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Abstract Stable lines of hairy roots were established

from leaf explants of Bacopa monnieri using different

strains (A4, R1000, SA79, MTCC 532 and MTCC 2364) of

Agrobacterium rhizogenes. The efficiency of hairy roots

induction of these strains varied significantly and the

maximum transformation frequency (75 %) was observed

in case of strain SA79 using leaf explants followed by

internode (55 %) in the presence of acetosyringone. Dif-

ferent parameters such as cell density of Agrobacterium

suspension, co-cultivation period and infection time influ-

enced the root induction frequency. Maximum frequency

of root induction was obtained with bacterial density of 0.6

OD600, 2 days of co-cultivation period and 10 min of

infection time. Integration of T-DNA in the genome of

hairy roots was confirmed by PCR amplification of rolB

gene. Elimination of Agrobacterium from the established

root cultures was ascertained by amplifying the DNA

fragment specific to 16S rDNA and virD gene. All lines of

hairy roots except strain A4 induced showed higher growth

rate and accumulated higher levels of ‘bacoside A’ than the

untransformed roots. Maximum biomass accumulation

(6.8 g l-1) and ‘bacoside A’ content (10.02 mg g-1 DW)

were recorded in case of the hairy root line induced by

strain MTCC 2364.

Keywords Agrobacterium rhizogenes � Bacopa
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Introduction

Bacopa monnieri (L.) Wettst, family Scrophulariaceae

(common name brahmi) is the only source of bacosides,

which possesses legendary reputation as a memory vita-

lizer with a proven nootropic action (Anonymous 1988).

The major chemical entity responsible for its memory-

facilitating action is ‘bacoside A’, which is usually known

to co-occur with ‘bacoside B’ (Chatterji et al. 1965), latter

differing only in optical rotation (Rastogi 1990). Bacopa

monnieri is also reported to be beneficial for treatment of

cardiac, respiratory and neurological disorders (Russo and

Borrelli 2005). Brahmi-based herbal drugs such as ‘Men-

tat’, ‘Memory Plus’ and ‘Memory Perfect’, rich in ‘baco-

side A’ are gaining popularity in both developed and

developing countries (Pase et al. 2012). Because of these

reasons, B. monnieri has been prioritised as the second

most important Indian medicinal plant with a potential of

further research and development (Rajani 2008). Further,

an increased demand of raw material is resulting in over-

exploitation of the plant from the natural habitat (Tiwari

et al. 1998), and now many workers consider this plant as

an important candidate for conservation (Sharma et al.

2012; Tripathi et al. 2012).

The production of secondary metabolites using bio-

technological tools has been explored for many medicinal

plant species, and these are considered helpful in conser-

vation of these plants (Tiwari et al. 2007; Thimmaraju et al.

2008). Some preliminary efforts were made for in vitro

production of ‘bacoside A’ and ‘bacoside B’ using cell

suspension cultures (Rahman et al. 2002). The major

constraint with cell suspension culture is gradual loss of

ability of these cultures to produce bioactive molecules

(Srivastava and Srivastava 2007). The conventional roots

were found to be slow growing and have a short life span

Communicated by K.-Y. Paek.

M. Bansal � A. Kumar (&) � M. Sudhakara Reddy

Department of Biotechnology, TIFAC-Centre of Relevance

and Excellence in Agro and Industrial Biotechnology (CORE)

Thapar University, Patiala 147004, India

e-mail: adatta@thapar.edu

123

Acta Physiol Plant (2014) 36:2793–2801

DOI 10.1007/s11738-014-1650-5



(Giri and Narasu 2000). Agrobacterium rhizogenes-

induced hairy roots offer a promising system due to their

stable growth and ability to produce secondary metabolites

in plant growth regulators free medium (Sevon and Oks-

man-Caldentey 2002). Further, faster growth, short dou-

bling time, ease of maintenance and ability to synthesise a

range of phytochemicals offer additional advantages (Flo-

res et al. 1999).

Previous reports indicated that lines of hairy roots

induced by different strains of A. rhizogenes tend to behave

differently in terms of growth, morphology and production

of secondary metabolites (Lemcke and Schmulling 1998).

Therefore, screening of established lines of hairy roots

would be important for the selection of a promising line

(Sujatha et al. 2013; Giri et al. 2001). Not many reports are

available on A. rhizogenes-mediated hairy root establish-

ment of B. monnieri except one preliminary study (Ma-

jumdar et al. 2011), wherein ‘bacoside A’ production from

shoot buds and callus derived from hairy roots was

reported. A close survey of literature did not reveal any

report on establishment of stable hairy root lines and pro-

duction of ‘bacosides’ from B. monnieri. Therefore, the

present study was aimed to induce several lines of stable

hairy roots of B. monnieri using different strains of A.

rhizogenes and subsequent selection of the hairy roots

capable of faster growth, stable morphology and potential

for production of higher levels of ‘bacoside A’.

Materials and methods

Plant material, chemicals, glassware

Based on in vitro morphogenetic response and ‘bacoside A’

content, Bacopa monnieri (L.) Wettst. accession BM6 was

selected for the present study (Bansal et al. 2014). All

routine chemicals were purchased from HiMedia Labora-

tories (Mumbai, India); growth regulators and antibiotics

were purchased from Sigma Chemical Co. (St. Louis, MO,

USA). Unless otherwise mentioned, all experiments were

conducted in 300 ml glass culture bottles (Kasablanka,

Mumbai, India) containing 50 ml of Murashige and Skoog

(MS) (Murashige and Skoog 1962) medium. The pH of

medium was adjusted to 5.8 before autoclaving at 121 �C

for 20 min.

Establishment of aseptic cultures

Cultures of B. monnieri were established using nodal

explants according to the procedure described earlier

(Aggarwal et al. 2013). Following surface disinfection,

nodal segments were trimmed from the cut ends and cul-

tured on MS medium containing 58 mM sucrose and gelled

with 0.7 % (w/v) agar (basal MS medium) and supple-

mented with 2.5 lM benzyladenine (BA). Cultures were

incubated at 25 ± 1 �C under 16-/8-h light/dark cycle with

a light intensity of 42 lmol m-2 s-1 (inside the culture

vessel) provided by cool white fluorescent lamps (Philips,

India Ltd, Mumbai). The cultures were sub-cultured at

3-week interval on basal MS medium supplemented with

2.5 lM BA. Three-week-old expanded leaves from the

elongated microshoots were used as a source of explants

(leaf and internodal segments) for further experimentation.

Bacterial cultures

Five strains of A. rhizogenes, viz., R1000, SA79, A4

(obtained from Professor A. K. Srivastava, Indian Institute

of Technology Delhi, India) MTCC 532, MTCC 2364

(procured from Microbial Type Culture Collection, Insti-

tute of Microbial Technology, Chandigarh, India) were

used in the present study. The bacterial strains were grown

on yeast mannitol agar (YMA) medium (10 g l-1 glucose,

10 g l-1 yeast extract, 1 g l-1 ammonium sulphate,

0.25 g l-1 di-potassium phosphate, 15 g l-1 agar and pH

6.8) at 28 �C overnight. Single colony from overnight-

grown cultures was picked and inoculated in yeast man-

nitol broth (YMB) and incubated at 28 ± 2 �C on orbital

shaker (220 rpm) for 24 h. Bacterial cells were pelleted by

centrifugation (4,0009g, 2 min) and re-suspended in YMB

liquid medium with or without 100 lM acetosyringone to

attain the desired OD600.

Establishment of hairy root cultures

Leaf and internode explants obtained from the microshoots

of B. monnieri were injured by gently pricking (about 100

pricks per leaf) with a sterile needle dipped in bacterial

suspension before submerging these in a suspension of A.

rhizogenes (OD600 of 0.6) for different time periods

(0–20 min). The infected explants were blotted on sterile

blotting paper to remove excess bacteria and were co-cul-

tivated for 0–4 days on basal MS medium. After co-culti-

vation, the explants were washed with sterile distilled water

containing 500 mg l-1 ampicillin to remove bacteria and

subcultured on basal MS medium containing ampicillin

(500 mg l-1). During subsequent subculture cycles, con-

centration of ampicillin was reduced stepwise to

250 mg l-1, 100 mg l-1 and then it was completely elim-

inated from the medium.

Molecular analysis

Integration of T-DNA in the nuclear genome of hairy roots

was confirmed using polymerase chain reaction (PCR) by

amplifying a DNA fragment specific to rolB gene (an
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important gene of T-DNA of Ri plasmid) from the genomic

DNA of established root cultures. Genomic DNA from

roots was isolated using CTAB method (Doyle and Doyle

1990), and plasmid DNA of A. rhizogenes was isolated

using a rapid boiling method (Holmes and Quigley 1981).

The PCR mixture consisted of 20.0 ng of DNA, 1.0 U of

Taq DNA polymerase (Larova, Teltow, Germany),

100 lmol dNTP’s mixture, 2.0 ll reaction buffer (109),

10 nmol each primer and Milli-Q water (Millipore India,

Bangalore) was added to make a final volume of 20 ll.

Amplification conditions were: an initial denaturation at

94 �C for 5 min followed by 31 cycles of 95 �C for 1 min,

56 �C for 1 min and 72 �C for 1 min with a final extension

of 72 �C for 10 min. A fragment of 380 bp specific to rolB

gene was amplified using specific primer pair (forward

primer 5-GCTCTTGCAGTGCTAGATTT-3 and reverse

primer 5-GAAGGTGCAAGCTACCTCTC-3).

Elimination of bacteria from the plant tissue was con-

firmed by the PCR amplification of a fragment of DNA of

about 440 bp specific to virD1 gene using a primer pair

(forward primer 5-TGTCGCAAGGCAGTAAG-3 and

reverse primer 5-CAAGGAGTCTTTCAGCATG-3) spe-

cific to virD1 gene. Similarly, PCR amplification of 16S

rDNA fragment of about 1,500 bp was also carried out

using forward primer 5-AGAGTTTGATCCTGGCTCAG-

3 and reverse primer 5-ACGGGCGGTGTGTTC-3 (Weis-

burg et al. 1991). Genomic DNA and/or plasmid from

bacteria were used as positive control. Amplification con-

ditions were same as mentioned above. The amplified

products were separated on 1.0 % (w/v) agarose gel and

viewed using UV transilluminator (BioRad, CA, USA)

following ethidium bromide staining.

Growth and morphology of hairy root cultures

The growth characteristics of hairy roots generated using

five different strains of A. rhizogenes were evaluated on

basal MS medium devoid of ampicillin. Roots from

untransformed microshoots were used as control. Four root

tips (approx. 1 cm long) from roots induced by each bac-

terial strain, harvested from 3-week-old root cultures were

transferred to the same medium (20 ml) in 9-cm petri-

plates and cultured for 30 days. Root elongation and the

number of roots per centimetre on the primary roots (lateral

root density) of various root lines were recorded.

Growth performance (biomass accumulation) of various

lines of hairy roots induced by each strain of A. rhizogenes

along with control (untransformed) roots was also studied.

Fifty mg of actively growing hairy roots from 30-day-old

culture was transferred to 250 ml Erlenmeyer’s flask con-

taining 30 ml of basal MS medium. All cultures were

incubated in dark at 25 ± 2 �C on a gyratory shaker at

60 rpm. After 30 days of culture, the growth of hairy roots

was assessed in terms of biomass and the ‘bacoside A’

content.

Determination of root biomass

The roots were separated from the medium. Their fresh

weight (FW) was determined after these were washed with

distilled water. Excess of water was removed by blotting

before taking fresh weight. Dry weight (DW) was recorded

after these roots were dried at 60 �C till constant weight

was attained. The growth ratio (GR) was determined by

dividing the dry weight of root biomass harvested by the

dry weight of inoculum.

Extraction and quantification of ‘bacoside A’

Samples were extracted and purified as described earlier

(Bansal et al. 2014). Briefly, samples (dried roots) were

powdered using blender. Powdered samples (1.0 g each in

triplicate) were soaked in 10.0 ml water for 24 h. These

were filtered through glass wool and filtrates were dis-

carded. The residues were extracted with 20.0 ml of

aqueous ethanol (95 %, v/v) for 3 days. These were then

filtered through glass wool. The extraction of residue was

repeated three times (920 ml) with (95 %, v/v) ethanol.

Filtrates from three extractions were pooled and dried in

vacuo. Residues were reconstituted in 1.0 ml methanol and

filtered through 0.45-lm pore size filters (Millipore-Car-

rigtwohill, Ireland) prior to quantification using high-per-

formance liquid chromatography (HPLC).

Quantification of ‘bacoside A’ content in purified

extracts was carried out using reverse phase HPLC (Waters

Corporation, USA) equipped with high-pressure binary

pump system (515), diode array detector (2998) and Rhe-

odyne injector with 20 ll sample loop. Samples (20 ll)

were injected through injector into SunfireTM C18 column,

250 9 4.6 mm i.d. particle size 5.0 lm (Waters, Ireland)

and elution was carried out in an isocratic mode with a

mobile phase consisting of aqueous acetonitrile (65:35 v/v)

containing phosphoric acid (0.2 %, v/v; pH 3.0) at a flow

rate of 1.0 ml min-1. Column eluates were monitored with

online PDA detector set at 205 nm. Quantifications were

carried out using external standard curves plotted by taking

known quantities of standard compounds (individually

‘bacoside A3’, ‘bacopaside II’ and ‘bacosaponin C’)

(Sigma Chemical Co., St. Louis, MO, USA).

Statistical analysis

All experiments were performed in triplicate and repeated

three times and values were expressed as mean ± standard

error. Data were analysed using analysis of variance

(ANOVA) and the means were compared using Duncan’s
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multiple range test (P B 0.05) using CoStat 6.4 software

(CoHort Software, Pacific Grove USA).

Results

Establishment of hairy root cultures

Hairy roots were induced from leaf and internode segments

using five different strains of A. rhizogenes. Strain SA79

was found to be more effective for induction of hairy roots

as compared to other strains from both leaf and intermodal

segments. Maximum root induction was recorded from leaf

explants (52 %) when infected with strain SA79, while root

induction was minimum from internodal segments infected

with strain MTCC 532 (Table 1). Among all the five strains

used, transformation frequency from leaf explants was

higher as compared to internodal segments. Since maxi-

mum root induction was observed from leaf explants

infected with strain SA79, hence these were used to study

the effect of various factors on root induction in subsequent

experiments.

Effect of various factors on root induction

Various factors such as bacterial density, incorporation of

acetosyringone in infection medium, and co-cultivation

period were studied. Incorporation of 100 lM acetosy-

ringone in the medium used for re-suspension of bacterial

pellet increased frequency of root induction in both leaf

and internodal explants (Table 1). The number of days

required for induction of roots was also significantly

reduced from 15–18 to 3–8 days (Table 1). The bacterial

density of suspension used for infection of leaf explants

also influenced root induction (Fig. 1a). Among five dif-

ferent densities of bacterial suspension (OD600 0.2, 0.4,

0.6, 0.8 and 1.0) tested for the infection, maximum fre-

quency of hairy root induction (in 62 % leaf explants) was

observed when a bacterial suspension of OD600 0.6 was

used (Fig. 1a). The time period of infection with A.

rhizogenes also influenced the frequency of root induc-

tion. Among the different infection time periods tested (0,

5, 10, 15 and 20 min), maximum frequency of leaf

explants (78 %) was induced to root when infection time

of 10 min was given (Fig. 1b). Similarly, co-cultivation

period also influenced root induction from leaf explants

(Fig. 1c). A co-cultivation period of 2 days was found to

be suitable for root induction from 61.9 % of leaf

explants.

Molecular analysis

The rolB gene is one of the major parts of T-DNA of A.

rhizogenes and plays an important role in root induction.

Integration of T-DNA in the genome of hairy roots of B.

monnieri was confirmed by PCR amplification of DNA

fragment of 380 bp specific to rolB gene (Fig. 2a). Geno-

mic DNA from various lines of putative hairy roots showed

amplification of this fragment, indicating the presence of

rolB gene (Fig. 2a). Amplification was not observed from

untransformed roots (negative control). Size of DNA

fragment amplified from the Ri plasmid (positive control)

was similar to the one amplified from hairy roots (Fig. 2a).

Further, elimination of bacteria from the tissues was

ascertained by testing the presence of DNA fragments

specific to virD1 gene and 16S rDNA in genomic DNA

from various lines of hairy roots by PCR amplification.

Amplification of DNA fragments specific to virD1 gene

and 16S rDNA was not observed from genomic DNA of

various lines of hairy roots (Fig. 2b, c) indicating the

absence of bacterial DNA contaminations. However, a

fragment of about 440 bp specific to virD1 gene (Fig. 2b)

and 1,500 bp specific to 16S rDNA (Fig. 2c)was amplified

from bacterial plasmid DNA and chromosomal DNA,

respectively. These results suggest the absence of Agro-

bacterium in the established root cultures.

Table 1 Effect of explants, strains of A. rhizogenes and acetosyringone (AS) on induction of hairy roots of B. monnieri

A. rhizogenes strains Days for induction of roots % Explants showing root induction

With AS Without AS Internode Leaf

With AS Without AS With AS Without AS

SA79 3–8 15–18 55.09 ± 3.2a,B 38.5 ± 0.23a,D 75.1 ± 0.30a,A 52.1 ± 0.75a,C

A4 4–6 13–15 30.38 ± 0.38c,C 26.9 ± 0.05c,D 65.25 ± 0.70c,A 43.7 ± 0.35c,B

R1000 5–9 14–18 49.13 ± 0.44b,B 31.5 ± 0.14b,D 72.13 ± 0.88b,A 48.2 ± 0.64b,C

MTCC 532 6–9 15–20 14.13 ± 0.44e,C 9.7 ± 0.32e,D 48.13 ± 0.88e,A 22.6 ± 0.47e,B

MTCC 2364 7–9 15–20 29.25 ± 0.49d,C 17.4 ± 0.21d,D 53.75 ± 0.37d,A 31.9 ± 0.15d,B

Each treatment consisted of three replicates with 100 explants each and experiment was repeated three times. Data were analysed by ANOVA

and means were compared by Duncan’s multiple range test and values sharing common lower case letters within the column and upper case letter

within the row are not significant at P B 0.05
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Morphology and growth characteristics

At the end of the culture period, hairy root lines established

using different strains of A. rhizogenes varied in mor-

phology and growth pattern based on root elongation, lat-

eral root density and root thickness (Fig. 3). Roots induced

by strains MTCC 2364 and MTCC 532 were thin (Fig. 3a, b),

whereas hairy roots induced by strains R1000 and SA79

were thick (Fig. 3c, d). Strain A4-induced hairy roots were

thin in morphology and also developed intervening callus

masses (Fig. 3e). Lateral root density varied significantly

among the lines of hairy root induced by various strains of

A. rhizogenes. Maximum density of lateral roots was

observed in roots induced by strain MTCC 2364 (3.6 roots

per cm), while the minimum lateral root density was

recoded with A4 (2.0 roots per cm). Root elongation per

cycle also varied significantly amongst lines of roots

induced by different strains of A. rhizogenes. Maximum

root elongation (4.5 cm per subculture cycle of 30 days)

was observed in hairy roots induced by strain MTCC 2364

(Fig. 4). The maximum root elongation and lateral root

density observed in roots induced by strain MTCC 2364

were positively correlated with higher biomass accumula-

tion by these roots.

Growth analysis

All lines of hairy roots accumulated higher biomass (g l-1)

over the untransformed roots except hairy root line estab-

lished using strain A4 (Table 2). However, there were

significant differences with respect to biomass accumula-

tion by various lines of hairy roots. Maximum biomass

accumulation (6.8 g l-1) was recorded in the cultures of

hairy roots induced by strain MTCC 2364, which showed

about tenfold increment in dry weight of roots (Table 2)

and also showed about 5.5-fold more biomass accumula-

tion than untransformed roots.

‘Bacoside A’ content

The ‘bacoside A’ content varied significantly amongst the

various lines of hairy roots established using different

strains of A. rhizogenes. An important observation of the

present study is higher levels of ‘bacoside A’ content

accumulated by most of the lines of hairy root as compared

to untransformed roots (Table 3). Hairy root line induced

by strain MTCC2364 accumulated about fivefold higher

(10.02 mg g-1 DW) ‘bacoside A’ content than untrans-

formed roots. The ‘bacoside A’ content in roots induced by

strain A4 (1.25 mg g-1 DW) was also lower as compared

to untransformed roots.

Discussion

The objectives of the present study were to establish lines

of hairy roots of B. monnieri using various strains of A.

rhizogenes and to study subsequently the potential of

‘bacoside A’ production of these lines of hairy roots.

Further, various factors influencing the establishment of

hairy roots were also investigated. Earlier, there was only

one report on the induction of hairy roots of B. monnieri

Fig. 1 The effect of a bacterial density b infection time and c co-

cultivation period on root induction from leaf explants using A.

rhizogenes strain SA79
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using A. rhizogenes. However, these roots developed callus

and differentiated shoots (Majumdar et al. 2011). In the

present study, five stable lines of hairy roots were estab-

lished using different strains of A. rhizogenes. Till date,

literature survey did not reveal any report on the estab-

lishment of stable hairy root lines of B. monnieri thus this

seems to be the first report on the establishment of stable

Fig. 2 Amplification of a rolB gene b virD1 gene c 16S rRNA in

hairy root lines of B. monnieri. Lane 1 = 1,000 bp DNA ladder, lane

2 amplification from plasmid DNA (chromosomal DNA of A.

rhizogenes in case of 16S rRNA), lane 3 = negative control (DNA

from untransformed roots), lane 4–8 hairy roots induced by A.

rhizogenes strains (A4, MTCC 532, R1000, SA 79, MTCC 2364,

respectively)

Fig. 3 Morphological variations amongst five different lines of hairy roots established using A. rhizogenes strains a MTCC 2364, b MTCC 532,

c SA79, d R1000 and e A4. The roots were grown on MS medium (ampicillin free) and photographed after 21st day of the growth

Fig. 4 The effect of strains of A. rhizogenes on the root elongation

and lateral root density of established hairy roots grown on basal MS

medium (without ampicillin). Values sharing same uppercase letters

(root elongation) and lowercase letters (lateral root density) within the

series are not significant at P B 0.05

Table 2 Effect of A. rhizogenes strains on accumulation of biomass

from hairy root cultures of B. monnieri

A. rhizogenes

strains

FW after 4 weeks

(g l-1)

DW after 4 weeks

(g l-1)

Growth

ratio

SA79 3.7 ± 0.1b 0.38 ± 0.001b 5.06

A4 1.2 ± 0.02f 0.098 ± 0.004f 1.31

R1000 1.78 ± 0.08d 0.184 ± 0.06d 2.45

MTCC 532 2.8 ± 0.01c 0.308 ± 0.004c 4.10

MTCC 2364 6.8 ± 0.03a 0.739 ± 0.05a 9.86

Untransformed 1.32 ± 0.02e 0.107 ± 0.002e 1.42

Cultures were grown in 250 ml Erlenmeyer’s flasks containing 30 ml

medium for 30 days. Dry weight of the initial inoculum of roots was

0.075(g l-1). Means sharing common letters within the column are

not significant at P B 0.05
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lines of hairy roots and subsequently assessment of

‘bacoside A’ production by established lines of these roots.

In the present study, hairy roots were established from

B. monnieri, an important endangered medicinal plant of

India with the aim to exploit these roots for the production

of ‘bacoside A’. Such roots have been established from

many important medicinal plants for the production of

active principle (Sujatha et al. 2013; Tiwari et al. 2007;

Giri et al. 2001) and these roots have also played important

role in the conservation of these plant species (Tiwari et al.

2007; Thimmaraju et al. 2008). Root induction potential of

the various strains of A. rhizogenes varied significantly

(Table 1) and maximum root induction was observed in

case of strain SA79 followed by strain R1000. This could

be due to differential virulence of these strains and/or host

specificity (Zehra et al. 1999; Porter 1991). Although,

higher virulence of strain R1000 and strain SA79 for root

induction have been reported earlier in many plants (Tiwari

et al. 2007; Tao and Li 2006), yet some studies reported

that strain A4 is more efficient in root induction (Ooi et al.

2013; Giri et al. 2001).

In the present study, higher percent of leaf explants were

induced to root as compared to internodal segments.

Explant-dependent response of root induction following A.

rhizogenes has been reported earlier in some plants (Al-

pizar et al. 2006; Kang et al. 2006). In the present study,

roots were induced at a high frequency from leaf explants

(Table 1). This could be due to reported higher number of

competent cells produced from these explants, which are

ideal targets for hairy root induction (Potrykus 1990).

Various factors namely bacterial density, acetosyrin-

gone, infection time and co-cultivation period influenced

hairy root induction. Earlier, these factors have been

studied and found to influence the process of T-DNA

delivery to the plant tissues (Aggarwal et al. 2013).

Addition of acetosyringone in the bacterial cell suspension

before infection increased the transformation frequency in

the present study (Table 1). These results are in line with

the earlier reports (Aggarwal et al. 2013; Barik et al. 2005).

Amongst different bacterial cell suspension densities tes-

ted, maximum root induction was observed at cell density

of 0.6 OD600 (Fig. 1a). These results are in line with the

earlier reports (Jian et al. 2009; Barik et al. 2005). At

higher bacterial densities, the explants were observed to

turn necrotic which may be due to increased production of

toxic compounds due to bacterial overgrowth (Sonia et al.

2007). Investigating on the effect of different infection

times, it was found that an infection time of 10 min is

optimum for the root induction from the leaf explant

(Fig. 1b). The varying effect of infection time on root

induction in different plants has been reported earlier

(Aggarwal et al. 2013; Jun et al. 2007). Co-cultivation

period also influenced root induction from leaf explant

significantly (Fig. 1c). A co-cultivation period of 2 days

was found to induce the roots in maximum percent of

explants. Earlier, the effect of co-cultivation period on

T-DNA delivery has been reported in various plants (Ag-

garwal et al. 2013; Karthikeyan et al. 1996).

Morphology and growth pattern of roots established

using different strains of A. rhizogenes were found to vary

significantly (Fig. 3). Maximum lateral root density and

root elongation were observed in hairy roots induced by

strain MTCC 2364 (Fig. 4). It has been suggested that,

different morphotypes obtained using different A. rhiz-

ogenes strains may be due to differential expression of

T-DNA genes, variable copy numbers and positional

integration of T-DNA in the host genome (Cho et al.

1998). Earlier, such variations in root morphology were

reported in Gentiana macrophylla (Tiwari et al. 2007) and

Beta vulgaris (Thimmaraju et al. 2008). The growth and

biomass accumulation of different lines of hairy root

induced by different strains of A. rhizogenes also varied

significantly (Table 2). Hairy roots induced by strain

MTCC 2364 showed higher growth and accumulated

about fivefold more biomass as compared to untrans-

formed roots. The maximum lateral root density and root

elongation were also observed in roots induced by strain

MTCC 2364. The lowest growth was recorded in hairy

roots induced by strain A4 (Table 2). Difference in the

growth of roots induced by different strains of A. rhiz-

ogenes has also been reported earlier (Ooi et al. 2013;

Tiwari et al. 2007).

Table 3 ‘Bacoside A’ and its

components (mg g-1 DW) in

hairy roots of B. monnieri

induced by different strains of

A. rhizogenes

Means sharing common letters

within the column are not

significant at P B 0.05

A. rhizogenes

strains

Total bacoside A Bacoside A components

Bacoside A3 Bacopaside II Bacopaside X Bacosaponin C

SA79 4.88b 1.32b 1.27c 0.90b 1.39c

A4 1.25f 0.26f 0.37f 0.36e 0.26f

R1000 3.15d 0.51d 1.18d 0.28d 1.18d

MTCC 532 4.78c 0.83c 1.41b 0.56c 1.98b

MTCC 2364 10.02a 2.12a 2.80a 1.48a 3.62a

Untransformed 2.24e 0.32e 1.12e 0.08f 0.72e
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The content of ‘bacoside A’ also varied significantly

amongst different lines of hairy roots and most of the lines

of roots induced by various strains accumulated higher

levels of ‘bacoside A’ (Table 3). The accumulations of

higher levels of ‘bacoside A, in hairy roots could be due to

the effect of T-DNA integration on the secondary metab-

olite production as reported in many other plant species

(Bulgakov 2008; Shkryl et al. 2008). ‘Bacoside A’ content

was highest in hairy roots induced from strain MTCC 2364,

which accumulated about 4.5-fold more ‘bacoside A’ as

compared to untransformed roots. Although, the variations

in secondary metabolite content in hairy roots induced by

different strains of A. rhizogenes have also been reported

earlier (Giri et al. 2001), yet the higher levels observed in

the present study is a significant observation. Such root

lines can be utilised for the efficient production of active

principle. A line of hairy roots induced by strain A4 was

found to accumulate lowest levels of ‘bacoside A’ (lower

than that of untransformed roots). Earlier, strain A4-

induced roots in B. vulgaris also showed lower accumu-

lation of secondary metabolite and biomass than the roots

induced by the strain LMG-150 (Thimmaraju et al. 2008).

Further, the production of ‘bacoside A’ in the cell sus-

pension cultures of B. monnieri has also been studied by

Rahman et al. (2002), who reported the accumulation of

‘bacoside A’ by cell suspension cultures comparable to

hairy root cultures. However, the growth rate of hairy root

cultures as compared to cell cultures was higher, thus

providing higher yield of ‘bacoside A’ than cell suspension

cultures on one hand and stability of hairy root cultures for

the production of secondary metabolites over a period of

time provides an additional advantage (Flores et al. 1999).

In the present study, for the first time, stable lines of

hairy roots were established from B. monnieri using dif-

ferent strains of A. rhizogenes. Some of the lines of roots

induced showed significantly higher growth rate (5.5-fold)

and also accumulated higher ‘bacoside’ content (4.5-fold)

over the untransformed root cultures. Such fast growing

roots with higher levels of ‘bacoside A’ have the potential

of up-scaling in the bioreactors for the production of

‘bacoside A’. This can be helpful to reduce the pressure on

the wild populations.
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