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ABSTRACT 
Root extracts of Rauwolfia serpentina have been used for centuries in Ayurvedic medicine as a panacea for a wide variety of physical as 
well as mental disorders. The potential of Agrobacterium rhizogenes-mediated genetic transformation for the synthesis of phytomolecules 
of high pharmaceutical value is now well established and documented. Transgenic roots were induced from R. serpentina leaf explants in 
response to A. rhizogenes A4 strain on semi-solid ½-strength MS medium. Amongst 200 hairy root clones developed, 27 showing 
persistent and incessant growth over several generations were selected. Transformed roots grew vigorously and branched profusely on 
hormone-free liquid B5 medium with 3% sucrose with higher biomass yields compared to the control and showed two stable and distinct 
morphotypes. Medium devoid of any carbon source served as the control. The transformed nature of the roots was confirmed by PCR 
amplification with rolA primers. Growth kinetic studies exhibited the highest growth index (58.57 ± 1.92) at the 10th week followed by 
slow growth in the subsequent period up to 14 weeks. Reserpine content increased with root growth and was highest in 10-weeks-old 
cultures. Hairy root clones showed a wide array of variation in relative reserpine content, varying from 0.0064 to 0.0858% dry weight 
(DW). On the basis of relative reserpine content, these hairy root clones were classified into 5 different groups. SM12 clone had the highest 
reserpine level (0.0858% DW) producing 2-3 times more than the content of field-grown roots harvested after 18-24 months. A distinct 
relationship between root morphology and reserpine content was observed. The present study is the first report of reserpine production in 
quantifiable amounts from the hairy roots of any Rauwolfia species. 
_____________________________________________________________________________________________________________ 
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INTRODUCTION 
 
Roots of Rauwolfia serpentina are the principal natural 
source of the alkaloid ‘reserpine’ known for various phar-
macological activities (Muller et al. 1952). The extracts of 
roots and total alkaloids R. serpentina are highly effective 
in hypertension, insomnia, giddiness, anxiety states, mani-
acal behavior, psychosis, schizophrenia and hyperglycemia 
(Duke 1985; Trivedi 1995; Bhattacharjee 1998). Reserpine 
depletes catecholamines (epinephrine and norepinephrine) 
and serotonin (5-hydroxytryptamine) from central and per-
ipheral neurons by interfering with the uptake of these 
amines from the cytosol into vesicles and granules. The 
domestic demand for R. serpentina roots is continuously 
increasing. Long duration required for root harvesting (18-
24 months) and poor seed germination in the crop has res-
tricted its commercial cultivation. Plant tissue culture tech-
niques could be helpful in circumventing these problems. In 
vitro clonal propagation and indole alkaloids from multiple 
shoots of R. serpentina (Roja et al. 1985; Mathur et al. 
1987; Roja and Heble 1996; Goel 2007) and isolation of 
alkaloids along with enzymes involved in their biosynthesis 
in cell suspension cultures (Ohta and Yatazawa 1979; 
Stockigt et al. 1981, 1983; Schubel and Stockigt 1984; Shi-
molina et al. 1986; Yamamato and Yamada 1986; Roja et al. 
1987; Yamamato and Yamada 1987; Molokhova et al. 
1988; Kunakh and Alkhimova 1989; Schuebel et al. 1989; 
Obitz et al. 1995; Kirilova et al. 2001) have been reported. 
However, the problem of genetic and biosynthetic instabi-
lity of cell cultures and resurgence of interest in the poten-
tial of Agrobacterium rhizogenes-mediated hairy roots has 

opened up a new area for enhanced secondary metabolite 
production (Benjamin et al. 1993; Falkenhagen et al. 1993; 
Sheludko and Kostenyuk, 1994; Klushychenko et al. 1995; 
Sheludko et al. 2002). However, commercial production of 
reserpine through hairy root cultures in R. serpentina has 
not been achieved so far. Therefore, the present study was 
aimed to enhance A. rhizogenes-mediated hairy root bio-
mass and select high reserpine-yielding hairy root clones of 
R. serpentina as a potential alternative source. 

 
MATERIALS AND METHODS 
 
Hairy root induction 
 
In vitro cultures of R. serpentina maintained on MS (Murashige 
and Skoog 1962) medium with 1.0 mgl-1 BAP (6-benzylamino-
purine, Sigma-Aldrich, India) and 0.1 mgl-1 NAA (�-naphthelene 
acetic acid, Sigma-Aldrich) served as explant source for hairy root 
induction (Goel et al. 2007). Two wild type strains of A. rhizo-
genes viz. A4 (pRiA4) and LBA 9402 were used for transforma-
tion events and were grown at 28°C for 48 h in YMB (yeast man-
nitol broth, Hi-Media, India) medium. Fresh suspension was pre-
pared by inoculating a single bacterial colony in 10 ml YMB 
medium and incubating for 48 h at 28°C at 100 rpm. Bacterial 
growth was estimated by optical density at 660 nm using a Nano-
drop (ND-1000) spectrophotometer. 

 
Bacterial inoculation in the explants and co-
cultivation 
 
In vitro leaf explants were pricked with a sterile needle using the 
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bacterial suspension for induction of hairy roots. Leaf explants 
pricked using sterile distilled water served as the control. Pricks 
were made on the upper surface of the leaves so as to only cause 
sub-lethal injury. Explants were co-cultured on hormone-free MS 
basal medium with 3% sucrose and 0.8% agar at 25 ± 2°C and 40 
μmol m-2 s-1 light intensity. After 2-3 days the explants were trans-
ferred to MS medium supplemented with 1 μg/μl of antibiotic 
“Sporidex” (Ranbaxy) to eliminate vestigial bacteria. The explants 
were repeatedly cultured on antibiotic supplemented medium until 
bacterium completely disappeared. 

 
Effect of co-cultivation medium on hairy root 
induction 
 
After one week of incubation on MS medium, half of the disin-
fected explants were transferred to hormone-free ½-strength MS 
antibiotic medium and the remaining half were left on the same 
medium. Transformation frequency (TF %) was recorded up to the 
6th week after root induction by the following formula 

  
 
 

 
 
 
 

 
Disinfection and maintenance of transformed 
hairy roots 
 
Putatively transformed roots 1.0-1.5 cm in length were excised 
from the explants and were transferred to hormone-free liquid MS 
medium containing antibiotic. Normal (non-transformed) roots ob-
tained from in vitro shoot cultures were also maintained under 
same culture conditions. 

 
Confirmation of transformed nature of hairy roots 
 
In order to confirm the transformed nature of the hairy roots the 
putatively transformed and non-transformed roots were subjected 
to polymerase chain reaction (PCR) with primers for universal 
wild type A. rhizogenes A4 strain specific rolA gene harbored 
within the T-DNA. Forward (5�-GGAATTAGCCGGACTAAACG-
3�) and reverse (3�-CCGGCGTGGAAATGAATCG-5�) primers for 
rolA were procured from Genie Bangalore (India). Primers for the 
VirD1 gene (forward 5�-ATGTCGCAAGGCAGTAAGC-3� and 
reverse 3�-CGACGGTTGCTCCTGCTGA-5�), coding for DNA 
outside the T-DNA of the Ri plasmid, were also used to rule out 
the possibility of A. rhizogenes contamination in hairy roots. This 
involved isolation of DNA (Khanuja et al. 1999) from roots and A. 
rhizogenes (Sambrook et al. 1989) followed by PCR amplification, 
which was carried out in a total volume of 25 μl in a Bio-Rad i-
cycler version 4.006. The reaction comprised of 25-30 ng of tem-
plate DNA, 0.3 U of Taq DNA polymerase, 0.25 μl of each dNTP, 
1.5 mM MgCl2 buffer and 5 pmol of each primer. After initial 
denaturation at 94°C (5 min), the program was run for 35 cycles 
consisting of 94°C denaturation step (1 min), 60°C primer an-
nealing step (1 min) and 72°C amplification step (1 min), at the 
end of the run a final amplification period (5 min; 72°C) was ap-
pended. Amplified DNA was loaded onto 1.2% agarose gel in TAE 
buffer stained with 0.5 μg/ml ethidium bromide and photographed 
on a polaroid gel documentation system. 

 
Media optimization for hairy root growth at shake 
flask level 
 
MS, LS (Linsmaier and Skoog 1965), B5 (Gamborg et al. 1968), 
and NB (Nistch and Nistch 1969) basal culture media at ½ and ¼ 
strengths with 3% sucrose were examined to try and obtain higher 
biomass yield. The pH of the medium was adjusted to 5.86 ± 0.02 
prior to autoclaving. A single root with lateral branches weighing 
approx. 20 mg was inoculated in 20 ml medium and growth was 
recorded after 6 weeks of inoculation. In another experiment, dif-
ferent pH levels (3.86, 4.86, 5.86, 6.86 and 7.86) and different 
levels of sucrose (0, 1.5, 3.0, 4.5 and 6.0%) were tested in the 

optimized hormone-free liquid basal medium. A minimum of three 
replicates were maintained for each treatment. 

 
Qualitative analysis of the selected fast-growing 
hairy root clones 
 
Dried hairy roots of R. serpentina were extracted as per the proto-
col described earlier (Goel et al. 2009). The vacuum-dried extracts 
were checked on a TLC plate 20 × 20 cm silica gel 60 F254 (Merck 
Darmstadt, Germany). The plate was run in chloroform: methanol 
(95: 5) and visualized under UV light at 254 nm. In order to isolate 
reserpine, preparative TLC was carried out and the spot correspon-
ding to authentic reserpine (Sigma-Aldrich) was eluted and re-
dissolved in chloroform: methanol (3: 1). It was filtered and con-
centrated and run three times in the same mobile phase followed 
by an ethyl acetate: hexane: methanol (65: 25: 10) mixture. Finally, 
the plate was developed with Dragondorff’s reagent. 

 
Growth kinetic studies in R. serpentina hairy roots 
and reserpine biosynthesis 
 
Growth kinetic studies were carried out to assess the optimum 
growth period, higher biomass and reserpine production in five 
(SM14, SM19, SM21, SM28, and SM30) randomly selected fast-
growing hairy root clones. Initially, about 150 mg of roots were 
inoculated in 50 ml medium. A minimum of three replicates were 
harvested at 2-week intervals from the 4th week onwards up to the 
12th week. Different parameters i.e. dry matter (DM) %, growth 
index (GI) and reserpine content (% DW) were recorded using the 
following formula: 

 
 
 

 
Quantitation of reserpine through HPLC 
 
Quantitative estimation of reserpine in hairy root clones was car-
ried out by reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) using photodiode array (PDA) detection (Sri-
vastava et al. 2006). An analytical HPLC system consisted of LC-
20AD solvent delivery pumps, a DGU-20A5 degasser, a CTO-20A 
column oven, 10AF auto-sampler and a SPD-M 20A photodiode 
array detector was used. Data acquisition was performed on lab 
Solution 3.21. Separation was achieved with a binary gradient 
program for pump A (acetonitile), and pump B (0.01 M phosphate 
buffer (NaH2PO4)) containing 0.5% glacial acetic acid at pH 3.5. A 
chromolith RP-18e HPLC column, 4.6 × 100 mm ID was used for 
all analyses. Column temperature was maintained at 26 ± 2°C and 
analysis was performed at a flow rate of 0.1 ml/min throughout the 
gradient run and data acquisition was performed at � = 254 nm. 
Solvents were of HPLC grade (Merck, Darmstadt, Germany). 
Dried extracts from 10-week-old hairy root samples were soni-
cated and dissolved in methanol (methanol-HCl 98: 2, v/v) at 1 
mg/μl on a dry weight (dw) basis. The reserpine (Sigma) standard 
was prepared in methanol (1 mg/ml). Reserpine content (0.030-
0.034% dw) in var. ‘CIM-Sheel’ developed at CIMAP (Gupta et al. 
2005) was used as the benchmark to categorize the hairy roots. 

 
Statistical analysis 

 
The results from growth kinetics experiments were analyzed by 
two-way ANOVA. The results were interpreted as statistically sig-
nificant at P >0.01. This was computed as the ratio of mean square 
corresponding to the treatment to the mean square value represen-
ting the error variability from entire samples as opposed to using 
the value corresponding to the error variability computed by two-
way ANOVA in the denominator of the ratio used to calculate the 
F-value. 
 
RESULTS 
 
Hairy root induction 
 
Agrobacterium A4 strain was capable of inducing trans-
genic roots in R. serpentina leaf explants after 6 weeks with 

Transformation Frequency (TF %) =

No. of explants showing hairy root emergence

Total No. of explants infected
X 100

Dry matter (%) =
Biomass dry weight

Biomass fresh weight
X 100
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70% transformation frequency (TF) vs. 45% in LBA 9402. 
The average number of roots produced by A4 and LBA 
9402 strains were 6 and 4, respectively. LBA 9402 induced 
callus before the onset of root emergence. Upon transfer of 
agro-infected leaf explants from MS to ½-MS medium, 
roots emerged from leaf explants on the 19th day of co-cul-
tivation compared to hormone-free MS medium where roots 
were visible on the 27th day. Relative TF% on ½- and full-
MS medium was 85.93 and 70.27, respectively after 6 
weeks of culture. The transformed roots exhibited typical 
features of fast growth, profuse branching and negative geo-
tropism (Fig. 1A, 1B). 

 
 
 

Maintenance of transformed hairy roots cultures 
 
Emergence of root(s) from each needle prick on the in vitro 
leaf explants was considered as a distinct transformation 
event and was maintained as an individual root clone. More 
than 200 different hairy root clones were initially induced 
and the majority of these root clones formed callus and 
slow growth in hormone-free medium and therefore were 
discarded leaving behind only 40 fast-growing hairy root 
clones. These clones were named SM1, SM2, and SM3, etc. 
Some of the clones lost their growth potential during the 
course of subculture. Finally, 27 hairy root clones which 
grew vigorously with profuse branching on hormone- and 
antibiotic-free medium and showed persistent and incessant 
growth even after three years were selected (Fig. 1C). 
These roots showed two distinct morphological phenotypes 
that remained stable over subsequent generations. Of the 27 
clones, four were morphologically different. These four root 
clones were thin, up to 15 cm long, less branched, soft, 
flexible, greenish white in color and were able to survive up 
to 7-8 months without further sub-culture, whereas re-
maining clones were highly branched, only 5-6 cm long, 
creamish in color, brittle and turned reddish on maturity and 
could survive up to 16-20 weeks without sub-culture. Non-
transformed roots exhibited very slow growth in hormone-
free medium. 

 
Confirmation of transformed nature of hairy roots 
 
PCR analysis of the DNA with rolA primers exhibited the 
amplification of the TL-DNA fragment (600 bp) in trans-
formed roots (Fig. 2). Non-amplification of DNA from 
transformed root with the virD1 primers (Fig. 3) confirmed 
the lack of Agrobacterium contamination in hairy root 
clones. The expected amplification (650 bp) was obtained 
with A. rhizogenes A4 DNA (positive control). Non-trans-
formed roots did not show any amplification either with rol 
A or vir D1 primers. 

 
Effect of nutrient medium composition, pH and 
sucrose concentration 
 
Amongst various media (MS, LS, B5 and N6) tested, liquid 
basal B5 medium at pH 5.86 with 3% sucrose supported fast 
growth and highest biomass production of hairy root clones. 
Hairy root growth decreased as the strength of the culture 
medium decreased. There was a consistent increase in the 
growth of hairy roots with an increase in media pH from 
3.86 to 5.86 followed by a decrease at higher pH levels i.e. 
6.86 and 7.86, respectively. Highest root biomass (3.26 ± 

A B

C

Fig. 1 A. rhizogenes mediated genetic transformation in R. serpentina. 
Hairy root induction in leaf explant (A) emergence of root bunches (inset); 
profuse hairy root growth in liquid B5 medium (B); maintenance of 
various hairy root clones at shake flask level (C). 

L     1     2     3     4       5      6     7     8      9    10    11   12   13    14    15    16   17   18   19    20    21  22    23    24   25    26   27    C    A

Fig. 2 PCR with rol A primers and hairy root clones. M = marker DNA; 1-27 = hairy root clones; C = control (non-transformed root); A = DNA from 
A. rhizogenes A4 strain. Arrow indicated 600-bp fragment. 

L      1     2      3     4      5      6      7     8      9   10    11   12    13    14    15   16   17   18    19   20    21 22   23   24    25    26   27    C    A

Fig. 3 PCR with vir D1 primers and hairy root clones. M = marker DNA; 1-27 = hairy root clones; C = control (non-transformed root); A = DNA from 
A. rhizogenes A4 strain. Arrow indicates 650-bp fragment. 
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0.15) was obtained at 3% sucrose. Sucrose concentration 
beyond 3% inhibited growth. Roots exhibited mortality 
within 5-6 weeks in medium devoid of a carbon source 
(data not shown). 

 
Growth kinetics studies in R. serpentina hairy root 
clones and reserpine analysis 
 
Growth kinetic studies firmly revealed a continued increase 
in root growth in clones SM19, SM21 and SM28 until the 10th 
week of culture followed by a marginal decline. Although 
clones SM14 and SM30 exhibited a continuous increase in 
biomass up to the 12th week of culture, a subsequent in-
crease was not significant during the 10-12th week culture 
period (Table 1). Growth index (GI) of each of the 5 hairy 
root clones exhibited a definite sigmoid growth pattern. A 
continuous increase in root biomass was recorded during 
first 10 weeks. Highest GI (58.57 ± 1.92) was recorded at 
the 10th after which there was no significant increase in bio-
mass (GI = 58.29 ± 3.02) up to the 12th week of culture (Fig. 
4). In all 5 hairy root clones, reserpine content also reached 
the highest level after 10 weeks of growth followed by a 

decline in subsequent weeks, irrespective of their relative 
reserpine content (Table 1, Fig. 5). As is evident from the 
ANOVA (Table 2), since F values for hairy root lines (L) 
and growth period (T) are less than the tabulated value 
therefore the observations were accepted at P = 0.01. 

 
Qualitative analysis of the selected fast growing 
hairy root clones 
 
Reserpine was detected at Rf = 0.5 in chloroform and me-
thanol (95: 5) and at Rf = 0.75 when the same TLC plate 
was run in ethyl acetate: hexane: methanol (65: 25: 10). A 
single spot was detected at Rf = 0.5 when the same fraction 
was run anew in ethyl acetate: hexane: methanol (65: 25: 
10). 

 
Selection of high reserpine-producing hairy root 
clones in R. serpentina 

 
Hairy root clones exhibited a wide range (0.0064-0.0858% 
dw) of reserpine content (Fig. 6). Compared to the reserpine 
content (0.03-0.034) of var. ‘CIM-Sheel’, all root clones 

Table 1 Growth kinetics and reserpine content of hairy root clone(s) at different growth periods. 
Hairy root clones Growth (weeks) Growth parameters

SM14 SM19 SM21 SM28 SM30 
Dry wt. (g) 0.26 ± 0.033 0.44 ± 0.082 0.43 ± 0.025 0.24 ± 0.058 0.47 ± 0.036 
Dry matter % 10.92 8.99 8.5 11.61 7.3 
Growth index 15.18 ± 1.77 31.62 ± 5.55 32.44 ± 0.81 12.78 ± 3.53 41.99 ± 4.2 

4 

Reserpine (% dw) 0.0131 0.0213 0.0332 0.0293 0.0411 
Dry wt. (g) 0.50 ± 0.057 0.73 ± 0.023 0.66 ± 0.12 0.63 ± 0.075 0.73 ± 0.053 
Dry matter % 9.14 11.93 10.05 10.84 9.27 
Growth index 35.8 ± 2.23 39.95 ± 8.0 42.75 ± 1.81 37.98 ± 2.29 51.82 ± 4.56 

6 

Reserpine (% dw) 0.0162 0.0263 0.0388 0.0323 0.0345 
Dry wt. (g) 0.62 ± 0.01 0.67 ± 0.023 0.68 ± 0.026 0.44 ± 0.031 0.67 ± 0.026 
Dry matter % 8.86 9.49 8.92 8.40 8.29 
Growth index 45.74 ± 2.06 46.06 ± 7.02 49.78 ± 2.09 34.11 ± 2.08 52.86 ± 3.64 

8 

Reserpine (% dw) 0.0201 0.0339 0.0320 0.0458 0.0506 
Dry wt. (g) 0.68 ± 0.006 0.73 ± 0.03 0.73 ± 0.046 0.68 ± 0.012 0.66 ± 0.006 
Dry matter % 7.55 7.77 8.34 7.91 7.45 
Growth index 58.97 ± 0.26 61.62 ± 2.13 57.31 ± 4.11 56.67 ± 0.63 58.29 ± 2.05 

10 

Reserpine (% dw) 0.0230 0.0426 0.0422 0.0546 0.0562 
Dry wt. (g) 0.65 ± 0.031 0.66 ± 0.038 0.78 ± 0.006 0.66 ± 0.014 0.68 ± 0.039 
Dry matter % 7.07 7.26 9.1 7.96 7.38 
Growth index 60.7 ± 1.1 59.93 ± 2.62 56.2 ± 3.67 54.00 ± 0.30 60.6 ± 3.2 

12 

Reserpine (% dw) 0.0139 0.0414 0.0365 0.0472 0.0528 
 

Table 2 ANOVA table for the study of effect of hairy root lines and culture period on the growth index of R. serpentina. 
Source of variation Df S.S M.S = S.S/ df Fcal Ftab 
Hairy root lines (L) 4 685983.3 (±2643.76) MSL= 171495.8 (±660.94) MSL/MSE= 3.2113 (±3.1799) F4,16 = 4.7726 
Culture period (T) 4 683644.3 (±2666.98) MST= 170911.1 (±666.74) MST/MSE= 3.2003 (±3.2078) F4,16 = 4.7726 
L*T 16 854466.4 (±3325.56) MSE= 53404.15 (±207.85) - - 
Total 24 2224094 (±8636.3) - - - 

Since F values for hairy root lines (L) and growth period (T) are less than the tabulated value, therefore H0 is accepted at 1% level of significance. Values in bracket are the 
ANOVA of respective standard deviation 
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Fig. 4 Average growth indices (AGI) of five hairy root clones at different growth periods. 
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Fig. 5 Reserpine content in hairy root clones of R. serpentina at different growth periods. 
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Fig. 6 Variation in reserpine content in different hairy root clones after 10 weeks of growth. 
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Fig. 7 HPLC chromatogram of reserpine standard (A) and hairy root clone SM12 (B). 
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were grouped into 5 different categories (Table 3). All 5 
clones SM1, SM4, SM12, SM22 and SM36 synthesized most 
reserpine, with SM12 containing the highest reserpine con-
tent (0.0858% dw) (Fig. 7B, Table 3). Most of the hairy 
root clones exhibited a relatively higher reserpine content 
(0.0422-0.0665% dw). Reserpine content (0.0326-0.0345% 
dw) in clones SM9 and SM15 was almost equivalent to 
‘CIM-Sheel’ and 6 clones recorded lower reserpine content 
than the control. Reserpine content in SM12 was about 14 
times higher than that produced by SM17, which revealed 
the variable nature of hairy roots for alkaloid production. A 
fair relationship between root morphology and reserpine 
content was also observed. As already mentioned, four 
clones were morphologically distinct from others: they pro-
duced a very low amount (0.0064-0.0139% dw) of reser-
pine. On the other hand, other clones produced a higher 
amount of reserpine. 
 
DISCUSSION 
 
The differences in virulence and morphology may be attrib-
uted to the different Ri-plasmids harbored by the strains 
(Nguyen et al. 1992; Akramian et al. 2008). The plagiotropic 
characteristic of hairy roots is advantageous as it increases 
aeration in liquid medium and roots grown in air have an 
elevated accumulation of biomass. The faster growth of 
transformed roots may be attributed to their extensive bran-
ching, resulting in many meristems (Flores et al. 1999; Giri 
and Narasu 2000; Srivastava and Srivastava 2007). The 
hairy roots are usually non-chimeric because they originate 
from single cells and each hairy root clone consists of uni-
formly transformed cells (Ohara et al. 2000). Hormone 
autonomy is due to the capability of endogenous synthesis 
of auxin in hairy roots. Genes present on A. rhizogenes T-
DNA are involved in overproduction of plant hormones at 
the infection site, causing the hairy root diseases (Machado 
et al. 1997; Bulgakov 2008). The difference in morphology 
and branching and growth pattern may be due to the dif-
ference in endogenous hormone level of target cells because 
rol expression is largely an auxin-inducible system and the 

fate of rol-induced meristem depends upon the local hormo-
nal balance of a cell/tissue (Arroo et al. 1995; Baumann et 
al. 1999). Putatively transformed roots of R. serpentina de-
monstrated amplification of rolA. In earlier reports the 
transformed nature of hairy roots in R. serpentina was con-
firmed by opine analysis (Falkenhaegen et al. 1993; Benja-
min et al. 1994). The literature so far does not support any 
evidence of genetic transformation at the molecular level in 
this species; this is the first report of molecular evidence of 
genetic transformation in R. serpentina. Stable integration 
of Ri T-DNA into the host plant genome accounts for the 
genetic stability of transformed root cultures. Their bioche-
mical stability leads to a high growth rate with a stable and 
high level of production of secondary metabolites (Kamada 
et al. 1986). Secondary metabolite biosynthesis in trans-
formed roots is genetically controlled (Hamill and Rhodes 
1988) but it is also strongly influenced by nutritional and 
environmental factors (De-Eknamkul and Ellis 1984; Hilton 
and Rhodes 1993). These genetically transformed root cul-
tures can produce levels of secondary metabolites compara-
ble to that of intact plants. The rol genes in Ri T-DNA in-
duce changes in sensitivity to plant hormones and/or in the 
metabolism of plant hormones (Akutsu et al. 2004). Owing 
to the random integration of T-DNA into the host plant 
genome, the resulting hairy roots often show variable pat-
terns of secondary metabolite accumulation. Due to a cer-
tain amount of heterogeneity, repeated selection seems to be 
an important approach to obtain high-yielding hairy root 
lines (Yukimune et al. 1994). To the best of our knowledge 
this is the first report of reserpine synthesis in the hairy 
roots of R. serpentina. 
 
ACKNOWLEDGEMENTS 
 
Authors are thankful to the Director, Central Institute of Medicinal 
and Aromatic Plants, Lucknow, for providing facilities. A fellow-
ship provided by Council of Scientific and Industrial Research, 
Govt. of India to M.K. Goel is gratefully acknowledged. 
 
REFERENCES 
 
Akutsu M, Ishizaki T, Sato H (2004) Transformation of the monocot Alstroe-

meria by Agrobacterium rhizogenes. Molecular Breeding 13, 69-78 
Akramian M, Tabatabaei SMF, Mirmasoumi M (2008) Virulence of different 

strains of Agrobacterium rhizogenes on genetic transformation of four Hyos-
cyamus species. American Eurasian Journal of Agricultural and Environ-
mental Sciences 3, 759-763 

Arroo RRJ, Develi A, Meijers H, Van de WE, Kemp AK, Croes AF, Wil-
liams GJ (1995) Effects of exogenous auxin on root morphology and sec-
ondary metabolism in Tagetes patula hairy root cultures. Physiologia Plan-
tarum 93, 233-240 

Baumann K, De Paolis A, Costantino P, Gualberti G (1999) The DNA bin-
ding site of the Dof protein NtBBF1 is essential for tissue specific and auxin-
regulated expression of the rolB oncogene in plants. The Plant Cell 11, 323-
333 

Benjamin BD, Roja G, Heble MR (1993) Agrobacterium rhizogenes mediated 
transformation of Rauwolfia serpentina: Regeneration and alkaloid synthesis. 
Plant Cell, Tissue and Organ Culture 35, 253-257 

Benjamin BD, Roja G, Heble MR (1994) Alkaloid synthesis by root cultures 
of Rauwolfia serpentina transformed by Agrobacterium rhizogenes. Phyto-
chemistry 35, 381-383 

Bhattacharjee SK (1998) Handbook of Medicinal Plants, Pointer Publishers, 
Jaipur, India, 293 pp 

Bulgakov VP (2008) Functions of rol genes in plant secondary metabolism. 
Biotechnology Advances 26, 318-324 

De-Eknamkul W, Ellis BE (1984) Rosmarinic acid production and growth cha-
racteristics of Anchusa officinalis cell suspension cultures. Planta Medica 51, 
346-350 

Duke JA (1985) Handbook of Medicinal Herbs, CRC Press Inc., Boca Raton, 
Florida, 401 pp 

Falkenhagen H, Stockigt J, Kuzovkina IN, Alterman IE, Kolshorn H (1993) 
Indole alkaloids from the hairy roots of Rauwolfia serpentina. Canadian 
Journal of Chemistry 71, 2201-2203 

Flores HE, Vivanco JM, Loyola-Vargas VM (1999) ‘Radicle’ biochemistry: 
the biology of root-specific metabolism. Trends in Plant Science 4, 220-226 

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements of suspen-
sion cultures of soya bean root callus. Experimental Cell Research 50, 151-
158 

Giri A, Narasu LM (2000) Transgenic hairy roots: Recent trends and applica-

Table 3 Reserpine content in 10-weeks-old R. serpentina hairy root 
clones. 
Category Hairy root 

clone 
Tissue DW 
(g) 

Extract wt. 
(mg) 

Reserpine 
(% DW) 

SM12 0.66 92.1 0.0858 
SM22 1.33 192.4 0.0799 
SM36 1.37 250.6 0.0729 
SM4 1.26 175.4 0.0709 

Group 1 

SM1 1.41 207.0 0.0701 
SM5 1.54 218.2 0.0665 
SM2 1.17 178.2 0.0574 
SM30 1.52 250.6 0.0562 
SM28 1.30 231.2 0.0546 
SM3 1.96 243.1 0.0533 
SM26 1.35 225.3 0.0519 

Group 2 

SM8 1.31 170.4 0.0502 
SM13 1.07 173.3 0.0473 
SM6 1.35 195.7 0.0467 
SM16 1.25 149.6 0.0466 
SM32 1.04 163.6 0.0465 
SM11 1.38 208.3 0.0458 
SM19 1.36 110.1 0.0426 

Group 3 

SM21 0.94 152.9 0.0422 
SM15 1.39  97.2 0.0345 Group 4 
SM9 1.43 171.5 0.0326 
SM14 1.55 186.4 0.0230 
SM29 1.49 114.8 0.0139 
SM33 1.50 114.8 0.0109 
SM7 1.06  51.4  0.0089 
SM40 2.08 117.1 0.0065 

Group 5 

SM17 3.07 354.5 0.0064 

 

13



Agrobacterium-mediated transformed roots of Rauwolfia serpentina. Goel et al. 

 

tions. Biotechnology Advances 18, 1-22 
Goel MK (2007) Application of bioreactors for micropropagation and sec-

ondary metabolite production in Rauwolfia serpentina Benth. Ex. Kurz. Ph.D. 
thesis, Hemvati Nandan Bahuguna University, Garhwal, Uttarakhand, India, 
280 pp 

Goel MK, Kukreja AK, Khanuja SPS (2007) Cost-effective approaches for in 
vitro mass propagation of Rauwolfia serpentina Benth. Ex. Kurz. Asian Jour-
nal of Plant Sciences 27, 957-961 

Goel MK, Mehrotra S, Kukreja AK, Shanker K, Khanuja SPS (2009) In 
vitro propagation of Rauwolfia serpentina using liquid medium, assessment 
of genetic fidelity of micropropagated plants, and simultaneous quantitation 
of reserpine, ajmaline and ajmalacine. In: Jain SM, Saxena PK (Eds) Methods 
in Molecular Biology, Protocols For in vitro Cultures and Secondary Meta-
bolite Analysis of Aromatic and Medicinal Plants (Vol 547), Humana Press 
Inc., Springer, USA, pp 17-34 

Guillon S, Guiller JT, Pati PK, Rideau M, Gantet P (2006) Hairy root 
research: Recent scenario and exciting prospects. Current Opinion in Plant 
Biology 9, 341-346 

Gupta AK, Khanuja SPS, Gupta MM, Darokar MP, Singh S, Chauhan HS, 
Mathavan RE, Saikia D, Shasany AK, Verma RK, Kukreja AK, Dhawan 
OP, Kalra A, Singh HN, Roy SK, Bahl JR, Singh A, Singh SP (2005) A 
genetically improved variety of Rauwolfia serpentina with high alkaloid 
yield named “CIM -Sheel. Journal of Medicinal and Aromatic Plant Sciences 
27, 532-534 

Hamill JD, Rhodes MJC (1988) A spontaneous light independent and prolific 
plant regeneration response from hairy roots of Nicotiana besperis trans-
formed by Agrobacterium rhizogenes. Journal of Plant Physiology 133, 506-
509 

Hilton MG, Rhodes MJC (1993) Factors affecting the growth and hyosyamine 
production during batch culture of transformed roots of Datura stramonium. 
Planta Medica 59, 340-344 

Kamada H, Okamura N, Satake M, Harada H, Shimomura K (1986) Alka-
loid production by hairy root cultures in Atropa belladonna. Plant Cell Re-
ports 5, 239-242 

Khanuja SPS, Shasany AK, Darokar MP, Kumar S (1999) Rapid isolation of 
DNA from dry and fresh samples of plants producing large amounts of sec-
ondary metabolites and essential oils. Plant Molecular Biology Reporter 17, 
74-80 

Kirillova NV, Smirnova MG, Komov VP (2001) Sequential isolation of super-
oxide dismutase and ajmaline from tissue cultures of Rauwolfia serpentina 
Benth. Applied Biochemistry and Microbiology 37, 160-163 

Klyushnichenko VE, Yakimov SA, Tuzova TP, Syagailo IN, Kuzovkina AN, 
Wulfson AN, Miroshnikov AI (1995) Determination of indole alkaloids 
from Rauwolfia serpentina and Rauwolfia vomitoria by high performance 
liquid chromatography and high performance thin layer chromatography. 
Journal of Chromatography A 704, 357-362 

Kunakh VA, Alkhimova EG (1989) Rauwolfia serpentina: In vitro culture and 
the production of ajmaline. In: Bajaj YPS (Ed) Biotechnology in Agriculture 
and Forestry (Vol. 7) Medicinal and Aromatic Plants II, Springer-Verlag, 
Berlin, pp 398-416 

Linsmaier EM, Skoog F (1965) Organic growth factors requirements of tobac-
co tissue cultures. Physiologia Plantarum 18, 100-127 

Machado LOR, Andrade GM, Cid LPB, Penchel RM, Brasileiro ACM 
(1997) Agrobacterium strain specificity and shooty tumour formation in eu-
calyptus (Eucalyptus grandis x E. urophylla). Plant Cell Reports 16, 299-303 

Madhusudan KP, Banerjee S, Khanuja SPS, Chattopadhyay SK (2008) 
Analysis of hairy root cultures of Rauwolfia serpentina using direct analysis 
in real time mass spectrometric techniques. Biomedical Chromatography 22, 
596-600 

Molokhova EI, Astakhova TV, Shimolina LL, Minina SA (1988) Chromato-
photocolorimetric determination of indole alkaloids in a culture of Rauwol-
fia serpentina tissue. Chemistry of Natural Compounds 23, 773-774 

Muller JM, Schllitller E, Bein HJ (1952) Reserpine the sedative principle of 

Rauwolfia serpentina. Experimentia 8, 338 
Murashige T, Skoog F (1962) A revised medium for rapid growth and bio-

assays with tobacco tissue cultures. Physiologia Plantarum 15, 473-497 
Nguyen C, Bourgaud F, Forlot P, Guckert A (1992) Establishment of hairy 

root cultures of Psoralea species. Plant Cell Reports 11, 424-427 
Nitsch JP, Nitsch C (1969) Haploid plants from pollen grains. Science 167, 85-

87 
Obitz P, Endreb S, Stockigt J (1995) Enzymatic biosynthesis of raumacline. 

Phytochemistry 40, 1407-1417 
Ohara A, Akasaka Y, Daimon H, Mii M (2000) Plant regeneration from hairy 

roots induced by infection with Agrobacterium rhizogenes in Crotalaria jun-
cea L. Plant Cell Reports 19, 563-568 

Ohta S, Yatazawa M (1979) Growth and alkaloid production in callus tissue of 
Rauwolfia serpentina. Agricultural and Biological Chemistry 43, 2297-2303 

Roja PC, Benjamin BD, Heble MR, Chadha MS (1985) Indole alkaloids 
from multiple shoot cultures of Rauwolfia serpentina. Planta Medica 50, 73-
74 

Roja PC, Sipahimalani AT, Heble MR, Chadha MS (1987) Multiple shoot 
cultures of Rauwolfia serpentina: Growth and alkaloid production. Journal of 
Natural Products 50, 872-875 

Roja G, Heble MR (1996) Indole alkaloids in clonal propagules of Rauwolfia 
serpentina Benth ex Kurz. Plant Cell Tissue and Organ Culture 44, 111-115 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A Laboratory 
Manual (2nd Edn), Cold Spring Harbor Laboratory Press, New York, pp 47-
58 

Schübel H, Stöckigt J (1984) RLCC-isolation of raucaffricine from its most 
efficient source - cell suspension cultures of Rauwolfia serpentina Benth. 
Plant Cell Reports 3, 72-74 

Schubel H, Ruyler CM, Stockigt J (1989) Improved production of raucaffri-
cine by cultivated Rauwolfia cells. Phytochemistry 28, 491-494 

Sheludko Y, Gerasimenko I, Kolshorn H, Stockigt J (2002) New alkaloid of 
the sarpagine group from Rauwolfia serpentina hairy root cultures. Journal of 
Natural Products 65, 1006-1010 

Sheludko Y, Kostenyuk V (1994) Growth dynamics and total alkaloid content 
in the transgenic root culture of Rauwolfia serpentina Benth. Tsitologia 
Genetica 28, 35-38 

Shimolina LL, Minina SA, Derbina GA (1986) Alkaloids of Rauwolfia ser-
pentina cell cultures. Kultura Kletok Rast. J. Bioteknol. M. 58-60 (Russian). 
Chemical Abstracts 1987, 106, 135321h 

Srivastava A, Tripathi AK, Pandey R, Verma RK, Gupta MM (2006) Quan-
titative determination of reserpine, ajmaline, and ajmalicine in Rauwolfia 
serpentina by reversed-phase high-performance liquid chromatography. Jour-
nal of Chromatographic Science 44, 557-560 

Srivastava S, Srivastava AK (2007) Hairy root cultures for mass production of 
high value secondary metabolites. Critical Reviews in Biotechnology 27, 29-
43 

Stockigt J, Pfitzner A, Keller PI (1983) Enzymatic formation of ajmaline. 
Tetrahedron Letters 24, 2485-2486 

Stöckigt J, Pfitzner A, Firl J (1981) Indole alkaloids from cell suspension cul-
tures of Rauwolfia serpentina Benth. Plant Cell Reports 1, 36-39 

Trivedi KC (1995) Sarpagandha. In: Chadha KL Gupta R (Eds) Advances in 
Horticulture (Vol 11) Medicinal and Aromatic Plants, Malhotra Publishing 
House, New Delhi, pp 453-466 

Vakil RJ (1949) A clinical trial of Rauwolfia serpentina in essential hyperten-
sion. British Heart Journal 11, 350-355 

Yamamoto O, Yamada Y (1987) Selection of a reserpine-producing cell strain 
using UV-light and optimization of reserpine production in the selected cell 
strain. Plant Cell, Tissue and Organ Culture 8, 125-133 

Yamamoto O, Yamada Y (1986) Production of reserpine and its optimization 
in cultured Rauwolfia serpentina Benth. cells. Plant Cell Reports 5, 50-53 

Yukimune Y, Hara Y, Yamada Y (1994) Tropane alkaloid production in root 
cultures of Duboisia myoporoides obtained by repeated selection. Bioscience, 
Biotechnology and Biochemistry 58, 1443-1446 

 
 

14


