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Abstract. This paper describes an improved and rapid protocol for multiple shoot regeneration from nodal segments  of wood
apple (Aegle marmelos L.), a medicinal tree, cultured on Murashige and Skoog (1962) (MS) medium supplemented with various
concentrations of auxins and cytokinins individually and in various combinations. BAP was found to be more effective than kinetin
for shoot multiplication. Nodal explants responded most favorably at low BAP (2.0 mg/l) producing maximum number of shoots
(8.0) and uniform shoots facilitating their simultaneous harvest for rooting.  The medium supplemented with 2.0 mg/l BAP + 1.0
mg/l IAA was found to be most prolific combination of the treatments with regard to number and length of shoots. Creamish friable
compact callus accompanying multiple shoots (8.0) was achieved from nodal segment on MS medium fortified with 2.0 mg/l BAP +
0.5 mg/l  2,4-D within 8 days of culture. The in vitro regenerated shoots were rooted best in half strength MS medium enriched with
1.0 mg/l IAA. The rooted plantlets were successfully established with 60% survival. Besides that the biochemical parameters, like
chlorophyll, total sugars, reducing sugars and proteins were estimated in leaf tissue from both in vivo and in vitro raised plants in
order to establish the sustainability of plants.

Keywords: Biochemical analysis, Mult iple shoots, Nodal segments,  Aegle marmelos, Auxins, Cytokinins.

Abbreviations: BAP - Benzyl amino purine; 2,4-D - 2,4-Dichlorophenoxyacetic acid; MS - Murashige and Skoog (1962) basal
medium; NAA - a-naphthalene acetic acid; IBA - Indole-3-butyric acid; IAA - Indole acetic acid.

INTRODUCTION

Micropropagation of mature trees has been a
difficult task due to various factors like exogenous and
endogenous infection, presence of phenolic
compounds, long complex life cycles, great genetic
variations, etc. [4, 43]. It is well established that in
vitro propagation  of  plant  species  is  influenced  by
various factors, like genotype, age and source of initial
tissue [10].

Aegle marmelos (L.) Corr., (Rutaceae) is a popular
medicinal plant in the Ayurvedic and Siddha systems
of medicines used to treat a wide variety of ailments. In
India, this plant is known as “Bael Tree”. It is mostly
found in tropical and subtropical region. The tree
grows wild in dry forests on hills and plains of central
and southern India, Burma, Pakistan, Bangladesh, Sri
Lanka, Northern Malaya, Java and Philippine Islands
[19].  It is medium sized tree having profuse dimorphic
branched, alternate, trifoliate, deep green leaves,
membranous leaflets, large sweet scented, greenish
white flowers, large, globose fruits [33]. It flowers
from May to July and yields an average of 350-400
fruits (200-250 kg) per tree [27].

Almost all parts of the tree are used in preparing
herbal medicine [21].The roots are useful for treating
diarrhea, dysentery, and dyspepsia [27]. The aqueous
extracts  of  the  stem  and  root  bark  are  used  to  treat
malaria, fever, jaundice, and skin diseases such as
ulcers, urticaria, and eczema [30]. In pharmacological
trails, both the fruit and root showed showed
antiamoebic and hypoglycaemic activities [32]. The
plant is rich in alkaloids, among which aegline,
marmesin, marmin, and marmelosin are the major
ones. The compounds luvangetin and pyranocoumarin,
isolated from seeds showed significant antiulcer
activity [12]. Essential oil isolated from the leaf has
antifungal activity [35].

It is an out breeder, and is routinely propagated by
seeds for cultivation in northern India [38]. As seed
progeny are not uniform, no standard varieties are
available. Seeds have short viability and are prone to
insect attack. Vegetative propagation through root
suckers is slow, difficult and cumbersome [1].

Explants collection season is one of the most
important factor in establishment and growth of in vitro
cultures [5, 31]. The position of node of the explant
also plays an important role in determining the growth
and differentiation of cultures [41].

MATERIALS AND METHODS

Explants of different types- shoot tips (0.5 cm),
internodal and nodal segments (0.5-1.0 cm) excised
from the 10 year old tree growing in Herbal Garden of
Botany Department, Kurukshetra University,
Kurukshetra. All the explants were washed with liquid
detergent for 10 min and under running tap water for
15 min to remove dust particles. They were then
immersed for 2 min in a solution containing 50 mg/l
each of ascorbate and citrate to check phenolic
exudation, and surface sterilized by passage through
15% (vol/vol) Steriliq for 10 min and 0.1% (vol/vol)
HgCl2 for  8  min  under  aseptic  conditions.  After  this
these explants were then thoroughly washed 4-5 times
with sterilized double distilled water to remove the
traces of mercuric chloride. The nodal segments (1.0-
1.5 cm), after trimming the ends, were finally
inoculated on MS medium [30] supplemented with
various concentrations (0.5-2.0 mg/l) of auxins (IAA,
NAA, 2,4-D and IBA) and cytokinins (BAP and Kn)
alone and in various combinations for shoot
regeneration and callus induction.

The cultures were incubated at a temperature of
25±2ºC and a photoperiod of 16hrs light (intensity of
2000 lux) and 8hrs of dark.
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Visual observations like callus induction, growth of
callus, number of days taken for bud break, percentage
of bud break and number of shoots regenerated per
explants were recorded regularly. A mean of 20
replicates was taken per treatments.

The nodal segments containing mature calli were
further subcultured on MS medium supplemented with
different concentrations (0.5-2.0 mg/l) of BAP and Kn
individually and in various combination with IAA and
NAA  for  more  callus  induction  and  shoot
differentiation.

The in vitro raised shoots (2.5-4.0 cm long) were
excised and transferred to cultural tubes containing full
and half strength MS medium fortified with IBA, IAA
and NAA under aseptic conditions for rooting.

The shoots with well developed roots were
gradually pulled out from the medium and immersed in
water to remove the remains of agar-agar particles
sticking to the root system by using a fine brush. These
plantlets were transferred to pots containing mixture of
sterilized soil, sand and compost (1:1:1). The potted
plantlets were covered with a transparent polythene bag
to ensure high humidity around the plants. The pots
were supplied with MS (half strength) salt solution on
alternate days. After about two weeks the polythene
bags were removed for 3-4 hours daily to expose the
plants to the conditions of natural humidity for
acclimatization. These plants were shifted to bigger
pots  after  one  month  of  its  transfer  and  were
maintained under green house conditions.

Different biochemical parameters viz. chlorophyll,
total sugars, reducing sugars and proteins were
estimated in Leaf tissue from in vivo and in vitro grown
plants (21days after ex vitro transfer) were taken for
biochemical analysis. The analyses were conducted at
Plant Physiology Laboratory, Department of Botany,
Kurukshetra University, Kurukshetra, India. The
content of chlorophyll (a, b and total) was measured
according to (Arnon, 1949) [2], reducing and total
sugars according to (Hart and Fisher, 1971) [15] and
proteins by method of Bradford (1976) [6].

Statistical analysis was done by using the formula:
SE = ± ( )

( )1

2

-nn
X

where:
SE = Standard error;
X = Deviation of mean;
n = Number of replicates [39].

RESULTS

In the present study 4-8 nodal stem segment proved
to be the best explants where most of explants showed
bud burst in minimum 8 days (Fig 1a). Bud burst
frequency reduced and time taken for bud induction
enhanced with hard and brown explants from 10- 16
nodal segment.

Direct organogenesis
The apex portion of stem i.e. shoot tip did not

respond in culture due to very soft and succumbs toxic
effects on sterilents. Nodal stem segment were found to
be best explants.

MS basal medium devoid of growth regulators
served as control. No bud break was achieved on MS
medium devoid of growth regulators. Nodal explants
responded to all the concentrations of BAP (0.5-4.0
mg/l) tried. MS medium fortified with 2.0 mg/l BAP
supported better results as compared to other
concentrations of BAP in terms of period required for
bud break, percent bud break, number of shoots
regenerated and shoot length (Table 1) (Fig 1a). In case
of Kn, maximum numbers of shoots (7.2) per explant
was recorded in the medium fortified with 2.0 mg/1
(Fig 1b).

A combined effect of different cytokinins (BAP and
Kinetin) and auxins (IAA and NAA) in various
combination on the nodal explants was also studied
(Table 1). The percent bud break decreases with
increase  in  the  concentration  of  IAA  and  NAA  from
0.5 mg/l to 2.0 mg/l. Among the various media
fortified with different concentrations of BAP and
IAA, 2.0 mg/l BAP + 1.0 mg/l IAA was proved better
in terms of percent bud break and number of shoots
differentiated per explant (Fig 1c).

Supplementation of Kn in place of BAP with IAA
did not make much difference. In case of Kn + NAA or
IAA supplemented media, the medium with Kn (2.0
mg/l) + IAA (0.5 mg/l) showed fifty percent bud break
after 10 days of inoculation with (6.3) numbers of
shoots per explant (Table 1). It has been found that
increase in concentration of IAA resulted in reduction
in the number of shoots per explant. Among the three
concentrations  of   NAA  applied  with  BAP  and  Kn,
most favorable results in terms of bud break were
obtained on the MS medium supplemented with 2.0
mg/l BAP + 0.5 mg/l NAA.

Indirect organogenesis
For callus induction, nodal and internodal stem

segments were cultured on MS medium supplemented
with different concentrations (0.5-4.0 mg/l) of BAP
and 2,4-D. Callus induction was observed within eight
to nineteen days of culture from the cut surface of the
explants (Fig 1d). BAP was more effective than 2,4-D
for callus formation. MS medium fortified with 2.0mg/l
BAP resulted in eighty percent callus formation after
10 days of inoculation (Table 2). In case of 2,4-D,
medium fortified with 2.0 mg/l 2,4-D resulted in
seventy percent callus formation after 12 days of
inoculation. In these treatments the induced calli were
Creamish in colour and structurally nodular. Shoot
regeneration with callus was also noticed at higher
concentration of BAP (2.0 and 4.0 mg/l) (Fig 1e).

The nodal explants favoured shoot induction along
with callus formation on MS medium supplemented in
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combinations of BAP with 2,4-D (Table 3; Fig 1f). The
highest  number  of  shoots  per  callus  was  8.0  in  MS
medium supplemented with 2.0 mg/l BAP + 0.5 mg/l

2,4-D followed by 7.0 in MS medium having 2.0 mg/l
BAP + 1.0 mg/l 2,4-D.

Table 1. Effect of cytokinins and auxins supplemented individually and in various combinations on nodal segments of Aegle armelos.

Auxins/ cytokinins
(mg/l)

Concentration
of plant growth

regulators (mg/l)
 bud break (%)

Number of days
required for bud

break

Number of
shoots (Mean±SE)

Shoot Length(cm)
(Mean ± SE)

Control - - - - -

BAP

0.5
1.0
2.0
4.0

40
50
80
40

12
10
08
10

3.5 ± 0.75
7.0 ± 0.81
8.0 ± 0.81
4.1 ± 0.99

2.7 ± 0.64
3.8 ± 0.20
4.2 ± 0.25
2.0 ± 0.25

Kn

0.5
1.0
2.0
4.0

40
50
70
50

15
11
09
10

3.0 ± 0.74
6.8 ± 0.93
7.2 ± 0.97
4.4 ± 0.96

2.4 ± 0.15
2.7 ± 0.29
3.3 ± 0.28
2.0 ± 0.14

MS+Kn+
IAA

2.0 + 0.5
2.0 + 1.0
2.0 + 2.0

50
50
20

10
12
15

6.3 ± 0.74
5.8 ± 0.78
2.2 ± 0.50

3.1 ± 0.22
2.4 ± 0.21
2.1 ± 0.08

MS+Kn+
NAA

2.0 + 0.5
2.0 + 1.0
2.0 + 2.0

50
40
20

14
15
16

2.7 ± 0.46
2.3 ± 0.82
2.3 ± 0.74

2.3 ± 0.15
2.2 ± 0.28
2.1 ± 0.05

MS+BAP+
IAA

2.0 + 0.5
2.0 + 1.0
2.0 + 2.0

50
60
30

11
09
12

6.0 ± 0.70
7.1 ± 0.87
4.3 ± 0.81

3.2 ± 0.29
2.3 ± 0.41
2.2 ± 0.08

MS+BAP+
NAA

2.0 + 0.5
2.0 + 1.0
2.0 + 2.0

50
40
40

10
12
15

3.2 ± 0.88
2.1 ± 0.64
2.2 ± 0.63

2.5 ± 0.46
2.4 ± 0.27
2.2 ± 0.27

(–) No Response
*Data based on 20 explants per treatment and taken after 28 days of culture

Figure 1. In vitro propagation of Aegle marmelos.(a) Shoot bud initiation on MS medium + BAP (2.0 mg/l); (b) Shoot formation from nodal
explant on MS medium + Kn (2 .0 mg/l); (c) Shoot formation from nodal explant on MS medium with 2.0 mg/l BAP + 1.0 mg/l IAA; (d)
Callus initation from internodal segment on MS medium with 2,4-D (2.0 mg/l); (e) Callus initation from nodal explant on MS medium with
BAP (2.0 mg/l); (f) Callus induction along with shoot formation from nodal explant on MS medium with 2.0 mg/l BAP+ 1.0 mg/l
2,4-D; (g) Shoot regeneration and callus induction from old nodal segments containing mature calli , when subcultured on MS
medium with BAP (2.0 mg/l) + IAA (0.5 mg/l); (h) In vitro rooting on MS medium half strength + IAA (1.0 mg/l).

a b c d

e f g d
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Table 2. Effect of cytokinins and auxins supplemented individually on callus formation on internodal  explants of Aegle marmelos.

Media
Composition

Concentration of
plant growth

regulators (mg/l)

No. of days
required for

callus induction

Callus induction
(%) Nature of callus Callus growth

MS control – – – – –

MS + BAP

0.5
1.0
2.0
4.0

19
16
10
12

20
40
80
60

Creamish friable, Compact
Creamish friable, Compact
Creamish friable, Compact
Creamish friable, Compact

C+
C+

C+++
C++

MS + 2,4-D

0.5
1.0
2.0
4.0

18
17
12
14

20
30
70
50

Creamish friable, Compact
Creamish friable, Compact
Creamish friable, Compact
Creamish friable, Compact

C+
C+

C++
C++

(–) No Response, (C+) Poor growth, (C++) Moderate growth, (C+++) Good growth.
*Data based on 20 explants per treatment and taken after 28 days of culture

Table 3. Effect of various combinations of BAP with 2,4-D on callus formation and shoot regeneration on nodal explants of Aegle marmelos.

Media
Composition

Concentration of
plant growth

regulators (mg/l)

No. of days
required for

callus induction

 Derived callus
shoots (%)

Mean no. of
shoots

Length of shoots
(cm)

MS +
BAP + 2,4-D

1.0 + 0.5
1.0 + 1.0

8
8

70
50

4.2 ± 0.63
4.1 ± 0.60

4.0 ± 0.29
3.4 ± 0.37

MS +
BAP + 2,4-D

2.0 + 0.5
2.0 + 1.0

8
9

80
50

8.0 ± 0.81
7.0 ± 0.87

5.4 ± 0.39
5.0 ± 0.73

(–) No Response, (C+) Poor growth, (C++) Moderate growth, (C+++) Good growth.
*Data based on 20 explants per treatment and taken after 28 days of culture

The 3-4 weeks old nodal segments containing
mature calli were further subcultured on MS medium
supplemented with different concentrations (0.5-2.0
mg/l) of BAP and Kn individually and in various
combination with IAA and NAA for more callus
induction and shoot differentiation. Cultures
maintained on Kn supplemented medium showed no
response. While cultures maintained on higher
concentration of BAP supplemented medium showed
poor response. The medium supplemented with BAP
(2.0 mg/l) + IAA (0.5 mg/l) showed new shoots
formation and callus induction after 10-15 days (Fig.
1g).

Rooting of in vitro regenerated shoots
The medium without growth regulators failed to

initiate roots. Better rooting was supported by the MS
medium fortified with 1.0 mg/l IAA (Table 4; Fig 1h).

Acclimatization and Transfer of plantlets to the soil
Complete regenerated plantlets with sufficient roots

were taken out from the culture tubes and transferred to
small earthen pots containing mixture of sterilized soil,
sand and compost (1:1:1). Sixty percent of the
regenerants survived well.

Table 4. Root formation on different media composition in Aegle marmelos.

Media composition (mg/l)
Days required

for root
induction

% age of Root
formation Remarks

MS full strength without growth regulators – – –
MS half strength without growth regulators – – –

MS half strength + 0.5 mg/l IBA – – –
MS half strength + 1.0 mg/l IBA – – –
MS half strength + 2.0 mg/l IBA 22-25 05 Short, Healthy

 MS half strength + 0.5 mg/l NAA 20-22 20 Long, Thin
 MS half strength + 1.0 mg/l NAA 18-20 30 Long, Thin

  MS half strength + 2.0 mg/l  NAA 20 20 Long, Thin
MS half strength + 0.5 mg/l IAA 18 50 Long, Thin
MS half strength + 1.0 mg/l IAA 16-18 60 Long, Thin
MS half strength + 2.0 mg/l IAA 17 40 Long, Thin

(- )  No Response
*Data based on 20 explants per treatment and taken after 28 days of culture

Table 5.  Comparison of various biochemical contents (mg/g) between in vivo and in vitro regenerated leaves of Aegle marmelos.

Biochemical  Parameters Sample 1 Sample 2

Chlorophyll (a+b) 0.104 (0.039 + 0.065) 0.296 (0.110 + 0.86)
Total Sugars 2.10 3.53

Reducing Sugars 1.92 2.24
Proteins 0.63 0.88

Sample 1: Leaves sample collected from in vitro raised plants.
Sample 2: Leaves sample collected from in vivo plants.
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Biochemical analysis of leaf extract
Different biochemical parameters viz. chlorophyll,

total sugars, reducing sugars and proteins were higher
in  the  leaves  of in vivo grown  plants  than  those  in in
vitro regenerated leaves (Table. 5).

DISCUSSION

Explant collected during May- June was found to
be ideal because 80% explant shows in vitro bud burst
and minimum infection where as the bud burst
frequency reduced in other months.

Nodal stem segment were found to be best explant
due to the presence of protected axillary buds, which
during surface sterilization do not get damaged as also
suggested by Ajithkumar and Seeni [1].

No bud break was achieved on MS medium devoid
of growth regulators. Similarly no shoot buds
developed on MS basal medium in Peganum harmala
[36], Celastrus paniculatus [23].

As compared to the BAP treatment, relatively lower
responses in terms of period required for bud break and
number of shoots differentiated per explant were
observed in media supplemented with kinetin. This
observation is contradictory to the report by
Ajithkumar and Seeni [1] who found both BAP and Kn
were equally effective for this plant. The effectiveness
of BAP on the induction of bud break and shoot
proliferation has been reported in Vigna radiata [40].
Regeneration of shoots in response to Kn has been
observed in Kaempferia galangal [7] and Phyllanthus
niruri [22]. The present study showed that lower
concentration of BAP was sufficient for shoot
multiplication in this plant. The use of comparatively
lower concentration of growth regulator in present
protocol is an important factor worth mentioning, as it
minimizes the risk of producing genetically altered
individuals [8].

The combination of IAA with cytokinins (BAP or
Kn) promoted shoot formation in various plant species
like Vigna radiata, Saussurea involucrata, Vitex
negundo [42, 13, 20].

Presence of 2,4-D has been shown to be essential
for callus formation in Capsicum annum [14]. Callus
formation along with shoot induction was also reported
in several medicinal plant species including Carica
papaya [18], Amorphophallus albus [17].

The 3-4 weeks old nodal segments containing
mature calli were further subcultured on MS medium
supplemented with different concentrations (0.5-2.0
mg/l) of BAP and Kn individually and in various
combination with IAA and NAA for more callus
induction and shoot differentiation. The medium
supplemented with BAP (2.0 mg/l) + IAA (0.5 mg/l)
showed new shoots formation and callus induction
after 10-15 days. Such variability has also been
reported in Heracleum candicans [37].

Effectiveness of IAA for root induction was also
reported in various types of plants, namely Rotula
aquatica Lour. [25], Tylophora indica [9].

Similar mixture of sterilized soil, sand and compost
(1:1:1) composition was used to acclimatize Celastrus
paniculatus [24], Dalbergia latifolia [34],
Dendrocalamus asper [3]. Further hardening and
acclimatization procedures for establishment of
micropropagated plantlets were also developed for
many species such as Salvadora persica [26], Peganum
harmala [11].
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