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Abstract Stevia rebaudiana (Bert.) is an emerging sugar alternative and anti-diabetic plant in Paki-

stan. That is why people did not know the exact time of propagation. The main objective of the

present study was to establish feasible propagation methods for healthy biomass production. In

the present study, seed germination, stem cuttings and micropropagation were investigated for

higher productivity. Fresh seeds showed better germination (25.51–40%) but lost viability after a

few days of storage. In order to improve the germination percentage, seeds were irradiated with

2.5, 5.0, 7.5 and 10 Gy gamma doses. But gamma irradiation did not show any significant change

in seed germination. A great variation in survival of stem cutting was observed in each month of

2012. October and November were found the most suitable months for stem cutting survival

(60%). In order to enhance survival, stem cuttings were also dipped in different plant growth reg-

ulators (PGRs) solution. Only indole butyric acid (IBA; 1000 ppm) treated cutting showed a higher

survival (33%) than control (11.1%). Furthermore, simple and feasible indirect regeneration system

was established from leaf explants. Best callus induction (84.6%) was observed on MS-medium aug-

mented with 6-benzyladenine (BA) and 2,4-dichlorophenoxyacetic acid (2,4-D; 2.0 mg l�1). For the

first time, we obtained the highest number of shoots (106) on a medium containing BA (1.5 mg l�1)

and gibberellic acid (GA3; 0.5 mg l�1). Plantlets were successfully acclimatized in plastic pots. The

current results preferred micropropagation (85%) over seed germination (25.51–40%) and stem

cutting (60%).
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University.
1. Introduction

Stevia rebaudiana (S. rebaudiana) in the Asteraceae family is an

emerging economical species throughout the world (Sreedhar
et al., 2008). S. rebaudiana is considered as an important plant
due to its active compound present in the leaves known as
steviol glycosides. The purified form of steviol glycoside is
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known as Stevioside which is 300 times sweeter than commer-
cially available sucrose (Hwang, 2006). Stevia species are
specially used for the treatment of diabetic patients. The natu-

ral Steviosides cannot enter into the blood stream due to the
absence of receptor for absorbance. Still today there are no
reports that a single patient is completely recovered from dia-

betes after using different synthetic drugs (Thiyagarajan and
Venkatachalam, 2012). It is expected that 57 million people
would be affected by diabetes in the year of 2025. Stevia

extracts have no reported side effects and can be used as an
alternative to sugar and other synthetic sweeteners
(Thiyagarajan and Venkatachalam, 2012).

This species originated from Paraguay and Brazil, and

currently considered as an alternate substitute of cane and beet
sugar (Ahmad et al., 2011a,b). According to the literature
Brazilian and Paraguay tribes used this valuable species for

the treatment of heartburn in medicinal teas and Yerba mate
(Singh and Rao, 2005; Fazal et al., 2011). In vitro and in vivo
experiments have been conducted on human beings and

animals under the control of the WHO which showed that
the intake of steviosides or rebaudiosides does not induce
genotoxicity and the oxidative derivatives were not expressed

in vivo (Ahmad et al., 2011a).
S. rebaudiana plants are conventionally propagated

through cuttings, but this traditional method cannot produce
a large number of plants. The seeds of this species are smaller

in size and the germination % age is very low (Singh and Rao,
2005). Therefore modern techniques of propagation such as
in vitro regeneration or tissue culture are needed to enhance

the production of this important species. For these reasons tis-
sue culture techniques are widely used to produce maximum
mass from a single plant in a short span of time and also pro-

vide opportunities for germplasm conservation of important
plants (Jagatheeswari and Ranganathan, 2012; Sivaram and
Mukundan, 2003; Anbajhagan et al., 2010; Taware et al.,

2010; Sabah and Rasha, 2013).
The main objective of the present study was to improve the

production of Stevia rebaudiana using different propagation
methods. This is an emerging species in Pakistan and most

of the researchers are unaware regarding the exact time of seed
sowing and cutting. In this study seed germination (irradiated)
and stem cuttings were compared with micropropagation. So,

we established a simple micropropagation system via indirect
regeneration for healthy and consistent plantlets production
from leaf explants. These results will provide an opportunity

for selection of the best method of propagation for future
studies.

2. Materials and methods

2.1. Seed collection and irradiation

Fresh seeds were collected from field grown plants of S. rebau-
diana at the Nuclear Institute for Food and Agriculture
(NIFA), Peshawar. Healthy and black coated seeds were

selected for gamma irradiation. Two thousand seeds were irra-
diated with 2.5, 5.0, 7.5 and 10 Gy doses through 60Co gamma
source in the presence of air and room temperature. The same

number of untreated seeds was used as control.
2.2. Seed germination in petri plates, soil and on MS medium

Carefully 20 radiated seeds were placed in each petri plate
along with the control (without radiation). Petri plates con-
taining filter paper and 1 L bottle containing distilled water

were autoclaved before seed inoculation. Seeds were surface
sterilized with 0.2% mercuric chloride solution for 5 min and
washed several times with sterile distilled water. Before inocu-
lation the seeds were dried with the help of autoclaved filter pa-

per. Irradiated seeds were placed in triplicate on a wet filter
paper and the mean data was collected after 25 days. For seed
germination in soil, 100 pots were filled with a mixture of sand,

silt and clay. 20 pots were used for each dose (2.5, 5.0, 7.5 and
10 Gy) along with the control. Irradiated seeds were also
placed on a solid MS-medium for germination without the

addition of plant growth regulators (PGRs). A total of 180
seeds were inoculated on MS-medium along with the control.
For each treatment 36 seeds were cultured in test tubes in three

replicates. Untreated fresh seeds were also sown in the soil to
test the best germination time for a period of 6 weeks.

2.3. Propagation through stem cuttings

Equal of Sixty stem cuttings were planted in each month of
2012 to obtain the best month for survival. In another set of
experiment, stem cuttings of suitable length with 3–4 leaves

were dipped for 1 min in NAA (500, 1000 ppm) and IBA
(500, 1000 ppm) solutions respectively. Stem cuttings were
then planted in pots containing combinations of soil, sand

and manure in 2:1:1 ratio. Data on different parameters of
shoot (length of cuttings, No. of leaves per cutting, No. of
branches per cutting and internodes length) and root (length
of longest root, No. of roots per cutting, fresh weight of roots

and dry weight of roots) was collected after 90 days of culture.

2.4. Micropropagation

2.4.1. Collection and sterilization of leaf explants

Fresh leaf explants were taken from S. rebaudiana mother

plant grown in the Nuclear Institute for Food and Agriculture
(NIFA), Peshawar, Pakistan. The leaves were collected in a
container with tap water to maintain viability. The leaves were

then placed under running water for 15 min to remove dust
particles. Ethanol (70%) for 1 min and mercuric chloride
(0.2%) for 120 s were used for explant sterilization. The ex-
plants were then rinsed with double distilled water and dried

with the help of filter paper (autoclaved).

2.4.2. Media and growth conditions

Murashige and Skoog, 1962 basal medium was selected for
in vitro regeneration augmented with sucrose (3%) and then
solidified with agar (8 g l�1, Merk). Plant growth regulators
(PGRs) from stock solutions were added to the media and

the pH (5.6–5.8) was adjusted through a pH meter (330i/
SET, Germany). After pH adjustment the media were boiled
in a microwave oven and then autoclaved (Hirayama, Japan)

at 121 �C for 20 min. All prepared media were then placed in
growth room (25 ± 1 �C) under a 16 h photoperiod.
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Figure 1 Effect of different gamma irradiations on seed germi-

nation in Stevia rebaudiana (Bert.). Treated seeds were germinated

in Petri plates, soil and MS-medium. Data was collected from

three independent experiments. Mean values (±SD) are signifi-

cantly different when P < 0.05.
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Figure 2 Days to seed germination of Stevia rebaudiana (Bert.).

Mean values with standard deviation were taken from three

replicates and significantly different when P < 0.05.
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2.4.3. Plant growth regulators for micropropagation

For callus induction, leaf explants were placed on MS medium

incorporated with different concentrations (1.0–3.0 mg l�1) of
6-benzyladenine (BA) and 2,4-dichlorophenoxyacetic acid
(2,4-D) alone (0.5–4.0 mg l�1) or in combination with BA

(0.5–3.0 mg l�1). MS basal medium (MS0) was used as a con-
trol. About 2–5 explants were cultured in food jars containing
25–35 ml of media. Callus growth was visually observed after

4–5 weeks of explant inoculation. Fresh and green callus was
selected for further organogenesis (shoots and roots). To study
the effect of PGRs on shoot regeneration, the medium was
supplemented with BA alone or in combination with GA3,

or BA and GA3 in combination with naphthalene acetic acid
(NAA) and indole butyric acid (IBA) or BA along with IBA
or with GA3, BA with Zeatin or BA in combination with

NAA or IBA alone or in combination with NAA. Data
regarding different parameters of shoot organogenesis (Mean
shoot length, number of shoots per explant and % shooting)

was documented after 4 weeks of culturing. For rooting,
MS-medium or B5 medium was incorporated with BA alone,
or in combination with NAA and IBA, B5 medium with BA

or half B5 medium with a combination of NAA and IBA or
half MS-medium with similar composition of PGRs. Mature
shoots were excised from the media and cultured on MS med-
ium containing auxin and cytokinin for rooting. Mean root

length, % rooting and number of roots per plantlet were re-
corded after 4 weeks. Regenerated plantlets were successfully
transferred to pots containing combination of soil, sand, and

manure in a ratio of 2:1:1.

2.5. Statistical analysis

For statistical analysis data was collected from triplicate exper-
iments with 9 cultured flasks for each treatment during micro-
propagation. All other data were taken from triplicate

independent experiments. Mean data with common letters
and standard deviation were analyzed by using Statistix 8.1
software and all graphs were prepared by using OriginLab
software (8.1).

3. Results and discussion

3.1. Effect of radiation doses on seed germination

The effect of different radiation doses on Stevia seed germina-

tion was investigated. The seeds were germinated on 3 different
media for comparison including Petri plates, soil and MS-med-
ium. Significant differences were observed in seed germination

after growing on different substrates. Higher seed germination
(23.31%) was observed in the control; however, 20% germina-
tion was recorded in petri plates after 10 Gy doses of gamma

irradiation (Fig. 1). Similarly 13.44% seed germination in soil
was observed when seeds were irradiated with 2.5 Gy doses
(Fig. 1). Lower seed germination was observed in the MS-med-
ium than Petri plates and a soil medium. The effect of radia-

tion doses on seed germination in Stevia is not reported yet.
However, the effect of gamma irradiation on other compo-
nents of seed was recently reported by Ahmad et al., 2013a.

Furthermore, many researchers observed that different doses
of gamma irradiation frequently change the active components
of many food and medicinal plants (Suk et al., 2005; Costa de
Camargo et al., 2012; Pérez et al., 2007). In conclusion gamma
irradiation did not show any significant change in germination
because the untreated seeds showed better germination.

Fresh seeds were sown in soil to check the germination
data periodically. Germination of seed started after day 9.
Higher germination percentage (25.5%) was observed after

9 days of seed sowing (Fig. 2). But the germination percent-
age gradually decreases as the seeds were sown after 9 days
and the least germination (6.12%) was observed after 37 days

of sowing. It means that Stevia seeds lose viability when
stored for longer period. These results suggest that fresh seeds
should be used within first week of collection to obtain
healthy stock.
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Figure 3 Survival percentage of stem cuttings planted in

different months. Data (mean ± S.D + LSD) was collected from

three replicates. Mean values with common letters on each bar are

significantly different at P < 0.05.
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3.2. Conventional propagation through stem cuttings

Stem cutting was planted in each month of 2012. It has been
observed that the best month for stem cutting was October

and November. Generally growers tried to obtain higher bio-
mass in the month of April. But we get 60% vigorous plants
in these two months as compared to April (32%) as shown
in Fig. 3. Therefore the current results suggest that stem cut-

ting should be planted in October and November. Data
regarding different parameters of shooting (length of cutting
or shoot, internode length and, No. of leaves and branches

per cutting) was taken after 90 days of sowing (Table 1). Data
on % survival or sprouting of cuttings dipped in IBA and
NAA solutions showed variation. Maximum survival rate
Table 1 Effect of IBA (500 and 1000 ppm) and NAA (500 and1000

Stevia rebaudiana (Bert.).

PGRs (ppm) % Survival Length of cuttings (cm) No.

Shoot emergence parameters

IBA 1000 33.33a* 29.83ab 90.0

NAA 1000 22.22b 19.63b 107.

IBA 500 11.11c 33.57a 102.

NAA 500 2.66 d 10c 21c

Control 11.11c 20.83b 91.3

Root formation parameters

PGRs (ppm) Mean length (cm) No. of roots/cutting Fres

IBA 1000 53.6b* 15.0b 1.65

NAA 1000 54.5b 13.0bc 1.68

IBA 500 67.0a 24.0a 1.64

NAA 500 09d 03c 0.34

Control 47.15c 12.35bc 1.21

* The experiment was repeated twice and data was collected from replicate

significantly different at P < 0.05.
(sprouting) of 33% was observed when cuttings were dipped
in an IBA solution (1000 ppm) and NAA solution
(1000 ppm; 22.2%). Smitha and Umesha (2012) more recently

reported 76.8% sprouting with the application of IBA 500 and
1000 ppm solutions. However, 11.1% survival was observed in
control and cuttings when dipped in IBA solution (500 ppm),

but NAA (500 ppm) showed 2.66% survival. Furthermore, a
maximum of 33.56 cm mean shoot length was recorded when
cutting was dipped in an IBA solution (500 ppm) as shown

in Table 1. Similarly, Ingle and Venugopal (2009) reported a
shoot length of 37.83 cm when cuttings were exposed to IBA
solution (500 ppm). The differences in data may be due to
the dipping time and soil mixtures. But Smitha and Umesha

(2012) mentioned that IBA 500 and 1000 ppm induced 19.98
and 19.18 cm sprout lengths in Stevia. Similarly 29.833 and
19.63 cm mean shoot lengths were recorded for IBA and

NAA solutions (1000 ppm) as compared to control
(20.83 cm). Maximum of 107.67 number of leaves per cutting
was observed when cutting was dipped in the NAA solution

(1000 ppm) as compared to control (91.3). The current data
is in agreement with the reports of Chalapathi et al. (2001).
But Ingle and Venugopal (2009) obtained the highest number

of leaves (37.86) with the application of 500 ppm IBA solution.
The highest number (10.3) of branches was observed when cut-
tings were dipped in NAA solution (1000 ppm) in comparison
with control (6.67). Significantly similar internode length was

recorded for cuttings dipped in IBA and NAA solutions
(2.67, 2.83 and 2.29) as compared to control (1.65). Before
data collection on rooting, roots were collected and carefully

washed with distilled water to remove soil particles. Higher
number of roots (24.0) per cutting was observed when dipped
in IBA solution (500 ppm) as compared to control (12.35) (Ta-

ble 1). Similarly, Ingle and Venugopal (2009) documented that
IBA 500 ppm influenced a maximum number of roots in stem
cutting of Stevia. Like the number of roots per cutting, IBA

treated (500 ppm) roots showed a maximum length of
67.0 cm as compared to control (47.15 cm). All the roots col-
lected from cuttings which were treated with IBA and NAA
(1000, 500 and 1000 ppm) showed significantly similar fresh

weight (1.65, 1.64 and 1.68 g) as compared to control (1.21).
ppm) solutions on shoot and root formations in stem cutting of

of leaves/cutting No. of branches/cutting Internodes length

b 06.0b 02.67ab

67a 10.33a 02.29b

33ab 08.67ab 02.83a

2.33c 0.67d

3b 06.67b 01.65 cd

h weight of roots Dry weight of roots

ab 0.7a

a 0.56b

ab 0.58b

c 0.11c

b 0.51bc

d experiments. Mean values with least significant difference (LSD) are
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After fresh weight the roots were completely dried in an oven
at 60 �C for 2 h. Maximum of 0.70 g of dry weight was
observed for roots taken from IBA (1000 ppm) treated cuttings

as compared to control (0.52 g). However, Ingle and Venug-
opal (2009) reported a maximum of 0.29 g of dry weight after
treatment with IBA 500 ppm.

3.3. Micropropagation

3.3.1. Effect of different PGRs on callus induction

Efficient regeneration system via callogenesis was established

from leaf explants of S. rebaudiana (Fig. 4). Callus was induced
on medium supplemented with various concentrations of BA
4 (a) 4 (b) 

4 (e) 4 (f) 

Figure 4 Simple and feasible indirect regeneration system from leaf

Shoot initiation from callus culture (4d) Shoot multiplication (4e)

acclimatization of in vitro regenerated plantlets.

Table 2 Effect of different concentrations of auxin or cytokinin al

callus texture and callus growth in Stevia rebaudiana (Bert.).

Plant growth regulators (mg l�1) Callus formation (%) C

2,4-D (0.5) 66.48 ± 0.90cd* Y

2,4-D (1.0) 66.54 ± 1.62cd Y

2,4-D (1.5) 66.94 ± 1.75c Y

2,4-D (2.0) 83.23 ± 2.67a Y

2,4-D (3.0) 50.37 ± 3.01e Y

2,4-D (4.0) 83.25 ± 2.10a Y

BA (1.0) 29.33±4.35g G

BA (2.0) 70.06 ± 2.73b G

BA (3.0) 40.38 ± 2.89f G

2,4-D + BA (0.5) 66.28 ± 1.25cd Y

2,4-D+BA (1.0) 83.22 ± 2.02a Y

2,4-D + BA (2.0) 84.60±1.27a Y

2,4-D+BA (3.0) 64.23 ± 3.21d Y

Control 0 N

+++++ Excellent, ++++ Very good, +++Good, ++Poor, +
* Indirect regeneration of S. rebaudiana via callus cultures from leaf expla

column with common letters and standard deviation are not significantly
alone (1.0, 2.0 and 3.0 mg l�1) or 2,4-D alone in various con-
centrations (0.5–4.0 mg l�1) or combination of BA and 2,4-D
(0.5–3.0 mg l�1; Table 2). In the present study S. rebaudiana

leaf explants responded to all plant growth regulators used.
Best callus production (<84%) was observed on medium
augmented with a combination of 2,4-D and BA (2.0 mg l�1;

Table 2). Recently, Aman et al. (2013) reported that 2,4-D
and BA along with different agar concentrations significantly
enhanced callus formation in S. rebaudiana. These results are

in agreement with those reported by Ahmad et al. (2011a) that
the combination of BA and 2,4-D can induce callus in
S. rebaudiana. Callus induction of >83% was recorded on a
medium containing 1.0 mg l�1 of 2,4-D along with 1.0 mg l�1
4 (c) 4 (d) 

4 (g) 4 (h) 

explants in Stevia rebaudiana (Bert.), (4a) Callus induction (4bc)

Shoot elongation (4f) Roots induction (4g and h) Successful

one or in combination on percent callus formation, callus color,

allus color Callus texture Callus growth

ellowish green Granular and spongy +++

ellowish green Granular and spongy +++

ellowish green Granular and spongy +++

ellowish green Granular +++

ellowish green Granular +++

ellowish green Granular ++++

reen Compact +

reen Compact +++

reen Compact ++

ellowish green Granular +++++

ellowish green Granular +++++

ellowish green Granular +++++

ellowish green Granular +++++

A NA NA

Very poor.

nts. Data was taken from replicated experiments. Mean data in each

different at P < 0.05.
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of BA. Khalil et al. (2011) also observed that the combination
of cytokinin and auxin can accelerate callus induction in Citrus
sinensis. Significantly similar amount of callus (>83%) was

also induced by 4.0 and 2.0 mg l�1 of 2,4-D. No callus was ob-
served on MS0 medium. Similarly, the callus response of
70.06% was recorded on 2.0 mg l�1 of BA alone. A similar

observation was also reported by Taware et al. (2010) also re-
ported that the addition of 1.0 mg l�1 of 2,4-D to the medium
enhance callus formation in S. rebaudiana. All the PGRs

(Cytokinin and auxin) used alone or in combination induced
higher amount of callus, however, BA (1.0 and 3.0 mg l�1)
and 3.0 mg l�1 of 2,4-D were less effective in callus induction.
The callus color, texture and growth were also recorded on

various concentrations of BA and 2,4-D alone or in combina-
tion (Table 2). Various concentrations of 2,4-D induced yel-
lowish green, granular and spongy callus. In comparison

with 2,4-D, all the BA concentrations induced compact and
green callus. However, combination of BA and 2,4-D pro-
duced granular and yellowish green callus.

3.3.2. Effect of different PGRs on shoot organogenesis

Data regarding different parameters on shoot organogenesis
was documented after 4 weeks of callus inoculation. Presently

BA (2.0 mg l�1) showed the greatest frequency of shoot regen-
eration (96%) after 4 weeks of callus culture (Table 3). Similar
results were also reported by Ahmad et al. (2011a), that BA

alone can influence shooting response in S. rebaudiana. BA
(1.5 mg l�1) in combination with GA3 (0.5 mg l�1) also induce
90% shooting in S. rebaudiana. Furthermore, combinations of
Table 3 Shoot and root organogenesis in Stevia rebaudiana (Bert.)

concentrations of cytokinin (BA, Zeatin), gibberellic acid (GA3) and

BA+IBA; BA+ GA3 + IBA+ NAA; BA + zeatin; IBA + NAA)

Plant growth regulators

(mg l�1)

% Shooting

mean ± SD

No. o

per ex

BA 1.0 85.00 ± 0.67d* 20 ± 1

BA 2.0 96.00 ± 1.33a 96 ± 4

BA 3.0 70.00 ± 0.93 g 106 ±

BA 4.0 60.00 ± 0.89jk 37.5 ±

BA 1.5 + GA3 0.5 90.00 ± 1.33b 17 ± 0

BA 1.0 + GA3 1.0 65.00 ± 0.67ij 12 ± 0

BA 0.2 + GA3 0.2 66.60 ± 0.16hi 45 ± 2

BA 1.0 + 0.1(GA3 + IBA+NAA) 72.00 ± 1.33 fg 44 ± 2

BA 1.0 + IBA 0.2 + 0.3(GA3 + NAA) 86.66 ± 0.96 cd 37.5 ±

BA+ GA3 (0.2) + NAA+ IBA (0.5) 73.68 ± 0.75f 12 ± 0

½ MS+ 0.2(BA+GA3) + 0.5(NAA+ IBA) 87.5 ± 0.96c 23 ± 1

BA 0.5 + IBA 1.0 66.66 ± 0.16hi 32.2 ±

BA 0.5 + ½ MS IBA 80.00 ± 1.33e 4.0 ±

BA 1.0 + Zeatin 0.1 67.00 ± 0.67 h 2.0 ±

BA 1.0 + 0.5 (NAA+ 2,4-D) 20.00 ± 1.00 l 2.5 ±

IBA 1.0 64.28 ± 0.51j 4.5 ±

IBA 1.0 + NAA 0.5 50.00 ± 0.33 k 2.5 ±

IBA 0.5 + ½ MS NAA 71.42 ± 0.41 g 4.7 ±

NAA 0.5 + IBA 0.5 71.42 ± 0.41 g 2.3 ±

½ MS+NAA 0.5 + IBA 0.5 –

BA 1.0 + B5 –

BA 2.0 + B5 –

½ B5 + 0.5(IBA+ NAA) –

Control 8.00 ± 0.34 m 1 ± 0.

* Data was taken from replicated experiments. Mean data in each colum

different at P < 0.05.
BA (1.0 mg l�1) with GA3 (0.3 mg l�1), NAA (0.3 mg l�1) and
IBA (0.2 mg l�1) also produced more than 80% shoots from
callus cultures. The current data is in agreement with the re-

sults of Aman et al. (2013). Least shoot organogenesis (20%)
was recorded on BA combined with NAA and 2,4-D (Table 3).
In the current experiment all the BA concentrations used were

found effective in shoot induction. Presently, the highest (106)
number of shoots per explant was documented when the med-
ium was supplemented with BA (1.5 mg l�1) in combination

with GA3 (0.5 mg l�1) as shown in Fig. 4d. Most recently,
Aman et al. (2013) reported that BA alone in the medium
induces 28 shoots per explant. But Thiyagarajan and Venkat-
achalam (2012) recently reported a total of 123 shoots per

explant. The difference in data is due to explant types, we used
indirect regeneration system in which multiple shoots were
obtained from callus (leaf explant) but Thiyagarajan and

Venkatachalam (2012) obtained direct shoots from nodal seg-
ments. Similarly, 96 number of shoots per explant was ob-
served when the medium was supplemented with 2.0 mg l�1

BA (Table 3). Ahmad et al. (2011a) also reported that BA
can produce the maximum number of shoots per explant in
S. rebaudiana. Khalil et al. (2011) observed that BA in the

medium enhances the number of shoots per explant. In the
present investigation it was observed that, 2,4-D in combina-
tion with BA and NAA or IBA alone or in combination with
NAA significantly inhibited the number of shoots per explant

in S. rebaudiana (Table 3). When shoots were transferred to
elongation medium, longest shoots (29.5 cm) were observed
on MS-medium incorporated with 1.0 mg l�1 of BA in
on half and full MS or B5 medium supplemented with different

auxin alone (IBA, NAA, 2,4-D) or in combination (BA+ GA3;

.

f shoots

plant

Mean shoot

length (cm)

% Rooting

mean ± SD

Mean root

length (cm)

No. of roots

per plantlet

.0e 5.2 ± 2e 53.13 ± 0.14e 9.0 ± 0.5bc 7.5 ± 0.37c

.8b 6.3 ± 2e 77.27 ± 0.24b 4.5 ± 0.5 cd 4 ± 0.2d

5.3a 23.5 ± 0.5b 46.14 ± 0.53f 8.3 ± 0.6bc 8.44 ± 0.5c

1.87d 29.5 ± 0.59a 46.43 ± 0.42f 10.6 ± 1.5b 13.5 ± 0.6b

.85ef 9.5 ± 0.5d –

.6 fg 11 ± 1.0 cd –

.25c 5.75 ± 0.7e –

.2c 12 ± 1.0c –

1.8d 5.1 ± 0.65e –

.6 fg 13.2 ± 1.0c –

.15e 10 ± 1.0 cd –

1.6de 11.5 ± 1.47 cd –

0.2 g 3.1 ± 1.0f –

0.1 g 9.0 ± 0.5d –

0.12 g 3.0 ± 0.5f –

0.25 g 12 ± 0.5c –

0.12 g 5.5 ± 0.5e –

0.17 g 3.2 ± 0.19f –

0.36 g 3.7 ± 0.51f 73.92 ± 0.41c 7.4 ± 3.21c 13.6 ± 0.8b

85.72 ± 0.21a 14.3 ± 1.0a 19 ± 0.95a

15.38 ± 0.38 g 2.7 ± 2.0d 4.5 ± 0.25d

15.79 ± 0.21 g 8.25 ± 0.5bc 12 ± 0.6bc

70.00 ± 0.50d 3.75 ± 3.0d 7 ± 0.35c

05 g 5.5 ± 0.2e 0 0 0

n with common letters and standard deviation are not significantly
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combination with 1.0 mg l�1 GA3 (Table 3). On the other hand
23.5 cm long shoots were recorded on 1.5 mg l�1 BA along
with 0.5 mg l�1 GA3. Furthermore, the same result was also re-

ported by Sabah and Rasha (2013).

3.3.3. Effect of different PGRs on root organogenesis

For root induction, elongated shoots were kept for more than

5 weeks on medium containing BA. Root initiation was started
with very thin and weak roots. Maximum of 85% rooting was
observed on medium with half strength basal salts containing

NAA and IBA (0.5 mg l�1). However, Aman et al. (2013) re-
ported that the addition of 2.0 mg l�1 IAA influence 100%
rooting response when the agar concentration in the medium

is reduced from 7.5 to 3.5 g l�1. Whereas, when the full MS-
medium was incorporated with similar concentrations of aux-
in, more than 73% rooting was recorded (Table 3). Aman et al.

(2013) also observed that the rooting response decreases with
the addition of IAA, NAA and IBA to full MS-medium. How-
ever, BA (2.0 mg l�1) also produced similar % of rooting in
regenerated shoots. Similar findings were also reported by

Khalil et al. (2011) in C. sinensis. The current results are in line
with the observation of Ahmad et al., 2013b. Furthermore,
data regarding the number of roots/plantlets, maximum of

19 roots per plantlet was observed on MS medium with half
strength basal salts and 0.5 mg l�1 NAA in combination with
0.5 mg l�1 IBA (Table 3). Similarly, Aman et al. (2013)

reported the addition of higher concentrations of IBA and
NAA with different agar concentrations significantly enhanced
the number of roots (26.33) in S. rebaudiana. Maximum mean

root length (14.33 cm) was recorded when half strength
MS-medium was incorporated with similar concentrations of
PGRs. These results suggest that all auxin are effective in root
induction in S. rebaudiana.

3.3.4. Acclimatization of regenerated plantlets

Regenerated plantlets were successfully transferred to pots
containing combinations of soil, sand and manure in a ratio

of 2:1:1 (Fig. 4g and h). The pots containing plantlets were
kept in growth chamber for 2 weeks and then transferred to
greenhouse. Healthy plantlets from pots were then transferred

to field conditions for survival. Cuttings were taken from these
acclimated plants and sown in plastic bags for further studies.

The current results suggest that stem cutting and seed ger-

mination are not cost effective methods for higher biomass and
healthy plantlets production, because the seed shortly loses
viability after collection and further most of the seeds cannot

germinate due to the presence of immature embryos. The seeds
cannot be stored for longer period. It is better to collect fresh
seeds and directly sown to get maximum plants. Similarly,
stem cutting needs large input stock and labors. Stem cutting

only showed maximum survival in November and October
months. Therefore the best option for healthy biomass produc-
tion is micropropagation. Here, we established a simple proto-

col from leaf explants for regeneration which is helpful for
future studies on this species.
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