root induction and the number of roots induced per wound
site varied with infection sites and bacterial strains after 8 weeks of infection. Leaf
lamina wound sites of whole plants did not show any rhizogenic response even after 8
weeks of infection with A. rhizogenes. Stem explants were also found to be more suitable
for direct infection than leaf explants for hairy root induction in Gentiana cruciata (Hayta
et al. 2011). It has been noted that leaf explants generally show a lower level of
transformation rate in species belonging to family Gentianaceae (Mishiba et al. 2006,
Tiwari et al. 2007), corroborating the present finding.

Whole plants of S. chirayita infected with A. rhizogenes strain LBA9402 at node/
internodal wound sites showed highest root induction frequency (25 + 4.4%) with 2 - 9
roots per wound site. The frequency of root induction from petiolar wound sites was 22.5
t+ 4.2% with 1 - 9 roots induced per wound site. In case of A. rhizogenes strain A4, the
frequency of root induction from node/internodal wound sites was significantly higher
(15 £ 2.6%) than the frequency of root induction from petiolar wound sites (10 = 1.2). The
number of roots induced per node/internodal wound site ranged from 1 - 3 whereas the
number of roots induced per petiolar wound site ranged from 1 - 6. No significant
differences were observed in root induction frequency from wound sites at
node/internodal and petiolar regions when whole plants were infected with A. rhizogenes
strain HRI. The number of roots induced per wound site ranged from 1-6 in case of
node/internodal wound sites and 1 - 3 in case of petiole wound region. Explants
inoculated with strain R1000 did not show any root induction even after 8 weeks of
culture. Variable frequencies of infectivity by different strains of A. rhizogenes in a given
species have been reported which may be due to the plasmids harbored by different
bacterial strains (Mukherjee et al. 1995, Akramian et al. 2008). Till date, numerous strains
of A. rhizogenes have been used for plant transformation (Bahramnejad et al. 2019). It is
well-established that for optimizing protocol for developing hairy root culture lines in a
species, selection of strain is required , as infectivity is species and strain dependent and
as clarified by Thwe et al. (2016), has to be determined empirically.

Hairy roots induced by A. rhizogenes strain LBA9402 showed three-folds higher
growth and developed many laterals within 4 weeks on N/5 medium as compared to MS
and Gamborg’s B5 media supplemented with ampicillin (500 mg/l). Hence, N/5 medium
supplemented with 500 mg/l ampicillin was used for the establishment of all Ri-
transformed root cultures in dark. Each primary root induced at the wound site was
propagated as a separate root line (Roychowdhury et al. 2015). Keil et al. (2000) have
reported that they were not successful in establishing transformed roots of S. chirayita on
solid media, thus could not establish true hairy root lines. The concentration of nitrogen
in the culture medium has been reported to affect the growth of hairy root cultures
(Lourenco et al. 2002). In the present study, the Ri-transformed root lines of S. chirayita
exhibited rapid, plagiotropic growth typical for Ri-transformed roots with long primary
roots and numerous primary laterals, which very often gave rise to secondary laterals
(Fig. 2a,b). Sixteen fast-growing axenic Ri-transformed root lines were selected (10 9402-
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transformed root lines, 3 A4-transformed root lines and 3 HRI-transformed root lines)
and maintained on N/5 medium by regular sub-culturing at 4 weeks interval for 1 - 2.5
years in vitro. However, HRI-derived root lines were slow-growing as compared to other
root lines and therefore were not considered for further studies. Excised non-transformed
roots did not survive on any of the basal media and necrosed within 4 weeks of culture.

The selected Ri-transformed root lines showed variation in their morphology and
growth (Table 1). Out of the ten 9402-transformed root lines, 8 showed lateral root
density ranging from 1.28 + 0.07 to 4.25 £ 0.88 per cm after 4 weeks. These root lines were
relatively thick and yellowish white in color. Greenish white soft textured callus mass at
branch points and tips of laterals were observed when these lines were kept for more
than 8 weeks without sub-culturing. The remaining two lines i.e. Sc9402#2 and Sc9402#9
showed lateral densities significantly higher (10.97 + 0.91 and 7.45 + 0.44 per cm,
respectively) which were thinner and white in color. Development of callus masses at
branch points and tips of laterals were not observed in these two lines when kept without
sub-culturing for more than 8 weeks. Three A4-transformed root lines (SCA4#A, SCA4#B,
ScA4#C) showed lateral densities ranging from 2.38 + 0.55 to 2.75 + 0.66 per cm and did
not show any significant differences among them (Table 1). These root lines were
morphologically thick and white in color that did not show any callusing at branch
points and tips of laterals when kept without sub-culturing for more than 8 weeks. The
root lines Sc9402#2 and Sc9402#14 showed significantly higher biomass accumulation (Gl
=13.67+1.16 and 12.5 £ 2.36, respectively).

PCR analysis revealed the integration of rolA, rolB, rolC and rolD genes of T.-DNA in
all Ri-transformed root lines maintained in vitro for over three years (Fig. 3). The PCR
products were of the expected size and were identical to those of the positive control for
all of the genes studied. No amplification was observed with virD1 primers, used as
control for false positive result of PCR. None of the primers produced any amplification
when the genomic DNA of the non-transformed roots (negative control) was used as
template DNA.

Spontaneous regeneration of shoot buds was observed in 60% of 9402-transformed
root lines (Sc9402#2, Sc9402#3, Sc9402#5, Sc9402#10, Sc9402#11 and Sc9402#14) when
maintained in long-term culture (after 12 - 15 months of initiation of hairy root cultures)
on N/5 medium in dark (Fig. 2c-f). Among them, Sc9402#2, Sc9402#5, Sc9402#10 and
Sc9402#11 root lines showed direct shoot regeneration (Fig. 2e) whereas root lines
Sc9402#3 and Sc9402#14 developed greenish white or yellow tiny callus masses at branch
points prior to shoot bud induction (Fig. 2f). Highest number of shoot buds (-3 - 4
plantlets per petriplate) was observed in root line Sc9402#11 when kept without sub-
culturing for more than 8 weeks. No spontaneous regeneration of shoot buds directly or
indirectly was observed in A4 and HRI-transformed root cultures. Direct as well as
indirect development of adventitious shoot buds from hairy root cultures in hormone-
free media have been reported earlier in many plant species and reviewed (Brillanceae
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et al. 1989, Lee et al. 2004, Chaudhuri et al. 2006, Gangopadhyay et al. 2010, Majumdar
et al 2011, Sarkar et al. 2018). PCR analysis revealed the integration of rolA, rolB, rolC and

NT plants <—— Ri-transformed plants

Fig. 2a,b. Ri-transformed root lines showing high lateral root density and biomass accumulation (Bar = 1.13 cm).
(c) Spontaneous shoot regeneration from Ri-transformed root culture (Bar = 1.44 cm). (d) Regenerated
plantlet (Bar = 1.00 cm). (e) Direct shoot regeneration (Bar = 0.40 cm). (f) Shoot regeneration preceded by
callus induction (Bar = 0.40 cm). (g) Non-transformed and different Ri-transformed plant lines of S.
chirayita.

rolD genes of T.-DNA in all Ri-transformed plant lines (Fig. 4) of S. chirayita after 12

months of maintenance in vitro on MS. The PCR amplicons were of expected size and

were identical to those of the positive controls. None of the primers produced any
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amplification when genomic DNA from non-transformed plants was used. No
amplification for virD1 gene was observed in any Ri-transformed plant lines which
eliminates the possibility of bacterial contamination.

123 45 87 89 10111213

300bp>

800bp™>

500bp™>

500bp*

Fig. 3. Integration of Ri T-DNA genes in Ri-transformed root lines by PCR analysis using rolA, rolB, rolC and
rolD primers. Lane 1: molecular marker (1000 bp plus DNA ladder), lane 2: positive control (pLJ1), lane 3:
negative control (genomic DNA of non-transformed roots), lanes 4-10: 9402-transformed root lines, lanes 11-
13: Ad-transformed root lines.

HPTLC analysis revealed the presence of swertiamarin in 9402-transformed root
lines. The content of swertiamarin (Table 1) ranged between 0.042 + 0.004% (root line
Sc9402#10) and 0.207+0.004% (root line Sc9402#3). Amarogentin was detected in root lines
Sc9402#3 (0.019%) and Sc9402#11 (0.012%) whereas mangiferin was detected only in root
line Sc9402#14 (0.017%). However, swertiamarin, amarogentin and mangiferin could not
be detected in any of A4-transformed root lines (ScCA4#A, ScCA4#B and ScA4#C) as well as
excised non-transformed root cultures of S. chirayita grown on auxin supplemented
medium. Variability in morphology, growth and metabolite productivity among
transformed root clones has been reported earlier in several plant species like Arachis
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hypogea (Halder and Jha 2016), Tylophora indica (Chaudhuri et al. 2005), Catharanthus
roseus (Batra et al. 2004) and Rauvolfia serpentina (Ray et al. 2014).

1 2 3 4567 829
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Fig. 4. Integration of Ri T-DNA genes in Ri-transformed plant lines by PCR analysis using rolA, rolB, rolC and
rolD primers. Lane 1: molecular marker (1000 bp plus DNA ladder), lane 2: positive control (pLJ1), lane 3:
negative control (genomic DNA of non-transformed leaves), lanes 4-9: Six Ri-transformed plant lines.

Table 1. Growth and swertiamerin content in nine Ri-transformed root lines of S. chirayita after
4 weeks of culture on solid N/5 medium (n = 45).

Ri-transformed root Lateral density Growth index % of swertiamarin
lines of S. chirata (per cm) (FW) (meanz SE)
Sc9402#2 10.97 £ 0.914 13.67 + 1.16¢ 0.088 + 0.0030
Sc9402#9 7.45 £ 0.44¢ 10.70 + 0.63¢ 0.083 £ 0.001P
Sc9402#14 1.28 +0.072 12.50 + 2.364 0.102 + 0.002P
Sc9402#11 2.37+£0.75 8.57 + 0.400c 0.177 £ 0.025¢d
Sc9402#12 4.25+0.88° 6.70 £0.172 0.087 £ 0.0130
Sc9402#15 2.89 £0.852 6.15 £ 0.15e0 0.183 + 0.023de
Sc9402#10 2.41+0.342 6.13 £0.19 0.042 + 0.0042
Sc9402#5 1.33+0.03= 4.70 £ 0.402 0.147 £ 0.003¢
Sc9402#3 1.51+0.38 4.03+1.012 0.207 £ 0.004¢

Values represent mean + Sd. Means with same letter are not significantly different according to
Tukey’s HSD test (p < 0.05).
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The rol genes of T-DNA have been reported to affect the secondary metabolite
accumulation in hairy roots, Ri-transformed callus and Ri transformed plants in large
number of taxonomically diverse plant species (Palazén et al. 1998, Bonhomme et al.
2000, Bulgakov 2008, Bulgakov et al. 2011). However, how the rol genes of A. rhizogenes
induce the various diverse synthesis of secondary metabolites is not known (Hakkinen et
al. 2016). Ri-transformed plants spontaneously regenerated from hairy roots showed
enhanced accumulation of swertiamerin and amarogentin as compared to non-
transformed plants of similar age. The content of swertiamerin was enhanced four-fold
(1.15 £ 0.021%) and that of mangiferin was enhanced two-folds (0.51 + 0.01%) over non-
transformed control shoot cultures.

The enhanced production of the swertiamerin (secoiridoid) in hairy root cultures and
Ri-transformed plants in the critically endangered species S. chirayita, which will be
helpful in optimizing alternate methodologies for production of the active principles of
the species and thus help in preventing its destruction from the wild. Further work is
needed to manipulate culture conditions, to optimize productivity and content of
secondary metabolites in hairy root culture of this species as carried out in large number
of other species for improvement in production of secondary metabolites in hairy root
cultures (Halder et al. 2019).
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