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ABSTRACT
Tomato is a highly popular crop for its rich nutritional values and constitutes an integral part

of daily diets for substantial portion of human population of the world. Because of limitations in
conventional breeding methods and increasing demand of this important crop for fast growing
population, large scale propagation of tomato through plant tissue culture techniques becomes
highly significant. Efficient in vitro generation protocols for tomato have been established
successfully by employing seed and tissue culture derived shoot-tip explants. 6-benzyl amino purine
(BAP) was highly effective in inducing seed germination and rapid leaf multiplication though
presence of 0.4% activated charcocal (AC) had negative influence on culture development. The used
of in vitro derived shoot-tips as explants removed the deleterious effect of AC resulting in the
production of highest number of leaves in MS+3 mg LG1 BAP+0.5 mg LG1 NAA+AC. The Murashige
and Skoog (MS) medium augmented with 1-naphthalene acetic acid (NAA) was not favourable for
seed germination but germination rate and root multiplication responses accelerated with the
incorporation of AC in medium. Maximum number of roots differentiated from the germinating
seeds in MS+3 mg LG1 NAA+1 mg LG1 BAP+AC. The MS medium supplemented with 1.5 mg LG1

NAA generated highest root formation when shoot-tip propagules were used for culture initiation.
Preliminary investigation of synthetic seed development of tomato revealed the gel matrix produced
from the complexation between 2% sodium alginate and 100 mM CaCl2 for 20-40 min as the most
favourable for efficient encapsulation of in vitro derived shoot-tip propagules. The in vitro protocols
developed from the present investigation can be utilized for propagation of tomato in larger scale
for commercial purposes as well as local domestic consumption. 
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INTRODUCTION
Tomato (Lycopersicon esculentum Mill.) belonging to the family Solanaceae is considered as the

second most popular vegetable crop after potato in the world (Bhatia et al., 2005). The worldwide
tomato production is 115 Mt from an area of 4.4 Mha but India produces 9 Mt from tomato
cultivated area of 5.2 lakh hectars (Lumpkin, 2005; Himabindu et al., 2012). The tomato fruits have
high nutritional values and are used extensively as one of the important ingredients in the
preparation of wide range of vegetarian and non-vegetarian dishes. It is considered as an important
commercial and dietary vegetable crop conferring health benefits because of rich contents of
vitamins, minerals and  antioxidant  flavonoids  like  lycopene  and zetaxanthin (Hossain  et  al., 
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2011; Singh et al., 2014). The conventional seed propagation method of new cultivar production and
yield enhancement is less successful because of longer time requirement for cultivar development
and several existing biotic and abiotic stress in normal field conditions. In vitro culture techniques
can be employed to shorten time period for cultivar development and to enhance breeding
efficiency. Improvement of tomato variety in terms of longer self-life, enhanced nutrient content
and resistance to biotic and abiotic stress can be achieved through genetic manipulation using plant
genetic engineering approach. An efficient in vitro regeneration protocol for tomato plants is a
prerequisite for high production of transformed plants. Moreover, there is an immediate necessity
to improve tomato production in order to meet the increasing demand of fast expanding human
population and plant tissue culture techniques may offer an excellent opportunity of fulfilling the
requirement by propagating tomato plants in large scale. There are reports of successful tomato
regeneration in vitro using different explants (Bhatia et al., 2004; Mamidala and Nanna, 2011;
Lima et al., 2004; Chandra et al., 2013). The synthetic seed technology which involves the
encapsulation of small sized plant propagules with protective nutrient gel provides another
promising option for mass propagation because of higher scale up capacity, possibility of
automation of whole  product  process  and  direct  delivery  to  field.  Though synthetic seeds have
been developed for potato (Patel et al., 2000), apple  (Piccioni,  1997), Catharanthus roseus
(Maqsood et al., 2012), banana (Hassanein et al., 2011), eggplant (Huda et al., 2007), black pepper
(Nair and Gupta, 2007) and orchid (Mohanraj et al., 2009; Nagananda et al., 2011), reports on
synthetic seed production in tomato are very scarce. The present study was conducted with an aim
of establishing efficient and reproducible in vitro regeneration protocol for large scale propagation
of tomato through seeds and shoot-tip culture. Preliminary investigation was also done to develop
better quality synthetic seeds for tomato by encapsulating shoot-tip propagules with varied
concentration of sodium alginate and calcium chloride at different time interval.

MATERIALS AND METHODS
Plant materials and explant surface sterilization: The present study was conducted at
Department of Biotechnology, Manipur University, Manipur, India from February, 2014 to July,
2014. The fruits of commercially available tomato (Lycopersicon esculentum Mill.) were collected
for the present investigation. The fruits were first washed thoroughly in running tape water with
20% teepol as wetting agent for 30-45 min followed by treatment with 70% ethanol for 1 min. The
treated fruits were washed 3-4 times with double sterile distilled water before being subjected to
0.2% mercuric chloride treatment for 4-5 min. The fruits were finally rinsed 5-6 times with sterile
distilled water to remove any mercuric chloride present on the surface. The fruits were finally bolt
dried on to sterilized filter paper after which longitudinally cuts were made on to the fruits using
sterile scalpel to remove the seeds for in vitro culture initiation. 

Preparation of media, growth hormone combinations and incubation: The Murashige and
Skoog (1962) medium was employed for in vitro culture and plantlet generation of tomato plants.
Separate stock solutions were prepared for macro and micro-nutrients, vitamins, hormones and
iron salts in a concentrated solution and stored at 25-30°C until use. Culture medium was prepared
by adding the macro and micro nutrients, vitamins and other salts from the stock solutions one
after another into a conical flask of desired size followed by volume make up with sterile distilled
water as per the requirement. The pH was adjusted at 5.8 after adding 2% sucrose and the medium
was  boiled  with  0.9%  agar as gelling agent. Activated charcoal (0.4%) was incorporated into the
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medium which required sufficient swirling of culture vessels to completely dissolve the activated
charcoal (AC). Definite quantities of medium were dispensed to culture tubes after growth
regulators was added and culture vessels were tightly closed with appropriately sized cotton plugs.
The medium was autoclaved finally at 121ºC for 15 min and placed in an appropriate position
either vertical or slanting to allow sufficient medium gelling. The medium was supplemented with
indole-3-butyric acid (IBA), 1-naphthalene acetic acid (NAA) and 6-benzyl amino purine (BAP) in
varied combinations and doses to study their influence on seed germination, shooting and rooting
multiplication response and plantlet regeneration in vitro. The seeds obtained from surface
sterilized fruits were inoculated onto the prepared medium with different combinations of growth
hormones. The shoot-tip culture was also performed by using explants derived from in vitro raised
seedlings to determine the most suitable phytohormone combinations and concentrations for
maximum rooting and leaf formation. The cultures were maintained inside culture room in
controlled condition with proper light illumination of 60 μmol mG2 secG1 for 12 h a day using white
fluorescent tubes and temperature at 25±2°C.

Hardening, data recording and synthetic seed production: The in vitro regenerated tomato
plants with healthy leaves and well-developed roots were taken out from culture flasks and
transferred to miniature pots containing autoclaved sand and soil (1:1) as potting mixture. The
transplanted plants were kept in glass house for further acclimatization to nursery condition. The
experiment was conducted twice with four replicates per hormonal combinations. The observation
was made at regular intervals after every week and number of leaf and root development in each
treatment was recorded. The data obtained from the present investigation was subjected to
Analysis of Variance (ANOVA) and significant differences were determined by employing Duncan’s
multiple range test at p = 0.05 (Duncan, 1955). The statistical data analysis was performed using
SPSS software program (SPSS Inc., Chicago, USA). 

Propagules for synthetic seed development were obtained by excising shoot tips of 3-5 mm
length  from  in vitro raised tomato plants. Sodium alginate solutions of different concentrations
(2, 3 and 4%) were prepared by adding alginate powder to calcium free liquid MS medium which
were  subsequently  mixed  with  excised  shoot-tip propagules. The CaCl2 solutions of 25, 50, 75
and 100 mM were separately prepared for gel complexation with sodium alginate of varied
concentrations. The explants (micro shoots of in vitro regenerated tomato plants) were sucked with
a pipette along with sodium alginate solution and dropped into calcium chloride solution. They
were incubated for different time intervals of 10-40 min during which the ion exchange reaction
occurred and sodium ions were replaced by calcium ions forming calcium alginate beads. The whole
process must be done under aseptic conditions and size of alginate capsule depends on the inner
diameter of pipette nozzle. The beads were recovered by decanting the CaCl2 solution and newly
formed synseeds were washed several times with sterile water to remove traces of CaCl2. The
uniform beads thus obtained were stored at 4°C in sterile condition. 

RESULTS AND DISCUSSION
The excised seeds which were free from any surrounding fruit tissues were planted on to the

MS medium supplemented with plant growth regulators of different combinations and
concentrations. Germination of seeds started 3-4 days after inoculation as sprouting of seeds was
observed in many hormonal combinations tested. Bhattarai et al. (2009) observed similar response
of seed germination in tomato when germinating seeds sprouted to form seedlings under the
influence of plant growth hormones. The germinated seeds differentiated into multiple shoots and
leaves without root formation on MS+2.5 mg LG1 BAP (Fig. 1a). Sun et al. (2006) also  observed  the
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Fig. 1(a-f): In vitro generation response of Lycopersicon esculentum Mill. and synthetic seed
development,  (a)  Sprouting  germinating  seeds  differentiating  into  shoots   in
MS+2.5 mg LG1  BAP, (b)  In  vitro  leaf  multiplication  in  medium  supplemented  with 
1.5  mg LG1 NAA+2.5 mg LG1 BAP+2.5 mg LG1 IBA, (c) High rate of root proliferation in
1.5 mg LG1 NAA  enriched medium, (d) In vitro shoot tip growth and differentiation into
multiple leaves in tomato culture, (e) Transplanted tomato plantlet in miniature pot
containing autoclaved sand and soil (1:1) as potting mixture and (f) Firm and
transparent round shaped tomato synthetic seeds developed by encapsulating shoot tip
propagules with gel matrix derived from 2% sodium alginate with 100 mM CaCl2

solution

failure of root production in tomato culture in absence of exogenous auxins in culture medium.
Incorporation of  0.4% AC in same combination deteriorated the culture response towards
formation of leaves and roots after seed germination. Seedling formation was not observed in
MS+2.5 mg LG1 BAP+AC even after two subsequent passages and 10 weeks of culture. Pico et al.
(2002) also reported germinated embryos failing to differentiate into functional plants despite
successful  formation  of shoots in initial stage of culture. Addition of 0.5 mgLG1 NAA along with
3 mg LG1 BAP was found to be conducive for effective rooting and leaf multiplication with formation
of 1.5±1.0 and 2.0±1.3 number of roots and leaves, respectively (Table 1). Presence of AC (0.4%) in
above hormonal combination did not produce any seedling though the germinated seeds formed
roots. This proved the detrimental effect of AC for in vitro growth and differentiation of culture if
present along with higher concentration of BAP. The reducing effect of AC on culture development
of tomato was not in  line  with  previous  findings  in  other  plants where it always had
promontory role in plantlet regeneration (Pan and van Staden, 1998; Nongdam and Chongtham, 
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Table 1: In vitro culture of Lycopersicon esculentum using seed explants for leaf and root generation
2nd week of culture 4th week of culture 8th week of culture
--------------------------- ---------------------------- ------------------------------
No. of No. of No. of No. of No. of No. of

Plant hormone combinations roots leaves roots leaves roots leaves
MS+2.5 mg LG1 BAP  -  - - 2.5±0.7a  - 3.0±2.1d

MS+2.5 mg LG1 BAP+AC  -  - - -  - -
MS+3 mg LG1 BAP+0.5 mg LG1 NAA  -  - 1.2±1.0b 2.0±1.3a 1.5±1.0c 2.0±1.3b

MS+3 mg LG1 BAP+0.5 mg LG1 NAA+AC  -  - 1.5±1.0b - 1.5±1.0c -
MS+1.5 mg LG1 NAA  -  - - - - -
MS+1.5 mg LG1 NAA+AC  -  - 3.0±1.3a 2.0±1.5a 3.3±1.3b 2.0±1.5b

MS+3 mg LG1 NAA+1 mg LG1 BAP  -  - - - - -
MS+3 mg LG1 NAA+1 mg LG1 BAP+AC  -  - 6.5±2.0c 1.0±0.1b 6.5±0.1d 4.0±1.7a

MS+2.5 mg LG1 BAP+2.5 mg LG1 IBA  -  - 2.0±0.5b - 2.0±0.5c -
MS+2.5 mg LG1 BAP+2.5 mg LG1 IBA+AC  -  - 1.8±0.1b 1.0±0.2b 1.8±0.1c 1.0±0.1c

MS+2.5 mg LG1 BAP+2.5 mg LG1 IBA+1.5 mg LG1 NAA   - 2.0±1.2b 1.0±0.1b 3.0±1.5b 2.0±1.3b

MS+2.5 mg LG1 BAP+2.5 mg LG1 IBA+1.5 mg LG1 NAA+AC  1.1±1.2a  1.0±1.1a 3.0±1.2a 3.0±1.0a 4.0±2.3a 4.1±2.2a

Results are based on 4 replicates per treatment in two repeated experiments. Means followed by same letter are not significantly different
at p = 0.05, hyphen (-) indicates the absence of in vitro root or leaf formation 

2012). MS medium augmented with 1.5 mg LG1 of NAA was found to be nonresponsive to seed
germination as none of the seeds showed any sign of germination. However enrichment of medium
with 0.4% AC and 1.5 mg LG1 of NAA significantly improved seed germination response and
subsequent growth leading to complete seedling  development  with  healthy  leaf  (2.0±1.5)  and 
root  (3.3±1.3) formation. The beneficial property of AC in promoting    seed germination and
culture growth had earlier been reported in different  plants  (Pacek-Bieniek et al., 2010;
Benmahioul et al., 2012). The importance of AC for in vitro seed germination and seedling
development might be due  to  its  ability  to  adsorb  phenolic  exudates, aerate medium and
provide near natural conditions for seed germination by absorbing the light (Ernst, 1975). The
MS+3 mg LG1 NAA+1 mg LG1 BAP was also proved unsuitable for seed germination and plantlet
regeneration in vitro as no growth response was observed in this hormonal combination. But
addition of 0.4% AC in same phytohormone combination exhibited accelerated in vitro
morphogenetic response producing maximum root formation (6.5±0.1) and better leaf production
(4.0±1.7). The above observation indicated the non-responsiveness of tomato culture to higher
concentration of NAA when AC was absent in medium. The promotory effect of NAA in rapid root
induction under the influence of AC was earlier described in orchid by Nongdam and Chongtham
(2011). MS medium supplemented with equal concentration of both BAP and IBA at 2.5 mg LG1 did
not generate any functional plants though shoots and roots were differentiated from the
germinating seeds. Inclusion of 0.4% AC in the same combination gave the required growth
stimulus  for  in  vitro  production  of  plants  with better leaf and root development. Presence of
1.5 mg LG1 of NAA along with 2.5 mg LG1 BAP+2.5 mg LG1 IBA elevated seed germination response
and subsequent differentiation to complete seedlings with healthy leaves and roots. The in vitro
shooting response was convincingly high with AC in the above growth regulator combination
producing rapid leaf multiplication (Fig. 1b).

Shoot tips excised from seed derived tomato seedlings were used as explants for culture
initiation on medium enriched with different combinations and doses of plant growth hormones.
MS medium supplemented with 2.5 mg LG1 BAP+AC produced 5.5±2.5 number of leaves though
root development was not observed (Table 2). This indicated the inability of BAP in inducing
rooting in tomato in absence of exogenous auxins in medium. The finding is in contrast to the
observation  made  by  Kartha  et  al.  (1976)  which  showed  adventitious  root  formation in
tomato culture on cytokinin enriched medium devoid of any auxins. However, root  formation was
exceedingly  high  (9.5±2.6)  with  better  root   differentiation   in   medium   incorporated   with
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Table 2: Shoot tip culture from in vitro raised tomato plants for leaf and root regeneration using different combinations and doses of
phytohormones

2nd week of culture 4th week of culture
----------------------------------------------- --------------------------------------------

Plant hormone combinations No. of roots No. of leaves No. of roots No. of leaves
MS+2.5  mg LG1 BAP+AC - 4.0±0.1e - 5.5±2.5d

MS+1.5 mg LG1 NAA 9.0±2.5d 3.0±1.0d 9.5±2.6d 5.0±0.2d

MS+2.5 mg LG1 BAP+2.5 mg LG1 IBA+AC 4.5±0.3a 3.5±2.3c 5.0±1.0a 4.0±0.5a

MS+3 mg LG1 BAP+0.5 mg LG1 NAA+AC 2.0±0.1c 7.5±1.4b 2.0±0.1c 8.0±0.1c

MS+3 mg LG1 NAA+1 mg LG1 BAP+AC 6.5±2.6b 2.5±1.3a 7.0±4.0b 6.0±1.0b

MS+2.5 mg LG1 BAP+2.5 mg LG1 IBA+1.5 mg LG1 NAA+AC 4.5±0.5a 2.5±1.3a 5.1±0.2a 4.5±0.3a

Results are based on 4 replicates per treatment in two repeated experiments. Means followed by same letter are not significantly different
at p = 0.05, hyphen (-) indicates the absence of in vitro root or leaf formation 

1.5 mg LG1 NAA (Fig. 1c). The dramatic rise in culture growth especially root formation was quite
astonishing as the germination response was totally absent when seed explant was used to initiate
tomato culture. This might be due to NAA exhibiting unfavourable response to seed germination
but its promotory influence on rapid rooting induction was expressed with the use shoot -tip
explants. The stimulatory effect of NAA in rooting multiplication was previously described in
tomato and Dendrobium orchid (Davis et al., 1994; Ajenifujah-Solebo et al., 2012; Nongdam and
Tikendra, 2014). Medium enriched with 3 mg LG1 BAP+0.5 mg LG1 NAA+AC induced rapid leaf
proliferation producing healthy leaves (Fig. 1d). Though the above hormonal combination generated
maximum leaves (8.0±0.1), it did not produce any leaves when seed explants were used. This
indicated the inability of AC in providing a conducive culture environment for effective seed
germination and subsequent shoot differentiation to leaves when BAP was present in higher
concentration. The in vitro constraints of germinating seeds in developing into roots and leaves in
the hormonal combination were removed when shoot-tips were used as explants. There have been
similar  reports  of  accelerated  shoot  multiplication  and  leaf development in tomato culture
when BAP was supplemented in the MS medium (Uddin et al., 2004; Harish et al., 2010).  The
MS+3 mg LG1 NAA+1 mg LG1 BAP+AC and MS+2.5 mg LG1 BAP+2.5 mg LG1 IBA+1.5 mg LG1

NAA+AC displayed good shooting and rooting response though leaf and root formation were not
significantly different from what had been observed with seed explants. The tomato plantlets
having well established roots and leaves were removed from culture vessels and transplanted into
small pots containing autoclaved sand and soil (1:1) as potting mixture (Fig. 1e). The transplanted
plants were kept in glass house for further acclimatization to nursery condition.

The shoo-tip propagules obtained from in vitro raised tomato seedlings were encapsulated using
different concentration of sodium alginate (2, 3 and 4%) and CaCl2 (25, 50, 75 and 100 mM) at
interval of 10, 20, 30 and 40 min treatment duration. The 2% sodium alginate when complexed with
25 mM CaCl2, 50 mM CaCl2 and 75 mM CaCl2 did not produce favourable matrix for efficient
encapsulation as soft and transparent gel was produced (Table 3). Treatment of 2% sodium alginate
with 100 mM CaCl2 at treatment duration of 20, 30 and 40 min generated desirable firm and
transparent encapsulating gel (Fig. 1f). Similar observation was made in synthetic seed
development of other plants (Nagananda et al., 2011; Maqsood et al., 2012). However, Saiprasad
and Polisetty (2003) observed complexation of 3% sodium alginate with 75 mM CaCl2 for 20-30 min
as optimum combination for proper hardening of beads in different orchids. Also Mohanty et al.
(2013) found 3% sodium alginate solution with 10 mM CaCl2 as favourable proper synthetic seed
formation in Dendrobium orchids. The increased in sodium alginate concentration at 3% along with
gradual  raised  in  CaCl2  at  25, 50, 75 and 100 mM produced soft, firm and very less transparent
beads which were not suitable for encapsulating plant propagules. The use of 4% sodium alginate
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Table 3: Effect of different concentrations of sodium alginate and calcium chloride on nature of synthetic seeds developed at varied
treatment duration

Sodium alginate (%) Calcium chloride (mM) Treatment duration (min) Synthetic seed produced Nature of synthetic seeds
2 25 10 5 Very soft and transparent

20 5 Very soft and transparent
30 5 Very soft and transparent
40 5 Very soft and transparent

50 10 5 Very soft and transparent
20 5 Very soft and transparent
30 5 Very soft and transparent
40 5 Very soft and transparent

75 10 5 Soft and transparent
20 5 Soft and transparent
30 5 Soft and transparent
40 5 Soft and transparent

100 10 5 Soft and transparent
20 5 Firm and transparent
30 5 Firm and transparent
40 5 Firm and transparent

25 10 5 Soft
20 5 Soft
30 5 Soft
40 5 Soft

3 50 10 5 Soft
20 5 Soft
30 5 Soft
40 5 Soft

75 10 5 Firm
20 5 Firm
30 5 Firm
40 5 Firm

100 10 5 Firm
20 5 Firm
30 5 Firm
40 5 Firm

25 10 5 Soft
20 5 Soft
30 5 Soft
40 5 Soft

4 50 10 5 Soft
20 5 Soft
30 5 Firm
40 5 Firm

75 10 5 Firm and transparent
20 5 Slightly hard
30 5 Slightly hard
40 5 Slightly hard

100 10 5 Slightly hard
20 5 Hard
30 5 Hard
40 5 Hard

with higher level of CaCl2 generated unwanted firm and  very  hard  beads  which  were  often
short-lived. All forms of synthetic seeds obtained from the present work were stored at 4°C under
sterile condition to check bead quality and durability. The very soft, hard and less transparent
synseeds did not survive as they could not maintained their structure either due to high fragile
nature of seed coat or over desiccation of hard covering. Those synseeds with firm and transparent
encapsulating matrix can retain their shape and quality for longer duration of about 2-3 months
at lower temperature of 4°C.

The present study revealed the differential in vitro response of tomato culture under varied
hormonal conditions in medium. Leaf and root development were absent at 2 weeks of culture in
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most of phytohormones combinations tested even though seeds were germinated successfully.
However the germinated seeds undergone further growth and morphogenetic differentiation
leading to significant rise in leaf and root formation in 8 weeks of culture (Fig. 2). BAP was found
to be most favourable for producing high seed germination and leaf multiplication though presence
of AC hampered its influence on culture growth. The NAA was also found to be effective in inducing
seed germination leading to rapid root proliferation. The MS medium supplemented with 3 mg LG1

NAA+1 mg LG1 BAP+AC produced maximum rooting for culture initiated from germinating seeds.
The shoot-tip culture produced significantly higher leaf and root formation as compared to cultures
initiated from seed explants (Fig. 3). The influence of BAP in promoting shooting response was high
with maximum leaf formation recorded in MS+3 mg LG1 BAP+0.5 mg LG1 NAA+AC. The NAA also
proved to be very effective in accelerating root multiplication with highest number of roots observed 

Fig. 2: In vitro development of roots and leaves of tomato from shoot tip culture under different
hormonal combinations and concentrations

Fig. 3: In vitro root and leaf development of tomato from seed and shoot tip culture under different
growth regulator combinations and concentrations
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in medium augmented with 1.5 mg LG1 NAA. The preliminary investigation on synthetic seed
development of tomato affirmed the complexation of 2% sodium alginate with 100 mM CaCl2 for
20-40 min duration as the most favourable condition for production of favourable transparent and
firm gel beads.
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