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INTRODUCTION

Seeds are the dispersal units consisting of embryos which are usually supplied 

with food reserves and having some form of protective structures. All over the world, 

they are used as main propagule in majority o f plant species. The nature and storage 

behavior of seeds varies with species as an adaptation to their environment. 

Development of human civilization has identified the storage behavior of various seeds 

and classified it into different categories. One of the earliest classifications of longevity 

in seeds was that proposed by Ewart (1908), in which seeds were grouped into micro 

biotic (short longevity), meso biotic (medium longevity) and macro biotic (high 

longevity). But this classification has been criticized for ignoring the fact that longevity 

is also a function of environment. Later, based on the storage behavior, seeds were 

broadly classified into two groups as orthodox and recalcitrant (Roberts, 1973).

Orthodox seeds include majority of dry zone species and humid zone pioneers, 

with lower moisture content tolerance. The low level of moisture content (6-8 percent) 

assures safe storage for long time at low temperatures. Orthodox seeds will be shed 

from the parent plant at a lower moisture content after undergoing maturation drying. 

In the dehydrated state, the seeds can resist the changes of the environment, and unless 

dormant, will resume full metabolic activity, growth and development when favorable 

conditions for germination are provided (Roberts and King, 1980). Due to these 

properties they can be stored for long periods.

Recalcitrant seeds, which prevail among humid zone climax forests like tropical 

evergreen forests, do not tolerate much desiccation and can only be stored in high 

moisture content for a short period. They do not undergo maturation drying and are shed 

at relatively high moisture content. Storage of recalcitrant seed has always been a 

challenge to the seed technologists and conservationists. Due to various complex 

problems, the storage becomes difficult in different species. Recalcitrant seeds are 

highly susceptible to desiccation injury and are killed if  the moisture content is reduced 

below some relatively high critical value (Roberts and King, 1980). Recalcitrant seeds 

are produced by two types of plants - by those growing in aquatic environments and by 

perennial plants confined to tropical and temperate wet evergreen forests, where seeds



are unlikely to be exposed to seasonal drying and where the environment is suitable for 

seedling growth throughout the year (King and Roberts, 1980). In addition to many 

fruit and timber species of humid tropics, some of the economic crops like cocoa, 

coffee, oil palm, coconut, rubber etc. also show recalcitrant behavior. Their seed 

production and maturation ceases with the commencement of the monsoon. Usual 

nursery preparation starts at the end of monsoon season. This result in the lack of 

availability of the viable seeds for nursery raising of these recalcitrant species.

The major factors responsible for short longevity of recalcitrant seeds are 

desiccation injury, chilling damage and problems associated with the storage of seeds 

having high moisture content such as microbial contamination and germination during 

storage (King and Roberts, 1980). Even though several methods have been employed to 

improve the longevity of many recalcitrant seeds, a perfect method for long-term 

storage still does not exist. Since recalcitrant seeds are desiccation sensitive, storing the 

seeds under moist conditions is suggested to avoid desiccation injuries (Chin, 1988). 

But this has only been successful for short term storage. Furthermore, storing seeds with 

high moisture content at sub-ambient or ambient temperatures will lead to fungal 

contamination and germination of the seeds while being kept for storage. Storing the 

seeds under low temperature has been suggested to prevent fungal contamination and 

germination during storage (King and Roberts, 1980).

Embryonic axes have higher desiccation tolerance than intact recalcitrant seeds 

(Pammenter and Beijak, 1999). Because of its organized small structure and its ability 

to produce a whole plant from the meristematic tissues, embryonic axes are preferred 

for storage in recalcitrant species (Fu et al.9 1990). Introduction o f synthetic seeds by 

using excised embryonic axes is one of the methods by which the longevity of 

recalcitrant seeds can be increased (Sudhakara et al. 2000). This is because the 

recalcitrant nature is supposed to be due to seed coat and storage tissue. Synthetic seeds, 

otherwise called artificial seeds, are the manmade counter part of the true seeds. It 

comprises of an embryo separated from its accessory structures and encapsulated in a 

hydrated gel capsule, which will permit natural development to the embryo. The term 

synthetic seed was first proposed by Murashigae in 1977. It was then defined as an 

embryo entrapped in a bio- degradable synthetic coating which act as an artificial seed 

coat. It is capable o f developing in to an entire plant once favourable conditions are
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provided. Encapsulation and addition of inhibitors in synthetic seeds can be useful in 

developing new storage techniques for recalcitrant seeds making them viable over a 

longer duration of time.

Theobroma cacao is a tropical evergreen tree native to deep tropical regions of 

Amazon basin. It is widely domesticated for commercial purposes and grown as a 

plantation crop or agroforestry species. As like most of the tropical species, recalcitrant 

nature of the seed is a limiting factor in plantation raising. Usually the viability of the 

cocoa seed lasts only for a maximum of two weeks. The synthetic seed technology can 

help to ease storage problem of cocoa seeds (Sudhakara et al. 2000). It will also be 

useful for the germplasm conservation of the species, germplasm transfer, and transfer 

of planting materials to far non-conventional areas.

All over the world research to extend the storage life of cocoa seeds by various 

methods viz., storing in moist conditions, sealed containers, perforated polythene bags, 

burying in soil etc., have been tried at different temperatures to find out an ideal storage 

method for long term storage of recalcitrant seeds, but in vain. Suitable storage 

techniques have to be devised to achieve long term storage of these seeds without any 

loss of their viability and longevity to make forestry programmes as well as plantation 

programmes involving Theobroma cacao, a success. U nder these circumstances a 

novel method of storing cocoa seeds through synthetic seed production and storing in 

inhibiting medium was attempted.

The present study was carried out during 2010-2012 in the College of Forestry, 

Vellanikkara with the objectives

1. To find out the effect of germination inhibitors on the excised embryonic axes as 

well as synthetic seed

2. To find out the effect of different osmotica on the embryonic axes as well as 

synthetic seed

3. To check the possibility of enhancing storage life of synthetic seeds using 

germination inhibitor and osmotica

4. To find out best desiccation protocol for storing synthetic seeds
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REVIEW OF LITERATURE

The importance of seed storage has been recognized ever since humans began to 

domesticate plants. Since the advent of agriculture, farmers have learnt how to maintain 

viable seeds from one growing season to the next. Seed storage is widely regarded as 

the most efficient and cost-effective means of ex situ plant germplasm conservation, 

being used for the majority of accessions maintained world-wide (IBPGR, 1976; 

Withers, 1988; Bonner, 1990; Vertucci and Roos, 1990; Hong and Ellis, 1996; Engels 

and Engelmann, 1998). The duration of successful storage depends upon both the 

objectives and the species concerned. As each seed represents a genetically unique 

individual, stored seeds are ideal for re-establishing wild populations of threatened taxa, 

especially when the sample size and collection methods employed ensure a genetically 

representative sample (Frankel, 1990). However, all seed storage methods cannot be 

applied to all plant species with the same efficacy, since, post-harvest behaviour of the 

seeds, determines the most suitable method of conservation.

The duration of successful storage depends upon both the objectives and the 

species concerned. Seed longevity varies greatly among species. Seeds of species with 

orthodox seed behaviour can be maintained satisfactorily ex situ over the long term in 

appropriate environments. Short term storage is usually the best that can be achieved 

with seeds, which shows recalcitrant storage behaviour. Medium term storage is feasible 

for seeds of species with intermediate storage behaviour provided the storage 

environment is well defined and well controlled. Roberts (1973) defined two categories 

of seed storage behaviour: orthodox and recalcitrant. A third category intermediate 

between the orthodox and recalcitrant categories has since been identified (Ellis et al., 

1990). Recalcitrant seeds cannot be dried beyond critical moisture content without 

damage. When fresh recalcitrant seeds begin to dry, viability also get reduced. Loss of 

viability get increased as the moisture content get reduced and at a certain moisture 

content termed as the "critical moisture content" (King and Roberts, 1979, 1980) or 

"lowest safe moisture content" (Tompsett, 1984a) viability get completely reduced. If 

drying continues further, viability is eventually reduced to zero. Moist storage for 

recalcitrant seeds should be at the moisture content levels between the "lowest safe
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moisture content" and the "fully imbibed" level at the coolest temperature, which is not 

damaging the seed viability.

2.1 Recalcitrant Seed storage

Recalcitrant seeds are usually short-lived and very sensitive to desiccation and 

low temperatures, making it very difficult to store them on a long term basis (Chin et 

al., 1981). Unfortunately, seeds of many economically important tree species in the 

tropics are recalcitrant in nature and cannot be stored for long periods. Their 

requirement for high moisture content reduces their storability as they can only, be 

stored in wet medium to avoid dehydration injury at warm temperature (Come and 

Corbineau, 1996). The current view is that recalcitrant seeds are metabolically active 

and undergo germination-associated changes in storage. Some of these changes such as 

extensive vacuolation and increase in cell size imply a requirement of water addition to 

that present in the seed at the time o f shedding (Pammenter et al., 1994).

The quick loss of viability may also be due to desiccation sensitivity, chilling 

injury, microbial contamination and germination during storage (King and Roberts, 

1980). Mature orthodox seeds survive desiccation to a low moisture contents, upto 2-6 

percent depending on the species. Above this value, there is a negative logarithmic 

relation between seed moisture content and longevity (Ellis and Roberts, 1980). 

Depending on the species, hydrated, intact recalcitrant seeds can be stored only for 

periods from days to months (Chin and Roberts, 1980).

Current methods for conservation and storage of recalcitrant seeds are based 

upon high moisture content maintenance, because of the fact that recalcitrant seeds 

cannot be dried without damage (Roberts, 1973). The values of the “lowest safe 

moisture content” vary between extremes of 23% for cocoa (Theobroma cacao) 

(Mumford and Brett, 1982) and 61.5% for Avicennia marina (Fairant et al., 1986).

Great progress in storage of recalcitrant seeds was made by the work of Farrant 

et al. (1986) and Pammenter et al. (1993). They proposed that water stress can occur in 

hydrated stored recalcitrant seeds, because recalcitrant seed do not stop growing at the 

end of its formation and maturation, they only reduce their levels o f metabolism. The 

moisture status of recalcitrant seeds has been extensively studied in Avicennia marina
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(Beijak et al., 1990), Quercus robur (Finch-Savage et al., 1994) and many other species 

(Pammenteret al., 1993).

One of the major difficulties in the short term storage of recalicitrant seeds, is 

that the high relative humidity conditions necessary to prolong storage life o f the seeds, 

are also conducive to the proliferation o f the micro-organisms, especially as chilling is 

precluded in many instances (Beijak, 1996). As the vigour of the wet stored recalcitrant 

seeds declines as a result of inherent changes (Pammenter et al., 1994), it has been 

suggested that natural defense mechanisms fail, facilitating fungal invasion of the 

debilitated seed tissues. As per Harrington (1963), at seed moisture contents in excess of 

10 to 13 percent fungal invasion can rapidly diminish seed viability. Since recalcitrant 

seeds should be stored in a moist condition, microbial contamination could be an 

important constraint to reckon with in the conservation of recalcitrant seeds. Microbial 

growth can be reduced to some extent by lowering the temperature of the storage 

environment (King and Roberts, 1980) but in the case of recalcitrant seeds, being 

chilling sensitive, this may not be applicable.

2.2. Role of abscisic acid (ABA) in germination

Seed dormancy is influenced by the inhibitor present in the surrounding tissues 

of embryo. Abscisic acid is a plant hormone ubiquitously present in higher plants; it 

plays a vital role in seed dormancy regulation, embryo development, and adaptation to 

various environmental stresses, most notably drought (Qin et al., 2008). It is found in 

most of the dormant embryo. It can be postulated that the inhibitor especially those in 

the cotyledons control the growth of the axis. Inhibitors have been isolated from 

dormant embryos of several species and most prominent member was abscisic acid 

(ABA). It is found in the embryos and in the covering tissues (Sondheimer et al., 1974). 

It has been proposed by several authors that abscisic acid is probably related directly or 

indirectly to seed desiccation tolerance (Farrant et al., 1993).

Abscisic acid plays an important role in seed dormancy, embryo development 

and adaptation to environmental stresses. Culture studies with exogenous ABA 

application suggest that ABA is important in preventing germination. Correlations can 

be seen between the depth of embryo dormancy and the concentration of abscisic acid.

6



Probably, washing away of ABA and other inhibitors can induce germination in 

dormant embryos of Elaegmts umbellate (Hamilton, 1976). The addition of abscisic 

acid (ABA) to mature non-dormant seeds inhibits their germination (Garciarrubio et al., 

1997). This effect of ABA might be related to its natural function as an endogenous 

inhibitor of precocious germination during seed formation. Endogenous ABA level is a 

determinant of these physiological processes, and ABA-deficient mutants exhibit 

reduced seed dormancy and reduced drought tolerance (McCarty, 1995). Conversely, 

exogenous application o f ABA results in delayed germination (Guo et al., 2008) and 

increased tolerance to a variety of abiotic stresses (Li and Pan, 1996).

In plants, abscisic acid is synthesized through the cleavage and oxidation of 

carotenoids, and is catabolized via hydroxylation or by conjugation to glucose 

(Nambara and Marion-Poll, 2005). Dormant seeds treated with fluridone (a compound 

which inhibits carotenoid and, thus, ABA synthesis) often have similar germination 

characteristics to non-dormant seeds, indicating that the continued synthesis of ABA is 

required for dormancy maintenance in imbibed seeds of several species (Ali-Rachedi et 

a l, 2004; Kusumoto et al., 2006; Feurtado et al., 2007). Similarly, Millar et al. (2006) 

and Gubler et al. (2008) showed that dormancy maintenance in seeds o f arabidopsis and 

barley depends upon the balance of ABA synthesis and catabolism being shifted 

towards the former.

It has been shown that abscisic acid (ABA) plays a role in the induction and 

maintenance of seed dormancy, whereas gibberellins (GAs) are associated with 

dormancy breaking and germination (Kucera et al. 2005). Also, application of 

paclobutrazol (an inhibitor of GA biosynthesis) depressed seed germination indicating 

that de novo biosynthesis of GA is required during imbibition (Karssen et al. 1989; 

Bradford and Nonogaki 2007). Benech-Amold et al. (2006) reported that fluctuating 

temperature stimulated germination of immature dormant sorghum caryopses by 

reducing embryo sensitivity to ABA. Huarte and Benech- Arnold (2010) found that 

fluctuating temperature decreased ABA concentration prior to radical emergence, and 

exogenous GA3 enhanced seed germination at constant temperature. This implied that 

ABA and GA were involved in seed germination and the dormancy response to 

fluctuating temperature. In Cojfea arabica seeds, Valio (1976) found that endogenous
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ABA-like substances and exogenous ABA cause inhibition of germination by 

preventing embryo growth. Da Silva et al. (2004) reported a transient rise in 

endogenous ABA content during germination in the embryo cells, suggesting that ABA 

inhibits cell wall extensibility by not permitting an increase in cell turgor.

2.3. Role of coumarin in germination

Coumarins form a large class of allelochemicals widely distributed in both 

natural plant communities and crops (Zobel and Brown, 1995). Being localized on the 

leaf, seed surface, and pollen wall, and released into the environment by living plants or 

by decomposing plant material, coumarins are involved in ecological interactions in 

both managed and natural plant communities (Rice, 1984; Zobel et al., 1991; Bertin et 

al., 2003; Bais et al., 2004).

Coumarins (1, 2-benzopyrones) are secondary metabolites often found in roots 

of higher plants where they originate from the general phenylpropanoid pathway 

(Bourgaud et al., 2006). While their exact biological function in plants remains unclear, 

historically they are known to be involved in plant defense (Baumert et al., 2001; 

Carpinella et al., 2005; Brooker et al., 2007) along with flavonoids, phenolics, and 

alkaloids. Unlike most other secondary metabolites, coumarins appear to specifically 

inhibit seed germination and root growth (Svensson, 1971; Abenavoli et al., 2001, 

2004, 2006, 2008; DeBolt et al., 2007). They also influence membrane transport in the 

root tip (Lupini et al., 2010) and nitrogen uptake and metabolism (Abenavoli et al., 

2001, 2003). Coumarin (2H-chromen-2-one), the simplest compound of this class, 

affects root form and function (Abenavoli et al., 2001, 2004), decreases respiration and 

photosynthesis (Moreland and Novitzky, 1987), and influences nitrogen uptake and 

metabolism (Abenavoli et al., 2001,2003).

Coumarins are one of the chemical substances that widely exist in natural and 

farming plants communities, and they are considered as strong inhibitor for seed 

germination. Being a strong inhibitor of seed germination, coumarin may confer an 

advantage to the producing plant species by reducing competition in its immediate 

environment, and/or by delaying germination of its own seeds under unfavorable 

conditions (Zobel and Brown, 1995). To explain this inhibitory action, coumarin has 

been hypothesized to be either a blocker of the cell cycle (Zobel and Brown, 1995),
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uncoupler of oxidative phosphorylation (Ulitzer and Poljakoff-Mayber, 1963; Khan and 

Zeng, 1985), or to interfere with amino acid transport and protein synthesis (Van 

Sumere et al., 1972). Aliotta et al. (1992, 1993) reported that coumarin is an inducer of 

coat-imposed dormancy through the inhibition of water uptake during seed imbibition. 

Such a multiplicity of proposed roles suggests that the key mechanism(s) by which 

coumarin affects seed germination remains to be identified.

In different species, it is observed that the higher concentration of coumarin 

inhibits the seed germination (Aliotta et ah, 1992, 1993). Coumarin is a compound that 

inhibits seed germination and seedling growth (Peal and Williams 2002). In durum 

wheat seeds, coumarin inhibited seed germination at concentrations above 200mM 

(Abenavoli et ah, 2006). This inhibitory effect may confer a competitive advantage for 

the plants that secrete coumarin into the environment. Coumarin solutions of 10'5 to 10'3 

M had a negative effect on radish seed germination and radicle growth. The greatest 

inhibitory effect of 10‘3 M coumarin was also observed in seed germination and radicle 

elongation (Peal and Williams, 2002; Williams and Bartholomew, 2011).

2.4. Role of Cycocel (CCC) in germination

(2-chloroethyl) -trimethylammonium chloride (CCC/ cycocel) has a growth 

retardant property on seeds (Aliotta et ah, 1993; Abenavoli et ah, 2001). Cycocel, 

inhibits plant growth (Rademacher, 2000). The combination of coumarin and CCC has 

been noticed to inhibit seed germination (Knype, 1967). Application of CCC inhibited 

seed germination of non-dormant groundnut cultivar (Sengupta et ah 1979). Growth 

retardant property of cycocel was utilised in different ways by the scientific 

community. CCC inhibited main axis growth, reduced the level of endogenous GA and 

caused a marked release of lateral buds from apical dominance (Okoloko and Lewis, 

1968). Cycocel has been found to give good results in height control (Pearse, 1974). 

Ornamental crops that are effectively controlled by cycocel include herbaceous crops, 

such as Pointsettias and Geraniums, as well as woody flowering crops such as Hibiscus 

and Azaleas (Olympic Horticultural Product, 2005).

Application of cycocel decreased plant height in sunflower (Savmell, 1972; 

Dorell, 1973; Bhattachaijee and Gupta, 1981). Ogilvy (1985) indicated that, foliar 

application of cycocel (chloremequat) at the start of the stem extension resulted in
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retarded vegetative growth in rape, but none of the growth regulators affected the 

branching pattern. Singh and Brar (1999) reported that application of cycocel at 125 

ppm significantly reduced the plant height compared to water sprayed crop in upland 

cotton. CCC was also found effective in decreasing plant height (Rowland et al., 1974). 

Ramprakash and Mangalprasad (2000) noticed that foliar spray of CCC at 50 and 100 

ppm reduced plant height significantly over control in cotton. CCC strongly inhibit GA 

biosynthesis (Kende et al., 1963;; Zeevaart, 1965). In Fusarium moniliforme gibberellin 

production is suppresed by adding CCC to the culture medium. A concentration of 0.1 

mg/1 o f CCC causes 50% inhibition whereas 10 mg/1 and higher concentrations fully 

suppress GA production (Ninnemann et al. 1964).

2.5. Osmotica

Osmotic agents such as sucrose, mannitol and sorbitol not only act as a common 

source of carbon in cell culture media and energy but also as an osmotica during 

organogenesis (Al-Khayri and Al-Bahrany, 2002). Osmotic agents accumulated in many 

plant tissues in response to environmental stress, including water deficit (Ramos et al., 

1999) play a role in osmoregulation and cryoprotection.

In experiments sorbitol used as high osmoticum had supressed germination and 

maintained the storage protein synthesis. Similar results have been obtained with 

mannitol and sucrose also (Finkelstein and Crouch, 1986). Seong et al. (1988) reported 

that the moisture content and the seedling length decreased when the mannitol 

concentration increased. Germination of sorghum seeds in 0.75 M mannitol, was 

considerably lower compared to in distilled water (Gill et al. 2002). Regeneration 

frequency in Super Basmati decreased by the addition of either mannitol or sorbitol 

(Naqvi et al. 2005).

Salts can affect seed germination either by restricting the supply of water 

(osmotic effect) or causing specific injury through ions to the metabolic machinery 

(ionic effect). Studies have been carried out on the effect of various chloride and sulfate 

salts on the germination of halophytes where all the salts exhibited some osmotic effects 

but no specific ion effect (Mohammed and Sen, 1990; Egan et al., 1997; Agboola, 1998; 

Pujol et al., 2000) while others reported both osmotic and ionic effects (Mohammed and
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Sen, 1990). Isotonic solutions of PEG 6000 and NaCl had effect on the seed 

germination of halophytes (Myers and Couper, 1989; Naidoo and Naicker, 1992; Ungar, 

1995; Bajji et al., 2002).

Seeds stored in concentration of eight gL'1 o f NaCl corresponds to the limit of 

salinity beyond which germinated faculty of the three different species of Atriplex 

decrease appreciably (Souhail and Chaabane, 2009). Germination decreased with 

increase in salinity. Seed germination percentage was lower in NaCl than in iso-osmotic 

PEG solutions at osmotic potential less than -0.5 MPa. Non-germinated seeds under 

various salt treatments when transferred to distilled water recovered completely, 

indicating little ionic effect of salinity on seed germination and viability. Germination 

inhibition, therefore, appears to be osmotic. Similar recovery response was noted when 

seeds from PEG solution were transferred to water (Duan et al., 2004). High recovery 

germination percentages consequent to transfer to water would indicate that previous 

seed germination was inhibited by an osmotic effect, whereas, low germination would 

indicate specific ion toxicity (Khan, 2002; Pujol et al. 2000).

2.6. Synthetic seed

Production of synthetic seeds by using excised embryos is one of the recent 

methods by which the longevity of recalcitrant seeds can possibly be increased. 

Synthetic seed is a novel analog to botanic seed capable of developing to an entire plant 

body which comprises of meristematic tissue, encapsulated free from botanical 

accessory structures in a hydrated gel capsule (Redenbaugh et al., 1986). The gel acts as 

a synthetic seed coat and protects embryo from injuries. The synthetic seed coat must be 

non-damaging to the embryo, should protect the embryo from mechanical damage 

during handling and allow germination and conversion to occur, without inducing 

undesirable variation.

The embryo of the zygotic seed is surrounded by nutritive and protective tissue 

that enable the embryos to retain their metabolic activities for a very long time. Beyond 

protection and nutrition, such tissues also create barriers to regulate gas exchange. 

Oxygen availability, which is limited by these tissues, influences embryo respiration, 

regulates embryo development and prevents precocious germination (Carman, 1988). In
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zygotic seed, the protective tissue (seed coat) besides providing protection from the 

disease causing organisms and mechanical stress, also exerts a physical influence or 

pressure that may also contribute to the normal development of embryo, attainment of 

maturity and onset of dormancy. In addition to these, the seed coat is possessed with 

some degree of impermeability to water and gases, including oxygen and exerts 

regulatory influence on metabolism and growth of the embryo (Bewley and Black, 

1994).

The concept of synthetic seeds, which consists of an embryo surrounded by an 

artificial layer called capsule, was put forward by Murashige (1977) and the first report 

of successful synthetic seed production was published in 1982 (Kitto and Janick 1982). 

Encapsulation of alfalfa and celery somatic embryos with natural hydrogels such as 

calcium alginate was done by Redenbaugh et al. (1987).

Kitto and Janick (1985) reported coating of clumps of carrot somatic embryos 

and shoots in a wafer disk, but presented data only on embryo “survival”. Subsequently, 

synthetic seed technology was applied to several plants especially agricultural crops, 

ornamental plants and medicinal plants and recently there has been an increased 

interest in the production and utilization o f synthetic seed technology (Pattnaik and 

Chand 2000; Ganapathi et al. 2001; Nyende et al. 2003,2005; Huda et al. 2009).

The production of hydrated synthetic seeds is through a simple direct process, 

where in the somatic embryos are mixed with sodium alginate and dropped into 

complexing bath containing calcium chloride using a dropper or pipette. Each drop 

containing an embryo at the center will form into a calcium alginate capsule or bead 

around the embryo. The capsule hardness of 0.5 to 2.0 kg breaking pressure per capsule 

was found to allow germination, while providing sufficient integrity so that the capsules 

could be handled on a routine basis without damage or breakage. The size of capsule 

can be controlled by the viscosity of the sodium alginate and by the inside diameter of 

the nozzle used to form the drops (Redenbaugh, 1993).

Fujii et al. (1988) reported that artificial seeds of alfalfa consisting of somatic 

embryos encased in a hydrogel have the potential to be an economic means for rapid 

propagation of elite plant lines. Use of artificial seeds would eliminate in vitro plantlet
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growth and acclimatization step, thereby reducing costs and labour for tissue culture 

plant propagation.

Janick et al. (1989) developed the coat for somatic embryo of Datura carota 

which is known as synthetic seed coat such as polywax WSR-N 750 to prevent drying, 

hardening and prevent precocious germination. Senaratna et al. (1990) produced 

artificial seeds of alfalfa by inducing desiccation tolerance in somatic embryos. Mathur 

and Ahuja (1991) have detailed different areas of synthetic seed technology. They have 

listed the crops in which encapsulation has been documented. They have reported that 

among various hydrogels used, sodium alginate is widely employed because of its easy 

complexation with calcium chloride, biologically non-damaging, biodegradability and 

low price.

Chen et al. (1992) lists the propagules used for making artificial seeds. Their 

study included the induction of both adventitious buds and embryoids in nine species of 

seven families including Populus, Eucalyptus, Mycetia, Picea, Brassica and Camellia. 

It was found that the conversion percentage of artificial seeds produced using 

adventitious buds as propagules was significantly higher in comparison with those from 

embryoids. Bapat (1993) produced the synthetic seeds of sandalwood by somatic 

embryogenesis and by multiple bud formation in mulberry. Alginate was used as 

encapsulating matrix. Redenbaugh et al. (1993) reported synthetic seed technology 

developed based on the use of somatic embryos as functional seeds. George and Eapen 

(1995) reported encapsulation of small clusters of somatic embryos of Eleusine 

caracana with alginate matrix to prepare synthetic seeds. The highest frequency of 

germination and the highest average number of plants per capsule were obtained by 

encapsulating the embryo clusters in three per cent alginate and germinating the 

capsules on MS medium. Timbert et al, (1995) encapsulated carrot somatic embryos in 

alginate gel beads. To improve the quality of synthetic seed coating, the rheology and 

dehydration properties of different matrices were tested. Increasing alginate 

concentration, calcium chloride concentrations, additional mineral elements, resulted in 

increased resistance to rupture and depressed the germination of somatic embryos.

Redenbaugh et al. (1993) reported that the synthetic seed coat used in 

encapsulation must serve as synthetic endosperm containing carbon sources, nutrients,
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growth regulators, antimicrobial agents etc. Literature revealed that during the 

production of artificial seeds, usage of CaCfe concentration beyond 75 mM adversely 

affected shoot emergence. Best results in terms of bead quality and per cent shoot 

emergence were obtained when the beads were formed using a combination of five per 

cent sodium alginate solution with 75 mM CaCl2 2H2O. Studies conducted on 

encapsulation of zygotic embryo of cocoa (Theobroma cacao) showed that a 

combination of 14 per cent sodium alginate and 75 mM CaCfc 2H2O are appropriate 

(Sudhakara et al., 2000).

Another area of future development in relation to synthetic seed is to prepare a 

suitable synthetic endosperm that could act as energy reservoir during storage and 

planting. Mariani (1992) carried out research on egg plant somatic embryogenesis and 

synthetic seed technology. He added GA3 at 1, 2 and 8 mg per litre or sucrose at 20 ml 

per litre to the sodium alginate solution to evaluate their effect on germination. GA3 

and sucrose showed negative effects on synthetic seed germination. Machii (1992) 

added nutrient components and plant hormones during encapsulation of adventitious 

buds in mulberry (Morus alba) and then the synthetic seeds were transplanted to an 

appropriate medium. When the capsules contained the same nutrient components as MS 

medium, the effect of encapsulation was great and synthetic seeds grew vigorously. 

Sakamoto et al. (1992) reported that embryos with an artificial endosperm showed a 

higher germination compared with seed without an endosperm. Toman and Sumaryono 

(1994) reported that incorporation of mycorrhizae, pesticides and fertilizers into the 

capsule enhance germination rates and seedling growth. Encapsulation in nutrient 

enriched alginate capsules of bud excised from in vitro proliferated shoots of olive can 

be considered as an important contribution to micropropagation, for germplasm 

preservation and/or for synthetic seed technology (Micheli et al.,1998).

Arunkumar et al. (2005) revealed that the synthetic seeds with synthetic 

endosperm constituents of MS nutrient; sucrose (3%), IAA (0.5 mg/1), NAA (0.5 mg/1), 

BA (0.5 mg/1) and charcoal (1.25%) gave a maximum germination (30%) and 

conversion (27%) of synthetic seeds in hybrid rice. The most important requirement for 

a synthetic seed to be used for clonal mass propagation of plants is high and uniform
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conversion under practical sowing condition such as nursery bed in a greenhouse or in 

the field (Onishi et al., 1994).

2.7. Storage and viability of synthetic seed

The encapsulated embryos of carrot, pretreated with ABA and chilling survived 

16 days of storage in darkness at 4°C (Kitto and Janick 1985). Enhanced storage o f 45 

days was obtained from encapsulated axillary bud of mulberry in alginate stored at 4°C 

with no loss of viability (Bapat et al., 1987). Gupta and Durzan (1987) reported that 

somatic embryos of pines were encapsulated and stored in an alginate gel or in liquid 

nitrogen successfully. Datta and Potrykus (1989) reported that artificial seeds in barley 

maintained their germination capacity for atleast six months, whereas non-encapsulated 

embryos did not survive for more than two weeks in storage. Artificial seed thus 

probably provide a simple and universal delivery system of in vitro plantlets to 

greenhouse or field. Singh (1991) reported that the beads of orchids (Spathoglottis 

plicata) could be stored for 180 days at 4°C without much loss of viability. The beads 

(Dendrobium wordeanum) could be stored for up to 180 days at 4°C, but regeneration 

declined as storage duration increased (Sharma et al., 1992).

Machii (1992) reported that when synthetic seeds of mulberry (Morus alba) 

were stored in water at 4°C for 30 and 80 days, germination was poor. However, they 

could be successfully stored in MS liquid medium at 4°C for the same period. Chetia 

and Devi (1996) observed that there was decline in germination of orchid species with 

increase in duration of storage. A low germination (10 -  20%) was observed after 45 

days of storage at room temperature. However, about 50 per cent germination can be 

maintained upto 60 days by storing at 4°C which will facilitate transportation of 

germplasm and thereby help in commercial propagation of orchid. Embryogenic cell 

suspensions of sandalwood which were encapsulated and stored at 4°C for 45 days 

produced embryos when recultured as suspensions (Bapat and Rao, 1988, 1992). 

Sushmita et al. (1998) reported that the germination rate in Phalaenopsis hybrid 

declined as storage duration was extended and germination was faster following storage 

at 4°C than at 25°C.
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Micheli et al. (1998) reported that the encapsulated buds of olive could be 

conveniently stored at 4°C, but not for longer than 45 days. Datta et al. (1999) reported 

that synthetic seeds of Geodorum densiflorum has shown 100 per cent germination 

when these seeds were stored at 4°C for 120 days whereas non-encapsulated embryos 

showed no viability after 30 days at 4°C. The encapsulated buds of Ocimum species 

could be stored for 60 days at 4°C (Jaydip et al., 2000). Bekheet et al. (2002) from 

experiment conducted on synthetic seed system of date palm reported that the storage 

of encapsulated embryos at low temperature (15°C) showed highest percentage of 

conversion in different maturation stages of somatic embryos compared with incubation 

at 25°C. Ipekci and Gozukirmizi (2003) reported that storage of synthetic seed at 4°C 

for 30 days or 60 days significantly reduced survival and germination frequencies of 

both encapsulated and non-encapsulated embryos relative to those of non-stored 

somatic embryos from Pauvlownia elongata. However, the survival and germination 

rates of encapsulated embryos increased following storage at 4°C. Reddy et al. (2005) 

conducted an experiment on synthetic production in Rauvolfia serpentina and reported 

that the artificial seed was stored successfully for three months at 4°C. The synthetic 

seeds of Pinus patula trees could be stored at 2°C for 120 days without reduction in 

germination as opposed to non encapsulated somatic embryos which showed only 9 per 

cent germination after 20 days at 2°C (Ravindra and Staden, 2005). Kavyashree et al. 

(2006) reported that the synthetic seed of mulberry var. S54 stored at 4°C for one to four 

months resulted in maximum conversion response under both in vitro and in vivo 

conditions.

Sunilkumar et al. (2000) made an attempt to improve the storage life of Hopea 

parviflora seeds through synthetic seed production. Storage at temperatures of 10°C and 

4°C retained viability for upto one and four weeks for the intact and synthetic seeds, 

respectively. On the other hand, synthetic seeds and intact seeds stored at room 

temperature retained viability for only upto one week with approximately 30 percent 

germination. Synthetic seeds obtained from seeds pre-treated with 2 and 3 mgl'1 of 

abscissic acid showed tolerance to low storage temperature and retained higher 

percentage germination.
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2.8. Dessication tolerance

Recalcitrant seeds are those that undergo little, or no, maturation drying and 

remain desiccation sensitive both during development and after they are shed. In reality, 

however, the situation is far more complex than this perception implies, because of the 

wide range of variability among recalcitrant seeds of different species (Beijak and 

Pammenter, 1997). Farrant et al. (1993) proposed a continuum of recalcitrant seed types 

mainly based on the sensitivity towards water loss and low temperature. Variation in 

desiccation sensitivity between species has been reported in many genera such as 

Dipterocarpus (Tompsett, 1984), Acer (Olsen and Gabriel, 1974) and in Araucaria 

(Tompsett, 1984). According to King and Roberts (1980), variation in the moisture 

content at fully imbibed state is the main reason for apparent variation in susceptibility 

to desiccation in different species.

Recalcitrant seeds are shed in a hydrated condition, and the water content can be 

anywhere in a wide range. Shedding water content is partially species characteristic, 

depending on the degree of dehydration that occurs late during seed development; this 

goes hand-in-hand with the degree of desiccation tolerance developed by individual 

species (Finch-Savage et al., 1994). Desiccation tolerance in recalcitrant seeds increases 

during seed development on the mother plant; however, unlike orthodox seeds, 

maturation drying to low moisture contents does not occur (Hong and Ellis, 1990). 

Fresh recalcitrant seeds have high levels of moisture contents at maturity, for example, 

36 per cent for rubber (Chin et al., 1981) and 90 per cent for Choyote (Sechium edule) 

(Ellis, 1991).

There are marked differences in the rate at which water will be lost from seeds 

of various species under the same dehydrating conditions (Farrant et al., 1989). There 

are other factors too, that influence the post-harvest responses o f recalcitrant seed, e.g. 

developmental status (Beijak et al., 1993; Finch-Savage and Blake, 1994) and chilling 

sensitivity (Beijak and Pammenter, 1997).

Recalcitrant seeds are sufficiently hydrated at shedding and germination without 

any additional water (Beijak et al., 1989; Farrant et al., 1988). Desiccation sensitivity of 

recalcitrant seeds is intimately associated with their persistent state of metabolic
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activity. Generally, the axes of the recalcitrant seeds arc at considerably higher water 

content than the cotyledons (Berjak etal., 1989; Maithani etaL, 1989; Fu et al., 1993). 

Finch-Savage (1992) has demonstrated that for Quercus robur, there is a higher 

proportion of matrix bound water in the cotyledons, which may underlie the greater 

desiccation sensitivity of the cotyledons relative to the axes.

Hanson (1985) has described methods of drying seeds using silica gel. Dry 

(newly regenerated) silica gel is in equilibrium with about 5 per cent moisture content at 

20°C. The first change of the colour of the indicator (diminishing intensity of blue) 

occurs when the silica gel moistens to equilibrium with about 12-13 per cent relative 

humidity. By the time it has become pale blue it is in equilibrium with about 49 per cent 

relative humidity (and thus very moist): 100 g o f regenerated silica gel (in equilibrium 

with about 5 per cent relative humidity) can absorb about 7 g of moisture from seeds 

until the first colour change is apparent (in equilibrium with 13.5 per cent relative 

humidity). At this point the silica gel should be regenerated. It should be done by drying 

in an oven maintained at about 130°C for 3-4 hours. It should be then stored in a sealed 

container for overnight to cool to ambient temperature before being used to dry the 

seeds (Hong and Ellis, 1996).

Drying excised embryonic axes by silica gel or an aseptic air current allowed 

excised embryonic axes to survive desiccation to a lower value than that achieved by the 

vacuum method (Fu et al., 1993). For example, although the vacuum drying method 

provided more rapid drying, no excised embryonic axes o f Artocarpus heterophyllus 

survived desiccation to 44 per cent moisture content, while the excised embryonic axes 

dried with an aseptic air flow and silica gel tolerated desiccation to 26 per cent and 16 

per cent moisture content respectively (Fu el al., 1993).

The use o f somatic embryos from cell culture systems in the clonal propagation 

of plants would be greatly facilitated if  the somatic embryos could be dried and stored 

in a dormant state in a similar way to true seeds (Senaratna et al., 1990). Abscisic acid, 

heat shock, high sucrose concentration (Me Kersie et al., 1990), water or nutrient 

stresses (Me Kersie et al., 1989) applied to the embryoids at the cotyledonary stage of 

development resulted in acquiring desiccation tolerance. The embryoids could be 

subsequently air dried slowly (over seven days) or rapidly (over one day) to moisture
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contents of less than 15 per cent and retained viability up to eight months (Me Kersie et 

al., 1989).

The rate of drying also affects survival of somatic embryos. Senaratna et al. 

(1995) reported that slow drying (1.2 g f^O/g/day over six days) gave higher and more 

consistent embryoid survival, compared to fast drying (6 g H2O /g/day over one day). 

Desiccation tolerance was also induced by exposing somatic embryos to sub lethal 

levels of low temperature. However, some of the stress pre-treatments had other 

deleterious effects on embryoid maturation and seedling vigour after inhibition. 

Treating the embryos with ABA for ten days before encapsulation is also reported to be 

enhancing germination even when the embryo is dehydrated to five per cent moisture 

content (Liu et al., 1994).

Anandarajah and Me Kersie (1990) investigated the effect of sucrose 

concentration in the maturation medium in combination with a heat shock treatment at 

36°C to improve the vigour of seedlings grown from dry somatic embryos of Medicago 

sativa. It was found that with three percent sucrose in the maturation medium the 

somatic embryos germinated precociously and were unable to survive desiccation. At 

higher sucrose concentration germination was delayed and after 13 days on 6 per cent 

sucrose medium, the somatic embryos tolerated drying to 12 per cent moisture content 

without exposure to exogenous ABA. Heat shock, which presumably stimulated 

endogenous ABA synthesis, improved the desiccation tolerance of somatic embryos if 

applied prior to 27 days after sieving.

Redenbaugh (1990) observed that desiccated artificial seeds had other problems 

that needed resolution. The desiccation process itself damages the embryos. One 

exception to this was reported by Gray (1987), who found that desiccation appeared to 

release grape somatic embryos from a quiescent state and increase conversion (20% to 

28%) for desiccated embryos stored for 7 to 21 days and 5 per cent for non-desiccated 

embryos. Hydrogel encapsulated or hydrated synthetic seeds are the most commonly 

produced synthetic seeds and the most commonly used hydrogel is sodium alginate 

because of its gelatin properties, ease of use, less viscosity and low cost (Redenbaugh et 

al., 1987).
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2.9. Storage of cocoa seed

Cocoa pods reach ripening stage after 150-170 days of effective pollination. The 

pods will reach physiological maturity two weeks before ripening. September- October 

is the peak period for production of cocoa seed. Usually nursery period starts in Dec- 

Jan. and the planting is done during May-June. Prasannakumari et al. (2009) reported 

that cocoa seed germination was not influenced by their position in the pod or size of 

the pod. The difference in germination depended on the sowing month. Higher 

germination percentage was seen during March. Low germination was obtained in 

December, January and April.

The earlier storage studies done in cocoa shown that cocoa seed had shorter 

longevity of 2 weeks in “in the pod” condition. In extracted condition longevity was less 

than seven days (Nair, 1987). In refrigerated condition, seeds lost viability and no 

germination was observed. Seeds stored in room temperature showed decreased 

germination with increasing time of storage. Conversion of cocoa embryonic axes to 

synthetic seed and storing was found effective. This is because the recalcitrant nature is 

supposed to be due to seed coat and storage tissue (King andRobert, 1980).

In an experiment conducted in College of Forestry, Vellanikkara, encapsulated 

zygotic embryo of cocoa were stored at 4°C on dry cotton and wet cotton and was found 

that synthetic seeds stored on wet cotton retained viability for longer period (Sudhakara 

at al., 2000). Seventy one percent of synthetic seeds stored on wet cotton regenerated to 

complete plantlets after 25 days while synthetic seeds stored on dry cotton showed a 

gradual decline in regeneration after 15 days of storage and only 50 per cent 

germination was obtained after 25 days of storage.

Recalcitrant seeds storage is still lacking a technique to improve storage period 

without loss of viability. The encapsulation of embryo provides increased longevity and 

inhibitors influence can be used for checking the continuous growth of the embryo. The 

influence of growth inhibitors and osmotica on synthetic seeds should be analysed for 

effective storage. Moisture level near the embryo has an important role in maintaing 

viability in recalcitrant seeds, so the influence of desiccation on encapsulated seeds 

should be analysed for developing a new technology.
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MATERIALS AND METHODS

The present investigation titled “Enhancement of storage life of cocoa 

(!Theobroma cacao L.) seeds through encapsulation and germination inhibition” was 

undertaken during the year 2010-12 in the plant tissue culture laboratory, Department of 

Tree Physiology and Breeding, College o f Forestry, Kerala Agricultural University 

(KAU), Vellanikkara, Thrissur district, Kerala (10° 31’N latitude and 76° 13’E 

longitude). The area is characterised by a warm humid tropical climate with distinct 

summer and rainy season. The location experiences a mean annual rain fall of 3000 mm 

most of which is received between June to September. The temperature varies from 

22°C (December) to 34.8°C (March). The details of the materials used and techniques 

and the methodology employed in the experiment during the course of investigation are 

described in this chapter.

3.1. Propagule

Cocoa pods were collected from seven year old cocoa trees grown in poly clonal 

seed garden maintained by Cocoa Research Project, KAU (Plate la). Polyclonal seed 

garden consist of clones CCRP 1, CCRP 2, CCRP 4, CCRP 7, CCRP 9 and TISSA. The 

pods were collected based on the phenological observation mainly on colour of pod. 

The yellow ridged cocoa pods, aged between 100-120 days (Plate lb) were collected for 

extraction of embryonic axes for the experiment. The site was visited at periodic 

intervals and pods were collected and brought immediately to the laboratory for 

conducting experiments.

Pods were washed in tap water to remove dust and pod surface cleaned and 

dried with a towel. The pods were cut open using a sharp knife and seeds with pulp 

were extracted. The pulp surrounding each seed was removed carefully without 

damaging the embryonic axis. Seeds devoid of pulp were washed with distilled water to 

clean the seeds. Seeds were soaked in 50% WP Carbendazim (Bavistin) fungicide for 

30 minutes to reduce fungal contamination. After 30 minutes, seeds were washed 

thoroughly to remove the fungicide and brought to the

21



(b)
Plate 1. (a)Poly clonal seed garden of cocoa of Kerala agricultural University and (b) 
Yellow ridged cocoa pod collected for extraction of embryonic axis.
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laminar air flow cabinet and excised with sterilized surgical blade and needle to extract 

embryonic axis.

For investigating the amount of cotyledon needed for the germination of seed, 

seeds were excised in different sizes (with half cotyledon, with lA cotyledon, without 

cotyledon) shown in Plate 2a. The excised embryo was inoculated in the media for 

storage. Observations were taken for rooting and shoot formation and suitable size of 

cotyledon attached to embryonic axis was found out. The excision of seed and 

inoculation were done in aseptic condition to avoid contamination during storage.

3.2. Media

3.2.1. Encapsulation media

In this study, alginate encapsulation was employed for the preparation of 

synthetic seed. The best combination of sodium alginate and calcium chloride 

standardised for cocoa by Sudhakara et al. (2000) was used for synthetic seed 

production.

Sodium alginate encapsulation method was used in synthetic seed. Forty grams 

of sodium alginate was weighed and added to one litre of distilled water taken in a 

beaker with constant stirring to avoid clumping of sodium alginate powder. The solution 

was heated slowly with constant stirring to obtain a gel form. Calcium chloride solution 

was used for making Calcium alginate which is a water-insoluble, gelatinous, cream 

coloured substance and it is also used for entrapment of enzymes and forming artificial 

seeds in plant tissue culture. The encapsulation media can be synthesised by adding of 

aqueous calcium chloride to aqueous sodium alginate. Eleven grams of aqueous calcium 

chloride (CaCb 2H2O) was accurately weighed and dissolved in one litre of distilled 

water taken in a beaker. The above two solutions were then capped with aluminium foil 

and sterilized in an autoclave at 15 psi pressure for 30 minutes. Fresh solutions of 

sodium alginate and calcium chloride were used for encapsulation.

3.2.2. Culture media

MS tissue culture medium (Murashige and Skoog, 1962) was used for studying 

the viability and storage of embryonic axis as well as synthetic seed. The chemical
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(a)

(b)
Plate 2. (a)Embryonic axis excised from seeds with different proportion o f cotyledon 
and (b) Synthetic seeds made from cocoa embryonic axes.
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composition of MS media is given in Table 1. The MS media in 50%, 25% and 10% 

levels were also used for storage studies of excised embryonic axis. 50%, 25% and 10% 

level denotes Vz, % and Vio in amount of inorganic constituents per litre. Dry cotton and 

wet cotton were also used for the storage of both embryonic axis and synthetic seed.

Standard procedures (Gamborg and Shyluk, 1981) were followed for the 

preparation of the MS media. Stock solutions of major and minor nutrients were 

prepared by dissolving the required quantity of the chemicals in distilled water. Care 

was taken during the preparation of iron stock since it precipitates readily. To avoid this 

Na2EDTA and FeS04.7H20 were dissolved in separate beakers with approximately 200 

ml distilled water each. Both beakers were placed on hot plates and brought to the point 

of almost boiling. Then FeS04.7H20 solution was added slowly to Na2EDTA over a 15 

minute period with constant stirring. Then the volume was made up to one litre in a 

volumetric flask by adding distilled water. The mixture was allowed to cool in room 

temperature. The stock solutions were labelled indicating the stock number and date of 

preparation and stored in amber coloured bottles under refrigerated conditions. The 

stock solutions of nutrients were prepared fresh every four weeks and that of vitamins 

and amino acids every week.

Specific quantity of stock solution of the chemicals and growth regulators were 

pipetted out into 1000 ml beaker. Sucrose and inositol were added fresh and dissolved 

in the above solution. The volume was then made up to 1000 ml by adding distilled 

water. The pH of the solution was adjusted to the range of 5.7 - 5.8 using IN NaOH or 

IN HC1. Agar was added and the solution was boiled in microwave oven for melting 

agar completely. 10-15 ml of melted media was poured hot to the oven dried culture 

tubes. The containers with medium were then tightly plugged with absorbent cotton 

wool plugs. The media was autoclaved for 30 minutes at approximately 15psi pressure 

in a standard pressure cooker. After sterilization the culture vessels were immediately 

transferred to the culture room.

For standardizing media for storage, Vz MS, % MS and Vio MS were made from 

stock solutions. It is done by taking Vz, Va and Vio quantity of inorganic components 

required to prepare MS.
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Table 1. Composition of the MS medium ( Murashige and Skoog, 1969) used for the 
study on viability of synthetic seed and embryonic axis

Sl.No. Components
Concentration

(mgl'1)

Inorganic

1 MgS047H20 370

2 CaCl2 2H20 440

3 k n o 3 1,900

4 NH4NO3 1,650

5 k h 2p o 4 170

6 FeS04 7H20 27.8

7 Na2 EDTA 37.3

8 MnS04 4H20 22.3

9 ZnS04 7H20 8.6

10 CuS045H20 0.025

11 CoC126H20 0.025

12 KI 0.83

13 H3BO3 6.2-

14 Na2M o04 2H20 0.25

Organic

1 Myo-Inositol 100

2 Nicotinic Acid 0.5

3 Pyridoxine HC1 0.5

4 Thiamine HC1 0.1-1

5 Glycine 2

Others

1 Sucrose 30,000

2 Agar 7,000

3 pH 5 .6 -5 .9
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Synthetic seeds as well as embryonic axis were stored in wet cotton or dry 

cotton to investigate about their response to non-nutrient conditions. Sterilised 

absorbent cotton was used as dry cotton. A small amount of cotton was inserted into the 

glass bottle and sterilised under normal sterilization procedures. For wet cotton method, 

cotton was made wet with distilled water and sterilized by the above said method.

3.3. Desiccation treatments

Different relative humidities were maintained in glass desiccators of uniform 

size (160mm) by pouring 100 ml each of the solutions as shown in Table 2 (Agrawal, 

1987). Distilled water (100 ml) was used to maintain 100 per cent relative humidity. 

The synthetic seeds were kept in sterilized petri plates inside the desiccators. Petroleum 

jelly was smeared in edges of desiccators before covering it with lid to maintain 

airtight condition.

Table 2. Chemicals and their concentration for achieving desired desiccation levels 
(Agrawal, 1987)

Chemical Concentration Relative humidity

Distilled water 100 ml 100%

KC1 100 ml Saturated solution 85.3%

NaCl 100 ml Saturated solution 75.6%

Ca(N03)2 4H20 100 ml Saturated solution 46.6%

KOH 423 g L’1 distilled water 30%

KOH 470 g L'1 distilled water 20%

3.4. Preparation of synthetic seed

The embryonic axis excised from the cocoa seed inside the laminar air flow 

were dropped into sodium alginate solution and stirred well. Each of the embryos was 

then carefully sucked, using a glass tube of 4mm diameter. The sucked gel coated 

embryos was then dropped into the CaCl2 solution for complexation and allowed to 

form calcium alginate coating on embryonic axis. The encapsulated embryos with a 

translucent bead like appearance (Plate 2b) were allowed to remain in the calcium
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chloride solution with intermittent stirring for 25-30 minutes to impart firmness. The 

synthetic seeds were transferred to a 100 ml beaker with sterilized distilled water to 

remove excess calcium ions. All the processes were done under aseptic condition.

The metal and glass instruments and other accessories used for tissue culture 

were wrapped in aluminium foil and sterilized in a standard pressure cooker at 

approximately 15psi pressure for 20 minutes. Forceps, scissors etc. were again dipped in 

alcohol and flamed on lamp at the time of use.

3.5. Inoculation and storage of the embryonic axis and synthetic seed

The inoculation operations were carried out under perfect aseptic conditions in a 

laminar air flow cabinet. To inoculate the embryonic axis and synthetic seed to the 

culture medium, the cotton wool plug of the culture vessel was removed and the vessel 

neck was first flamed over a gas burner kept in the chamber. The sterilised embryonic 

axis and synthetic seed were quickly transferred into the medium using sterile forceps. 

The neck of the culture vessels was once again flamed and the cotton wool plug 

replaced.

The culture vessels were then transferred to the culture racks where they were 

incubated at a temperature of 20 ± 2°C. Artificial illumination was provided using cool 

white fluorescent lamps. Photo period was fixed at 9 hours per day.

3.6. Storage of embryonic axis and synthetic seed in inhibiting medium

3.6.1. Standardisation o f medium with chemical inhibitor

Studies were conducted to evaluate the effect of various plant growth regulators 

on rooting and shooting of embryonic axis and synthetic seed. For this study separate 

experiments were conducted using lA  MS as basal medium. Three chemical inhibitors 

(coumarin, ABA, Cycocel) either alone or in combination were added to the medium for 

studying storage response of embryonic axis and synthetic seed to these inhibitors. A 

total of 15 types of chemical inhibitor levels and combinations were used in the present 

study. Details regarding the various chemical inhibitors tried and concentrations used 

are furnished in Table 3. Observations on formation of root, shoot and growth pattern
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was recorded at two days interval till the complete death of embryonic axis or synthetic 

seed.

Table 3. Germination inhibitors and their concentrations used for studying storage of 
embryonic axis and synthetic seed of cocoa ( Basal Media Vi MS)

Germination inhibitor Concentration

Coumarin
10* M
10* M
10* M

Abscisic Acid
10* M
10* M
10* M

Cycocel (CCC)
10'2M
10* M
10*M

Coumarin and ABA

10‘3 M coumarin +10* M ABA
10* M coumarin + 10* M ABA
10* M coumarin + 10* M ABA
10* M coumarin + 10* M ABA
10* M coumarin + 10* M ABA
10* M coumarin + 10* M ABA

Table 4. Osmoticum and their concentrations used for studying storage of embryonic 
axis and synthetic seed of cocoa ( Basal Media !4 MS)

Osmoticum Concentration

Sorbitol
100 mM
250 mM
500 mM

Mannitol
100 mM
250 mM
500 mM

Sodium Chloride
100 mM
250 mM
500 mM

3.6.2. Standardisation o f  medium with osmoticum

The experiment consisted of adding three osmotica (sorbitol, mannitol and 

sodium chloride) at three different levels (Table 4) to basal media. The embryonic axis 

and synthetic seeds were placed in the media and stored.
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Plate 3. Desiccator with desiccation medium and synthetic seed
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3.7. Effect of different desiccation treatments on storage of synthetic seeds

Synthetic seeds made from embryonic axis were subjected to desiccation in the 

desiccators set at different relative humidities. The synthetic seeds were kept in 

sterilized petri plates inside the desiccators and covered with the lid after coating the 

edges with petroleum jelly to keep the desiccators air tight (Plate 3). The synthetic seeds 

were pre-treated in desiccators set at relative humidities of 100%, 85.3%, 75.6%, 

46.6%, 30% and 20% each for time duration of 3, 6, 9 and 12 hours. The entire work 

was done under sterile conditions inside a laminar flow cabinet. Germination 

characteristics of the synthetic seeds were studied before and after the treatment.

3.8. Observations

Each trial was conducted with minimum of 18 tubes or 18 seeds. The 

observations were recorded from 2nd day of inoculation and taken at regular intervals. 

The morphological changes during the storage period were also noted. The observations 

continued till the entire embryonic axis or synthetic seed were found dead.

The following observations were recorded from various experiments

a. Number of embryonic axis or synthetic seed germinated: Number of embryonic 

axis or synthetic seeds showed root growth were counted and expressed in 

percentage of total number of cultures in that replication

b. Number of embryonic axis or synthetic seeds showed shoot sprouting: Number 

of embryonic axis or synthetic seeds showed shoot sprouting were counted in 

each replication and expressed in percentage of total number of cultures.

c. Number of dead embryonic axis or synthetic seed : Embryonic axis or synthetic 

seeds which were found dead or contaminated during the storage were counted 

and expressed in percentage of total number of cultures in that replication.

d. Number of days for shoot formation: Number of days taken for shoot formation 

were recorded. Average number of days taken by each replication was noted.

e. Physical and morphological changes that occured to the embryonic axis or 

synthetic seed were observed and recorded with photographs.

f. Root and shoot growth pattern of embryonic axis or synthetic seed were 

observed and recorded with photographs.
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g. Changes happened in the media were also observed and recorded.

3.9. Checking viability of embryonic axis or synthetic seed during storage

Viability of the embryonic axes or synthetic seeds were assessed by taking one 

or two embryonic axis or synthetic seed at random from the treatments which did not 

show shoot regeneration in the storing medium. They were then cultured into Vi MS 

medium and observed to confirm their viability up to that time. It was done only for the 

cultures which lasted more than 40 days.

3.10. Statistical analysis

The data recorded were Arc-sin transformed wherever necessary and statistically 

analysed using the ANOVA tests. Treatment means were compared using Duncan’s 

multi range test. The analysis was done using statistical package SPSS 20.0. Microsoft 

excel was utilized for making graphs.
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RESULTS

The results of various experiments on storage life of cocoa (Theobroma cacao L.) seeds 

through encapsulation and germination inhibition conducted at College of Forestry, 

Vellanikkara during 2010-2012 are presented in this chapter.

The standardization of enhancement in storage life of cocoa seed was done and results 

are presented in the following order

1. Standardization of embryonic axis with different proportion of cotyledon for in 

vitro storage and germination of embryonic axis

2. Standardization of storage media for in vitro germination of embryonic axis

3. Effect of germination inhibitors on in vitro germination and storage of 

embryonic axis

3.1. Germination inhibitors used alone

3.2. Germination inhibitors in combination

4. Effect of osmotica on in vitro germination and storage of embryonic axis

5. Effect of storage media on in vitro germination and storage of synthetic seed

6. Effect of germination inhibitor in encapsulation media on in vitro germination 

and storage of synthetic seed

7. Effect o f storage media on longevity o f embryonic axis and synthetic seed

8. Effect of desiccation on in vitro germination and storage of synthetic seed

9. Standardization of storage technique for synthetic seed

4.1. Standardization of microencapsulation techniques

4.1.1. Standardization o f embryonic axis with different proportion o f  cotyledon fo r  in 

vitro germination o f  embryonic axis

Cocoa pods for the study were collected from the polyclonal seed garden of Kerala 

Agricultural University. Embryos were collected from the seeds of 100-120 days old 

cocoa pods harvested based on the visual observation. It has been noted that when pods 

reach 100 to 120 days, the ridges o f pods turn yellow and contain embryonic axis of 0.5 

cm to 1 cm length. Immature cocoa seed does not have a distinguishable embryonic 

axis while over mature cocoa seed shows vivipary (Plate 4).
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(b)
Plate 4. Vivipary seen in overmatured cocoa pod(a) and Cocoa seed from over matured 
pod(b).
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The present study investigated influence of the presence of cotyledon on formation of 

root and shoot during the storage. Embryonic axes were extracted from seed with Vi 

cotyledon, Va cotyledon and without cotyledon (Plate 2a). The embryonic axes were 

cultured in Vi MS media to study the influence of presence of cotyledon on growth of 

embryonic axis. The results of the study are given in Table 5. There was an initial 

delay in root formation in embryonic axis without cotyledon (29.6%) compared to 

embryonic axis with cotyledon (95.8%, 84.7%). However, this difference disappeared 

from the 4th day onwards and all cultures had roots from 6th day of observation (Figure 

la). Cultures with embryonic axes devoid o f cotyledon were able to produce root as in 

embryonic axis with cotyledon. Experiments having Va cotyledon and % cotyledon did 

not vary in root formation at any stage of experiment.

Shoot formation was absent (Figure lb) in embryonic axis without cotyledon. In 

experiments of embryonic axis with 14 cotyledon and Va cotyledon, shoot regeneration 

started from 10th day and had shoot formation in 88.9% and 85.4% of cultures by 20 

days respectively. There was no difference between these two treatments at any stage 

of the experiment. Shoot formation differed significantly between non-cotyledon 

embryonic axis and cotyledon attached embryonic axis.

Embryonic axis without cotyledon showed higher mortality compared to experiments of 

embryonic axis with cotyledon. The embryonic axis without cotyledon died by 35 days 

(Figure lc). Low mortality was observed in embryonic axis with cotyledon. There was 

no difference in the mortality rate between two treatments conducted with cotyledon. 

This shows that the necessity of cotyledon during the storage for maintaining viability 

and longevity.

Since embryonic axis with 14 cotyledon and Va cotyledon did not vary in level of shoot 

formation, the embryonic axis with Va cotyledon was selected for the synthetic seed 

preparation as well as for the further experiments. Further, it was also convenient to 

make synthetic seed in that size and reduced the area of storage without affecting the 

germination parameters.
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Table 5. Effect of different proportions of cotyledon on in  v itro  germination of
embryonic axis of cocoa (Basal media- Vi MS)

co
’■3

Days after culturing

t Nature of embryonic axis
tn X) 05 10 15 20 25 30 35 40 45
O

without cotyledon 83.3
(56.3)

100
(89.9)

100
(89.9)

100
(89.9)

100
(89.9)

100
(89.9)

100
(89.9)

100
(89.9)

100
(89.9)

Co'
with lA cotyledon 98.6 98.6 98.6 98.6 98.6 98.6 98.6 98.6 98.6

o (80.3) (80.3) (80.3) (80.3) (80.3) (80.3) (80.3) (80.3) (80.3)

P4
with V i cotyledon 100

(89.9)
100

(89.9)
100

(89.9)
100

(89.9)
100

(89.9)
100

(89.9)
100

(89.9)
100

(89.9)
100

(89.9)

SEm± 2.3d5 2.2“ 2.2“ 2.2“ 2.2“ 2.2“ 2.2“ 2.2“ 2.2“

without cotyledon 0 . 0 o . o b o . o b o . o b o . o b o . o b o . o b o . o b o . o b

g
with lA cotyledon 0 . 0

44.4a 85.4a 85.4a 85.4a 85.4a 85.4a 85.4a 85.4a
oo (26.3) (58.6) (58.6) (58.6) (58.6) (58.6) (58.6) (58.6)

CO
with V i cotyledon 0 . 0

44.4a 84.7a 88.9a 88.9a 88.9a 88.9a 88.9a 88.9a
(26.3) (57.8) (62.7) (62.7) (62.7) (62.7) (62.7) (62.7)

SEm± 0.0“ 3.8' 7.6' 7.6' 7.6’ 7.6' 7.6’ 7.6' 7.6’

without cotyledon 1.3 3.3 5.3 19.6 39.8a 58.la 78.3a 78.3a 100a
(0.7) (1.8) (3.3) (11.3) (23.4) (35.5) (51.5) (51.5) (89.9)

with Va cotyledon 1.4 1.4 14.6 14.6 14.6b 14.6b 14.6b 14.6b 14.6b
cO4>

(0.8) (0.8) (8.3) (8.3) (8.3) (8.3) (8.3) (8.3) (8.3)

with V i cotyledon 0 . 0 0 . 0
8.3 11.1 i i .  i b i i .  i b i i .  i b i i . i b i i .  i b
(4.7) (6.3) (6.3) (6.3) (6.3) (6.3) (6.3)

SEm± 0.5“ 0.7“ 1.8“ 2.2“ 4.5' 6.2' 8.7' 8.7' 8.7'

* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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(b)

-^ -w ith ou t cotyledon - • -w it h  lA cotyledon - *r-w ith  lA cotyledon

(c)

Figure. 1. Effect o f different proportions o f  cotyledon on (a) root growth, (b) shoot growth 
and (c) death o f  cocoa embryonic axis (Basal media- Vi M S )
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4.1.2. Standardization ofstorage media fo r  in vitro germination o f embryonic axis

In this study different culture media (Vi MS, % MS, Vi0 MS, dry cotton and wet cotton) 

were used to study the storage condition suitable for embryonic axes. The formation of 

root, shoot and death rate of embryonic axis did not differ among any of the storage 

media (Table 6). However, all embryonic axes stored in dry cotton were found dead 

within 10 days of inoculation. The normal growth pattern of embryonic axis during 

storage is given in plate 5.

Rooting started from 2nd day and the cultures with MS basal media gave higher rooting 

in % MS (98.6%) lA MS (100%) and Vi0 MS (100%) by the end of 5th day (Figure 2a). 

Rooting was not influenced by various levels of culture media used in the study. Shoot 

regeneration started from 10th day in % MS and Vio MS media. Higher percentage shoot 

regeneration (85.4%, 98.4% and 96.5%) was obtained in these media within 22 days 

(Figure 2b). In % MS media, shoot formation was delayed upto 15 days. The death 

rates of embryonic axes were found to be very less in % MS (1.6%) and Vio MS (3.5%) 

(Figure 2c). The formation of root and shoot and number o f dead embryonic axes did 

not differ among the three MS media levels and wet cotton. Out of three MS media 

levels, Vi MS media was selected for further experiments due to delayed shoot 

formation.

4.2. Effect of germination inhibitors on in vitro germination and storage of 

embryonic axis

4.2.1. Germination inhibitors used alone

The chemicals, which are having growth inhibiting properties, were tried to reduce the 

rate o f the growth of embryonic axis. The media was fortified with the chemical 

inhibitors that are widely used for germination inhibition. Coumarin (10*3M, 10^M, 

10'5M) abscisic acid (lO^M, 10'5M, lO^M) and cycocel (10'2M, 10‘3M, 10"4M) were 

added in three different concentrations (Table 4). The results of the experiments are 

given below.

Root, shoot development and death of embryonic axis as influenced by chemical 

inhibitors of different levels present in the media is given in Table 7. Extent of rooting
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Plate 5. Germination o f cocoa embryonic axes in basal media (a) 2nd day , (b) 8th day and (c) 20th day o f storage.
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Fig. 2. Effect o f different storage media on (a) root growth, (b) shoot growth and (c) 
death o f cocoa embryonic axis
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Table 6. Effect of different storage media on in v itro  germination of cocoa embryonic axis

G
Days after culture

t Media
o
CO 05 10 15 20 25
o

Dry Cotton 0.0a 0.0a 0.0a 0.0a

<9o©

Wet Cotton 47!? 100.0b 100.0° 100.0“ 100.0°
(28.5) (89.9) (89.9) (89.9) (89.9)

0 s* 1/2 MS 98.6° 98.6“ 98.6° 98.6“ 98.6“
(80.3) (80.3) (80.3)

oo
o (80.3)

3 1/4 MS 97!? 100.0fc 100.0° 100.0° 100.0°
(77.3) (89.9) (89.9) (89.9) (89.9)

1/10 MS 98.6° 100.0“ 100.0° 100.0° 100.0“
(80.3) (89.9) (89.9) (89.9) (89.9)

SEm± 1.8* 1.3* 1.3* 1.3* 1.3*

Dry Cotton 0.0 0.0a 0.0a 0.0a 0.0a

Wet Cotton 0.0 9.7“ 64!? 89.6“ 89!?
(5.5) (40.2) (63.6) (63.6)

0 s

1/2 MS 0.0 0.0a 44.4° 84.0° 84.0“
O (26.3) (57.1) (57.1)

C O 1/4 MS 0.0 2 7 ? 50.0“ 77.0° 98.4°
(15.6) (29.9) (50.3) (79.)

1/10 MS 0.0 22.9° 75.0“ 75.0° 96.5°
(13-2) (48.5) (48.5) (74.7)

SEm± o.ons 3.1* 5.8* 5.2* 5.5*

Dry Cotton 11.1° 100.0“ >—•
 

o
 

o
 

o cr 100.0C 100.0C
(6.3) (89.9) (89.9) (89.9) (89.9)

Wet Cotton o.oa

<9oo 4.2a 10.4° 10.4°
(2.4) (5.9) (5.9)

O ', 1/2 MS 1.4“ 1.4a 9.7a 14.6“ 14.6°
■o ___ (0-8) (0.8) (5.5) (8.3) (8.3)
O

D 1/4 MS o.oa 0.0a 1.6a 1.6a 1.6a
(0.9) (0.9) (0.9)

1/10 MS o.oa 0.0a 3.5a 3.5a 3.5a
(2-0) (2.0) (2.0)

SEm± 0.3* 0.3* 1.2* 2.7* 2.7*
* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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was significantly different in 10'3M coumarin, 10^M ABA and lO^M ABA for initial 

days compared to other concentrations. 1(T*M ABA had delayed root formation to 10 

days and only 33.3% roots developed by 20 days. All inhibitors levels other than 10^M 

ABA had root emergence from 2nd day and more than 97% of culture had root within 10 

days (Figure 3a). Cycocel (CCC) did not show any inhibitory influence on root 

regeneration in cocoa embryonic axes.

Coumarin initially delayed regeneration of roots in 10'3M level but elongated embryonic 

axis produced abnormal swelling from 4th day. However, root growth was retarded by 

the medium containing 10’3M coumarin. The elongated embryonic axis portion turned 

to dark brown colour when it came in contact with the medium instead of producing 

taproot. The presence of 10'3M coumarin in the media lead to the production of fibrous 

roots from just above the tip of media contact. The darkening of tissue was observed on 

the emerged root tip along with bulging (Plate 6).

Chemical inhibitors significantly influenced shoot regeneration from the embryonic 

axis. Data on percentage of shoot regeneration is given in Table 7. No shoot 

regeneration was seen in cultures with 104M ABA added media. The shoot 

regeneration started from 15th day in all cultures in the experiment, except cultures with 

KT*M ABA added media. Presence of 10'3M coumarin in the media resulted in shoot 

regeneration only in 18.8% of cultures. At Krtvl ABA, embryonic axes died without 

shoot regeneration. In chemical inhibitor levels, lO^M and 10*5M coumarin shoot 

formation started from 15th day and maximum shoots are formed within 25 days of 

storage. Media with 10'5M ABA and lO^M ABA and CCC concentrations (10'2M, 10' 

3M andlO^M), did not influence the shoot formation. Shoot regeneration started from 

10th day and maximum shooting obtained within 20 days (Figure 3b).

The death rate of embryonic axes was influenced by the presence of chemical inhibitor 

in the media. All embryonic axes stored in 10^M ABA were dead on 60th day. The 

death rates of embryonic axes were high in the two treatments (lO^M ABA and 10'3M 

coumarin) after 45 days of storage (Figure 3c). The presence o f lO^M ABA in the 

basal media helped to extend the storage life of cocoa embryonic axis to a maximum of 

55 days. The presence of cycocel in the media did not inhibit the regeneration of root 

and shoot in embryonic axes during storage. All embryonic axes found to have shoot
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Table 7a. Effect of germination inhibitors on in v itro  germination of cocoa embryonic axis (Basal media- V2 MS )

Inhibitors in 
media

Root development Shoot development
Days after culture Days after culture

05 10 15 20 05 10 15 20 25 30

10'3M
Coumarin

7 3 ?
(47.3)

97.2b
(76.3)

9 7 ?
(76.3)

97.2b
(76.3)

0.0 0.0 1.4a
(0.8)

18.8a 
(10.8)

18.8a 
(10.8)

18.8a
(10.8)

ict'm
Coumarin

loo5
(89.9)

100b
(89.9)

Too5
(89.9)

1005
(89.9)

0.0 0.0 1.4"
(0.8)

90.7bc
(65.0)

90.7bc
(65.0)

100°
(89.9)

10-5M
Coumarin

m 5
(62.7)

100b
(89.9)

1005
(89.9)

1005
(89.9)

0.0 0.0 18.5a
(10.6)

70A6
(44.7)

70.4b
(44.7)

87.0b
(60.4)

lO^M ABA o.oa l l . l a
(6.3)

18.l a 
(10.4)

33.3a
(19.4)

0.0 0.0 0.0a 0.0a 0 .0a 0 .0a

10'5M ABA 1005
(89.9)

1005
(89.9)

100b
(89.9)

100b
(89.9)

0.0 0.0 37.0a
(21.7)

87.0bc
(60.4)

96.3C
(74.3)

96.3°
(74.3)

10'6MABA 8 7 ?
(60.4)

1005
(89.9)

100b
(89.9)

100b
(89.9)

0.0 0.0 75.9b
(49.3)

100c
(89.9)

100c
(89.9)

100c
(89.9)

10'2M c c c
1005

(89.9)
1005

(89.9)
100b

(89.9)
100b

(89.9)
0.0 22.2

(12.82
7 0 ?
(44.7)

100°
(89.9)

100c
(89.9)

100c
(89.9)

10'3M c c c
lOO5

(89.9)
1005

(89.9)
lOO5

(89.9)
100b

(89.9)
0.0 11.1

(6.3)
7 4 ?
(47.8)

100c
(89.9)

100c
(89.9)

100c
(89.9)

10^M CCC Totr
(89.9)

100b
(89.9)

100b
(89.9)

1005
(89.9)

0.0 14.8
(8.5)

8L55
(54.5)

100.0C
(89.9)

100.0C
(89.9)

100.0C
(89.9)

SEm± 5.6* 4.9* 4.7* 4.3* o.ons 1.5ns 6.7* 6.7* 6.8* 6.8*

* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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Table 7b. Effect of germination inhibitors on death of cocoa embryonic axis ( Basal media- Vi MS )

Inhibitors in media
Days after culture

05 10 15 20 30 45 50 55 60

10’3M Coumarin 1.4
(0.8)

2.8
(1.6)

8.3
(4-7)

43.8b 
(25.9)

73.6b
(47.3)

73.6b 
(47.3)

73.6b
(47.3)

82.6b 
(55.6)

82.6b 
(55.6)

10^M Coumarin 0.0 0.0 0.0 0.0a 0.0a 0.0a 0.0 0.0a 0.0a
10“5M Coumarin 0.0 0.0 0.0 0.0a 0.0a 0.0a 0.0 0.0a 0.0a

lO^M ABA 0.0 0.0 0.0 0.0a 0.0a 43.1a
(25.5)

61. l b 
(37.6)

6 L ?
(37.6)

100c
(89.9)

10‘5M ABA 0.0 0.0 0.0 0.0a o.oa 0.0a 0.0a 0.0a 0.0“
10'6MABA 0.0 0.0 0.0 0.0a o.oa 0.0a 0.0a - 0.0° 0.0“
10‘2MCCC 0.0 0.0 0.0 0.0a o.oa 0.0a 0.0a 0.0“ 0.0“
10'3M c c c 0.0 0.0 0.0 0.0a o.oa 0.0a 0.0a 0.0° 0.0“
Kr'M CCC 0.0 0.0 0.0 0.0a o.oa 0.0a 0.0a 0.0a 0.0a

SEm± 0.2ns 0.2ns 0.8ns 2.5* 4.5* 4.5* 4.7* 5.1* 6.5*
* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are transformed values)

44



Plate 6. Bulging and abnormal root formation by cocoa embryonic axis stored in Zi M S  + 10 '3M  coumarin
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Fig. 3. Effect o f  germination inhibitors on (a) root growth, (b) shoot growth and (c) death o f 
cocoa embryonic axis (Basal media- V2 M S )
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by 20th day of storage. The lower concentration of ABA (10'5M and lO^M) showed 

results similar to CCC.

The experiment had shown that higher concentration of ABA (lO^M) have significant 

influence on longevity of embryonic axes. The seeds can be stored without germination 

up to a maximum extent of 56 days. Because of the abnormal growth patterns during 

storage, higher concentrations of coumarin were not selected for further experiments.

4.2.2. Germination inhibitors in combination

Combinations of inhibitors ABA and coumarin (Table 3) were tried to control the 

growth of embryos of cocoa. The results of the study are given in Table 8. The study 

indicated that root regeneration was significantly influenced by combination of 10'3M 

coumarin + 10'5M ABA and of 10'3M coumarin + 10'6M ABA. The embryonic axes 

stored in 10'3M coumarin + 10'5M ABA had only maximum root regeneration of 61.1% 

of cultures. Only 68.5% of 10'3M coumarin + lO^M ABA culture had root 

regeneration. Other combinations of ABA and coumarin did not show any influence on 

root formation, as rooting was seen in all cultures within 10 days (Figure 4a).

Shoot regeneration was also significantly influenced by having 10’3M coumarin 

combination with 10'5M andlO’6M ABA. Only 7.4% and 16.7 % of culture showed 

shoot regeneration in the above concentration of growth inhibitor. Other combinations 

of coumarin and ABA did not show significant influence on shoot formation (Figure 

4b). The inhibitor combination of lO^M coumarin + 10*5M ABA resulted within 57.4% 

of culture having shoots in 20 days. Embryonic axes cultured in 10"5M coumarin + 10' 

5M ABA added media, had shoot regeneration (77.8%) within 28 days (Table 8). The 

media with 10^M coumarin + 1 0 " ^  ABA and 10'5M coumarin + IO^M ABA resulted 

in shoot regeneration in 83.3% and 85.2% of the cultures respectively by the 25th day.

Extents of death of embryonic axes in cultures were significantly affected in 10*3M 

coumarin combination with ABA. There was a significant death rate (92.6%) of 

embryonic axes in media having combination of 10'3M coumarin +10'5M ABA (Figure 

4c) and all embryonic axes were found dead within 30 days (Table 8). In 10*6 M ABA 

and 10'3 M coumarin combination, 70.4% of culture were dead by 35 days. Higher 

death rate was also observed in lO-6 M ABA and 10^ M coumarin (42.6%). Other

47



Table 8. Combined effect of germination inhibitors on in v itro  germination of cocoa embryonic axis ( Basal media- Vz MS )

Days after culture
Media 05 10 15 20 10 15 20 25 30 05 10 15 20 25 30 35 40 45

Root (%) Shoot (%) Dead :%)
1 O'3 M Coumarin 0.0a

5.6a 40.7a 61.1“ 0.0 o © 0 5.6a 7.4a 7.4a 0.0 5.6 16.7 33.3 70.4“ 92.6“ 92.6b 92.6b 92.6“
+ 10'SMABA (3.2) (24.0) (37.6) (3.2) (4.2) (4.2) (3.2) (9.6) (19.4) (44.7) (67.7) (67.7) (67.7) (67.7)

10"4 M Coumarin 64.86 100c 100” 100“
0.0 20.4bc 57.4b 57.4“ 57.4b

0.0 0.0 13.0 31.5 33.3a 42.6ab 42.6““ 42.6ab 42.6ab
+ 10'SMABA (40.3) (89.9) (89.9) (89.9) (11.7) (35.0) (35.0) (35.0) (7.4) (183) (19.4) (25.2) (253) (253) (253)
10*5 M Coumarin 68.5b 100c 100” 100°

0.0 l l . l ab 51.9“ 77.8““ 77.8bc 0.0 0.0 5.6 13.0 14.8a 14.8a 22.2a 22.2a 22.2a
+ io-5m a b a (433) (89.9) (89.9) (89.9) (6.3) (31.2) (51.0) (51.0) (3.2) (7.4) (8.5) (8.5) (12.8) (12.8) (12.8)
10'3 M Coumarin

o . o a
33.3b 68.5a 68.5a

0.0 3.7a 3.7a 14.8a 16.7a 3.7 3.7 20.4 25.9 42.6ab 66.7a“ 70.4““ 70.4ab 83.3b
+ 10'6 M ABA (19.4) (43.2) (433) (2.1) (2.1) (8.5) (9.6) (2.1) (2.1) (11.7)

(15.0>
(25.2) (41.8) (44.7) (44.7) (56.3)

10"4 M Coumarin 74.1“ 100c 100“ 100“ 0.0 33.3“ 63.0“ 83.3C 83.3C 0.0 0.0 13.0 13.0 16.7a 16.7a 16.7a 16.7a 16.7a
+ 10-*MABA (47.8) (89.9) (89.9) (89.9) (19.4) (39.0) (56.3) (56.3) (7.4) (7.4) (9-6) (9.6) (9.6) (9.6) (9.6)

1 O'5 M Coumarin 74. lb 100c 100b 100”
0.0 40.7d 66.7” 85.2C 85.2C

0.0 0.0 3.7 7.4 7.4a
+ 10'6MABA (47.8) (89.9) (89.9) (89.9) (24.0) (41.8) (58.4) (58.4) (2.1) (4.2) (4.2) 14.8a 14.8a 14.8a 14.8a

SEm± 10.2* 9.0* 6.8* 5.8* 0.0
ns 2.3* 4.2* 5.7* 5.7* 0.3“ 0.6“ 2.3ns 2.1ns 4.1* 8.2* 8.7* 8.7* 8.7*

* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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(a)

(b)

(c)
Fig. 4. Effect o f germination inhibitor combinations on (a) root growth, (b) shoot growth and 
(c) death o f  cocoa embryonic axis (Basal media- XA M S )
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combinations of inhibitors in the media did not show influence on embryonic axes 

(Figure 4b).

■The result suggests that 10'3M coumarin was inhibiting the growth of the cocoa 

embryonic axes. The other concentrations were also responding similarly to the 

conditions when they are individually incorporated into the media. There was no 

combination effect of inhibitors found on the root formation of embryonic axes during 

the experiment. Higher death rate and lower germination of embryonic axes seen in 10’ 

3 M coumarin added media. So the longevity of embryonic axes was adversely affected 

by the presence of 10’3 M coumarin in the media.

4.3. Effect of osmotica on in vitro germination and storage of embryonic axis

The present study investigated shoot and root regeneration of embryonic axis cultured 

in media added with different concentration of osmotica (Table 5). Sorbitol, mannitol 

and sodium chloride were added in 100 mM, 250 mM and 500 mM concentrations to 

the basal medium QA MS) and shoot and root generation of embryonic axis was studied.

Rooting of embryonic axes in osmotica added condition varied significantly between 

the different osmotic levels (Table 9). In media with 100 mM of sorbitol and 100 mM 

mannitol no influence on rooting of embryonic axes was observed (Figure 5a). In both 

osmotic levels rooting was observed from 2nd day of inoculation and maximum rooting 

was obtained by 10th day (96.3% and 62.5% respectively). Root development was 

inhibited in media supplemented with 250 mM sorbitol, 500 mM sorbitol, 500 mM 

mannitol, 250 mM NaCl and 500 mM NaCl and the embryonic axes were found dead. 

Root development of embryonic axes was inhibited in these osmotic conditions.

In cocoa embryonic axes shoot regeneration were inhibited by all osmoticum except 

100 mM sorbitol (Table 9). In cultures with 100 mM sorbitol shoot regeneration started 

from 14th day and 85.2% of culture had shoot at the end of 40 days. However, in the 

case of 500 mM sorbitol added media shoot development was inhibited by the 

osmoticum up to 70 days of storage (Figure 5b). All other osmotica levels were found 

to be highly inhibiting the shoot formation. Embryonic axes cultured in the rest of the 

treatments did not have a significant shoot production even after 70 days of storage and 

was comparable to each other. All the embryonic axes were found dead in 500 mM
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Table 9. Effect of osmotica on in  v itro  germination of cocoa embryonic axis (Basal media- Vi MS )

Media
Days after culture

Root (%) Shoot (%)
05 10 15 20 10 15 20 25 30 40 60 65 70

100 mM Sorbitol 83.3b
(56.3)

96.3b
(74.3)

96.3b
(74.3)

96.3b
(74.3) 0.0 7.4

(4.2)
11.1
(6.3)

37.0b
(21.7)

79.6b
(52.7)

85.2b
(58.4)

85.2b
(58.4)

85.2C
(58.4)

85.2C
(58.4)

250 mM Sorbitol 4.4“
(2.5)

6.7“
(3.8)

6.7a
(3.8)

24.4a
(14.1) 0.0 0.0 0.0 0.0a o.oa 0.0“ 17.8“

(10.2)
17.8“
(10.2)

17.8“
(10.2)

500 mM Sorbitol 0.0a 0.0a 0.0a 0.0a 0.0 0.0 0.0 0.0a 0.0a 0.0“ 0.0“ 0.0“ 2.2“
(1.2)

100 mM 
Mannitol

62.5b
(38.6)

73.6b
(47.3)

73.6b
(47.3)

73.6b
(47.3) 0.0 0.0 0.0 0.0a 0.0a 0.0“ 0.0“ 0.0“ 0.0“

250 mM 
Mannitol

8.3a
(4.7)

16.7a
(9.6)

16.7a
(9.6)

16.7“
(9.6) 0.0 0.0 0.0 0.0“ 0.0a 0.0“ 0.0“ 0.0“ 0.0“

500 mM 
Mannitol 0.0a 0.0a 0.0a 0.0a 0.0 0.0 0.0 0.0a 0.0a 0.0“ 0.0“ 0.0“ 0.0“

lOOmMNaCI 34.7ab
(20.3)

66.7b
(41.8)

66.7b
(41.8)

66.7b
(41.8) 0.0 0.0 0.0 o.o8 1.4a

(0.8)
1.4“
(0.8)

1.4“
(0.8)

1.4“
(0.8)

1.4“
(0.8)

250 mM NaCl 0.0° 0.0a 0.0a 0.0a 0.0 0.0 0.0 0.0“ 0.0a 0.0“ 0.0“ 0.0“ 0.0“

500 mM NaCl 0.0a 0.0a 0.0a 0.0a 0.0 0.0 0.0 0.0° 0.0“ 0.0“ 0.0“ 0.0“ 0.0“

SEm± 4.2* 5.6* 5.9* 5.9* 0.0ns 0.3ns 0.5ns 1.8* 2.4* 2.7* 3.0* 3.1* 3.0*

* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Values in the parentheses are Arcsine transformed values)

(Figures with same superscript in a column do not differ significantly)
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Plate 7. Embryonic axis o f cocoa stored in Zi M S  +250 m M  sorbitol (a) 2nd day, (b) 25th day and (c) 60th day o f storage.
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NaCl media by 24th day o f storage (Table 10). However, 100 m M  NaCl showed less 

toxicity to embryonic axes.

The media added with different levels of osmotica significantly influenced the longevity 

o f embryonic axes. Effect o f sorbitol significantly differed from other osmotica tried. 

In sorbitol, cultures were surviving at 70 days after inoculation. Reduced shoot 

regeneration along with least death rate in sorbitol conditions showed possibility of 

storage o f embryonic axes in that media up to 70 days. The embryonic axes were found 

viable up to 70 days o f inoculation in media fortified with 250 m M  sorbitol (Plate 7). 

mannitol and NaC l resulted in complete loss o f cultures. The higher death rates of 

embryonic axes were found in the storage conditions where media fortified with 

mannitol and NaCl were used. The percentage of dead embryonic axes was not differed 

in mannitol and NaCl media (Figure 5c). B y  the end o f 50 days o f  storage, all the 

embryonic axes were found dead in these media.

In mannitol supplemented media, crystallization was seen which lead to drying o f media 

and death o f embryonic axis (Plate 8). B y  50 days o f storage in mannitol added media 

all the embryonic axis were found dead. In 500 m M  NaCl supplemented media dead 

embryonic axes were observed from 8th day and 100%  death by 20th day (Figure 5c). In 

250 m M  NaC l added media all embryonic axes were found dead by the end o f  40 days 

and at lower concentration (100 m M ) embryos survived upto 50 days.

The study indicated that the osmotica influence the germination and longevity of 

embryonic axes. The embryonic axes survived upto 70 days in 250 m M  sorbitol 

supplemented media and 65 days in 500 m M  sorbitol added media. The germination of 

embryonic axes were delayed to 60 days in both media and it has shown potential of 

storing embryo in osmotic media upto 60 days. The growth o f embryonic axes were 

highly influenced by these two storage condition but in 500 m M  sorbitol supplemented 

media, embryonic axes had a higher death rate by the end o f 70 days (97.8%). 250 m M  

Sorbitol supplemented media had a less death rate and germination o f embryonic axes 

favored the storage.
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Plate 8. Crystallisation o f media with 500 m M  mannitol after (a) 2nd day, (b) 30th day and (c) 50th day o f  storage
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Fig. 5. Effect o f osmotica on (a) root growth, (b) shoot growth and (c) death o f cocoa 
embryonic axis (Basal media- 'A M S )
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Table 10. Effect of osmotica on death of cocoa embryonic axis ( Basal media- Z2 MS )

Days after culture

Media 5ead ( % )

05 10 15 20 25 30 35 40 45 50 55 60 70

100 m M 1.9 5.6 5.6a 14.8“ 14.8“ 14.8“ 14.8“ 14.8“ 14.8“ 14.8“ 14.8“ 14.8“ 14.8“
Sorbitol (1.0) (3.2) (3.2) (8.5) (8.5) (8.5) (8.5) (8.5) (8.5) (8.5) (8.5) (8.5) (8.5)

250 m M 0.0 2.2 2.2a 2.2“ 2.2“ 2.2“ 2.2“ 8.9“ 8.9“ 31.1“° 48.9“° 66.7“ 82.2“°
Sorbitol (1.2) (12) (1.2) (12) (12) 0-2) (5.1) (5.1) (18.1) (29.2) (41.8) (55.2)

500 m M 0.0 0.0 0.0a
1.1“ 1.1“ 2.2“ 2.2“ 21.1“ 4 5 .6“ 45.6“ 53.3“ 7 7 .8“ 97.8°

Sorbitol (0.6) (0.6) (1.2) (12) (12.1) (27.1) (27.1) (32.2) (51.0) (77.9)

100 m M 0.0 1.4 1.4* 1.4“ 1.4“ 1.4“ 51.4“ 51.4“° 93 . r a 100.0C 100.0C 100.0C 100.0C
Mannitol (0.8) (0.8) (0.8) (0.8) (0.8) (30.9) (30.9) (68.5) (89.9) (89.9) (89.9) (89.9)

250 m M 1.4 1.4 9.7“ 9.7“ 9.7“ 9.7“ 58.3“ 58.3“ 100.011 100.0C 100.0C 100.0C 100.0C
Mannitol (0.8) (0.8) (5.5) (5.5) (5.5) (5.5) (35.6) (35.6) (89.9) (89.9) (89.9) (89.9) (89.9)

500 m M 0.0 0.0 0.0“ 0.0“
44.4ab 51.4“ 58.3“° 69.4“ 100.0“ 100.0C 100.0C 100.0C 100.0C

Mannitol (26.3) (30.9) (35.6) (43.9) (89.9) (89.9) (89.9) (89.9) (89.9)

100 m M 0.0 0.0 0.0“ 0.0“ 0.0 26.4“ 43. l at> 69.4bc 98.6C 98.6C 98.6C 98.6C
NaCl 0.0 05.3) (25.5) (43.9) (80.3) (80.3) (80.3) (80.3)

250 m M 0.0 0.0 0.0“
15.3“ 4 7 .2“ 47.2“ 73.6b 100.0° 100.0d 100.0C 100.0C 100.0C 100.0C

NaCl (8.7) (28.1) (28.1) (47.3) (89.9) (89.9) (89.9) (89.9) (89.9) (89.9)

500 m M 0.0 33.3 66.7b 75.0b 100.0C 100.0C 100.06 100.06 100.0“ 100.0C 100.0C 100.0C 100.0C
NaCl (19.4) (41.8) (48.5) (89.9) (89.9) (89.9) (89.9) (89.9) (89.9) (89.9) (89.9) (89.9)

SEm ± o .r s 1.5ns 3.3* 3.8* 4.0* 4.5* 5.6* 5.5* 5.7* 5.8* 5.8* 5.5* 5.3*

*  Significant at 0.05 levels; ns- non significant at 0.05 levels (Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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4.4. Effect of storage media on in vitro germination and storage of synthetic seed

The present study investigated the changes in “longevity” o f encapsulated cocoa 

embryonic axes stored in different storage media. Encapsulated embryonic axes were 

stored in dry cotton and wet cotton to find out the survival during the storage condition. 

Synthetic seeds were also stored in the media added with most effective osmotic 

chemical concentration identified from the earlier described experiments. Synthetic 

seeds were prepared in aseptic conditions and stored in dry cotton, wet cotton, Zi M S, Za 
M S, Zi M S  with 250 m M  sorbitol and lA M S  with 500 m M  sorbitol media to observe the 

survival o f seeds in these conditions. The root formation and shoot development of 

synthetic seeds (Plate 9) were observed and the maximum longevity possible was 

recorded.

Synthetic seed stored in different media showed significant difference in root 

regeneration (Table 11) during the storage. In 500 m M  sorbitol supplemented media, 

root regeneration o f synthetic seeds was inhibited completely. In all other media, root 

development started from 5 day and maximum root development was obtained within 

20 days o f storage. More than 8 5 %  o f synthetic seeds stored in wet cotton, Zi M S , Za 
M S  and 250 m M  sorbitol in Zi M S  had root development within 20 days o f storage 

(Figure 6a). Synthetic seeds stored in dry cotton and 500 m M  sorbitol supplemented 

media did not have significant root development during the storage days. Highest root 

development was obtained in Za M S  and wet cotton (96.3% and 92.4%). There was no 

significant difference in root development o f synthetic seed at the end o f 20 days in any 

of the different media tried except 500 m M  sorbitol.

Synthetic seeds stored in different media exhibited significant difference in longevity. 

The shoot formation was found to be different among the various media o f storage 

(Table 11). D ry cotton and 250 m M  and 500 m M  sorbitol containing media completely 

checked the shoot formation o f synthetic seed. The shoot development o f  synthetic 

seeds stored in wet cotton started from 16th day and 70.8% o f cultures produced shoot 

within 40 days (Figure 6b). B y  the end o f 40 days o f storage in Zi M S  and Za M S  

media, 57.4% and 38.9% o f cultures had shoot regeneration, respectively. It was seen 

that the normal shoot development could be delayed upto 40 days by encapsulation.
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Table 11. Effect of different storage media on in v itro  germination of cocoa synthetic seeds

Synthetic 
Seed 

stored in

Days after culture

Root development (%) Shoot development (%)

05 10 15 20 25 15 20 25 30 35 40

Dry Cotton 36.7b
(21.5)

47.8ab
(28.5)

47.8ab
(28.5)

47.8ab
(28.5)

47.8ab
(28.5) 0.0 0.0 0.0a 0.0a 0.0a 0.0a

Wet cotton 14.6ab
(8.3)

70.8bc
(45.0)

88.9b
(62.7)

92.4b
(67.4)

92.4b
(67.4) 0.0 9.7

(5.5)
39.6b
(23.3)

64.6b
(40.2)

70.1c
(44.4)

70.8C
(45.0)

ViUS 0.0a 0.0a 42.6ab
(25.2)

88.9b
(62.7)

88.9b
(62.7) 0.0 0.0 0.0a 0.0a 29.6ab

(17.2)
57.4b
(35.0)

%MS 25.9ab
(15.0)

96.3C
(74.3)

96.3b
(74.3)

96.3b
(74.3)

96.3b
(74.3) • 0.0 0.0 18.5a

(10.6)
20.4a
(11.7)

38.9b
(22.8)

38.9b 
(22.8)

‘/2 M S+ 250 
raM Sorbitol

20.4ab
(11.7)

57.4ab
(35.0)

83.3b
(56.3)

87.0b
(60.4)

87.0b
(60.4) 0.0 0.0 0.0a 0.0° 0.0a 0.0a

J/2 MS+ 500 
mM sorbitol 0.0a 0.0a 0.0a o.oa o.oa 0.0 0.0 0.0a 0.0a 0.0a o.oa

SEm± 2.9* 6.7* 7.2* 7.3* 7.3* 0.0ns 0.9ns 2.5* 4.1* 4.2* 4.3*

* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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Table 12. Effect of different storage media on death of cocoa synthetic seeds

Synthetic 
Seed stored 

in

Percentage of dead synthetic seeds

Days after culture

10 15 20 25 30 35 40 45 50 55 60 70

Dry Cotton 11. l b
(6.3)

100.0C
(89.9)

100.0b
(89.9)

100.0b
(89.9)

100.0b
(89.9)

100.0b
(89.9)

100.0b
(89.9)

100.0b
(89.9)

100.0b
(89.9)

100.0b
(89.9)

100.0C
(89.9)

100.0C
(89.9)

Wet Cotton 2.1ab
(1.2)

10.4b
(5.9)

17.4a
(10.0)

22.2a 
(12.8)

28.5a
(16.5)

29.2a
(16.9)

29.2a
(16.9)

29.2a
(16.9)

29.2a
(16.9)

29.2a
(16.9)

29.2a
(16.9)

29.2“
(16.9)

ViMS 0.0a 0.0a 8.3a
(4.7)

19.4a
(11.1)

25.0a
(14.4)

30.6a
(17.8)

31.9a
(18.5)

42.6a
(25.5)

42.6a
(25.5)

42.6a
(25.5)

42.6a
(25.5)

42.6a
(25.5)

Ya MS
2 'js.b 
(2.1)

2 yab
(2.1)

3.7a
(2.1)

22.2a
(12.8)

25.9a
(15.0)

33.3a
(19.4)

33.3a
(19.4)

33.3a
(19.4)

61.1ab 
(37.6)

61 -1ab 
(37.6)

61.1ab
(37.6)

61.1ab
(37.6)

Zz MS +250
mM
Sorbitol

0.0a 11. l b
(6.3)

l l . l a
(6.3)

l l . l a
(6.3)

22.2a
(12.8)

38.9a
(22.8)

38.9a
(22.8)

38.9a
(22.8)

50.0ab
(29.9)

50.0ab
(29.9)

77.8b
(51.0)

100.0C
(89.9)

Yt MS+ 500
mM
Sorbitol

0.0a 5.6ab
(3.2)

i i .  r
(6.3)

16.7a
(9.6)

16.7a
(9.6)

16.7a
(9.6)

33.3a
(19.4)

33.3a
(19.4)

50.0ab
(29.9)

55.6ab
(33.7)

100.0C
(89.9)

100.0C
(89.9)

SEm± 0.8* 6.8* 6.5* 6.2* 5.9* 5.8* 5.8* 5.8* 6.2* 6.4* 6.5* 6.5*

* Significant at 0.05 levels; ns- non significant at 0.05 levels 
(Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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The mortality of synthetic seeds varied significantly between the different media of 

storage. Synthetic seeds stored in dry cotton were found necrotic within 16 days of 

storage (Table 12). Low moisture content in dry cotton lead to drying of synthetic seed 

and death of embryonic axes. Synthetic seeds stored in 250 mM and 500 mM sorbitol 

containing media were viable up to 70 days and 60 days, respectively. In media having 

250 mM and 500 mM sorbitol, growth was arrested upto 55 days and death rate was 

noticed after this period. In the above treatments after 70 days of storage all the 

synthetic seeds, which did not form shoot were found dead. The synthetic seeds stored 

in Vi MS, Va MS and wet cotton completed shoot regeneration within 35 days of storage.

The synthetic seeds stored in dry cotton lost their viability within 15 days. Dry cotton 

media had low moisture content which affected the longevity and resulted in complete 

death of synthetic seeds. Synthetic seeds stored in wet cotton condition had high 

germination. Maximum germination was obtained within 32 days and all synthetic 

seeds developed shoot in these period. Storage of synthetic seeds in 14 MS and Va MS 

was limited due to the complete germination of seeds. Germination capacity of synthetic 

seeds reached in 40 and 36 days in 14 MS and Va MS respectively. However, synthetic 

seeds stored in 250 mM sorbitol supplemented media were able to survive upto 70 days. 

In 500 mM sorbitol added media, synthetic seeds were able to maintain its viability upto 

58 days.

4.5. Effect of germination inhibitor in encapsulation media on in vitro germination 

and storage of synthetic seed

To investigate the influence of inhibitor in the seed coat, the synthetic seeds were coated 

with culture media either alone or in combination with inhibitor/osmoticum. The 

embryonic axes were made into synthetic seeds by giving calcium alginate coat. The 

effective concentration of inhibitor or osmoticum, identified from the embryonic axes 

stored in inhibitor or osmoticum experiments was applied in the artificial seed coat. The 

synthetic seeds coated with basal media with inhibitors or osmoticum were stored in wet 

cotton to observe their regeneration potential during storage. The influence of artificial 

seed coat on growth of the synthetic seed were studied by observing the root and shoot 

development in storage. The number of cultures producing root and shoots are given in 

table 13.
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Table 13. Effect of inhibitors in encapsulation on in v itro  germination of cocoa synthetic seeds

Synthetic seed 
coat with

Days after culture
Root development Shoot development

5 10 15 20 10 15 20 25 30 35 40 45 50 55 60 70

MS
64.8b
(40.3)

87.0b
(60.4)

92.6°
(67.7)

95.6b
(72.9) 0.0* 40.7ab

(24.0)
75.9*
(49.3)

85.2a
(58.4)

85.2“
(58.4)

85.2*
(58.4)

85.2*
(58.4)

85.2“
(58.4)

85.2“
(58.4)

85.2“
(58.4)

85.2“
(58.4)

85.2*
(58.4)

Vi MS
75.9b
(49.3)

79.6Eb
(52.7)

79.6*
(52.7)

83.6*
(56.7)

14.8°
(8.5)

40.7b
(24.0)

64.8“
(40.37)

68.5^ 
(43.2)

68.5*
(43.2)

68.5b
(43.2)

68.5b
(43.2)

68.5'
(43.2)

68.5*
(43.2)

68.5'd
(43.2)

68.5bcd
(43.2)

68.5b*
(43.2)

MS +250 mM 
Sorbitol

66.7b
(41.8)

I00.0c
(89.9)

100.0*
(89.9)

100.0C
(89.9) 0.0a 0.0“ 48.1*

(28.74)
70.4"*
(44.7)

70.4'
(44.7)

70.4b
(44.7)

70.4b
(44.7)

70.4'
(44.7)

70.4*
(44.7)

70.4*
(44.7)

70.4°*“
(44.7)

70.4b*
(44.7)

Vi MS +250 
mM Sorbitol

77.8b
(51.0)

I00.0C
(89.9)

100.0C
(89.9)

100.0C
(89.9) 0.0* 51.8b 

(31.1)
79.6*
(52.7)

79.6*d
(52.7)

79.6ed
(52.7)

79.6*
(52.7)

79.6*
(52.7)

79.6d 
(52.7)

79.6d
(52.7)

79.6“
(52.7)

79.6*“
(52.7)

79.6b*
(52.7)

MS +500 mM 
Sorbitol

27.8“
(16.1)

94.4C
(70.7)

94.4”
(70.7)

94.4b
(70.7) 0.0“ 0.0* 35.2b

(20.6)
68.5*
(43.2)

68.5*
(43.2)

68.5b
(43.2)

68.5b
(43.2)

68.5°
(43.2)

68.5*
(43.2)

68.5*d
(43.2)

68.5bcd
(43.2)

68.5b*
(43.2)

MS 500mM 
Sorbitol

88.9°
(62.7)

100.0*
(89.9)

100.0C
(89.9)

100.0*
(89.9) 0.0“ 0.0* 0.0“ 44.4b

(26.3)
63.0*
(39.0)

68.5b
(43.2)

68.5b
(43.2)

68.5*
(43.2)

68.5*
(43.2)

~ 6 & S °r ~
(43.2)

68.5°*“
(43.2)

68.5b*
(43.2)

250 mM 
Sorbitol

39.0a
(22.9)

64.0“
(39.7)

100.0C
(89.9)

100.0C
(89.9) 0.0* 0.0“ 0.0“ 0.0* 0.0* 0.0“ 0.0“ 0.0“ 21.0“b

(12.1)
40.3b 
(23.7)

54.3“b
(32.8)

63.8b 
(39.6)

500 mM 
Sorbitol

31.8*
(18.5)

65.5°
(40.9)

100.0*
(89.9)

100.0C
(89.9) 0.0* 0.0* 0.0* 0.0* 0.0* 0.0“ 2.8*(1.6) 25.0b

(14.4)
33.3**
(19.4)

48.5b*
(29.0)

62.5b*
(38.6)

73.8b* 
(47.5)

10'3MABA
34.5a
(20.1)

79.0Bb
(52.1)

100.0C
(89.9)

100.0C
(89.9) 0.0* 0.0* 0.0* 0.0* 0.0“ 0.0“ 0.0“ 3.0*

(1.7)
4.5"
(2.5)

15.5*(8.9) 33.0“
(19.4)

35.8“
(20.9)

SEm± 3.5* 3.9* 2.5* 2.5* 0.5* 2.4* 3.9* 4.4* 4.5* 4.5* 4.5* 4.1* 3.7* 3.1* 2.5* 2.3*
* Significant at 0.05 levels; ns- non significant at 0.05 levels (Figures with same superscript in a column do not differ significantly) 
(Values in the parentheses are Arcsine transformed values)
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The synthetic seeds coated with 500 mM sorbitol, 250 mM sorbitol and 10'3M ABA had 

less rooting in the initial days. After 5 days of storage, only less than 40 percent of 

culture had root in synthetic seed coated with inhibitor or osmoticum. In the case of 

synthetic seeds coated with MS and XA  MS had root in more than 60 percent of culture 

(Figure 7a). However, the influence of artificial coat was only in initial phase and after 

20 days, synthetic seeds in all treatments had more than 80 percent root formation.

The presence of different chemicals in seed coat influenced shoot formation of synthetic 

seeds (Table 13). Synthetic seeds which had either MS or XA MS alone in seed coat 

media showed early shoot formation during the storage. Shoot development was 

delayed by 40 days in synthetic seeds which had 250 mM sorbitol, 500 mM sorbitol and 

10'3M ABA in seed coat. The presence of basal media in the seed coat had accelerated 

the growth of synthetic seeds and produced high rates of shoot within short duration (25 

to 30 days). Shoot formation was delayed in XA  MS+ 500 mM sorbitol coated synthetic 

seeds (Figure 7b).

The synthetic seeds coated with inhibitor or osmoticum had inhibiting influence on the 

shoot formation. In seed coat with 10'3M ABA, the shoot formation was checked up to 

45 days. A small percentage of seeds had formed shoot from 45 days and only 35 

percent of seeds had shoot by the end of 70 days. Shoot formation in synthetic seed 

with 250 mM sorbitol in coat was delayed upto 50 days. After 50 days shoot formation 

started and 63.8 percent of culture had shoot by the end of 70 days. Similar shoot 

formation pattern was seen in 500 mM sorbitol coated seeds. The shoot formation 

started from 40 days and 73 percent of seeds had shoot after 70 days.

Synthetic seeds coated with MS and XA  MS alone did not prevent the growth of 

embryonic axes. In these seeds, shoot formation started from 10th day of storage. The 

presence o f MS media in artificial seed coat have influenced the growth positively. The 

shoot formation was completed within 30 days with a higher shoot regeneration 

percent( >65%), in synthetic seeds containing MS and XA  MS in arficial seed coat. In 

synthetic seed coated with MS levels (MS and A  MS) and osmoticum (250 mM and 500 

mM sorbitol), the osmotic effect was nullified by the MS media concentrations. The 

germination inhibition action obtained in embryonic axes were not seen in this 

condition.
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(a)

5 10 15 20 25 30 35 40 45 50 55 60 70
Days after culture

(b)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Days after culture

- ♦ - M S  '/2  MS -* ^ M S  +250 mM Sorbitol
MS +250 mM Sorbitol - * - M S  +500 mM Sorbitol - * - '/ 2  MS 500mM Sorbitol

— 250mM Sorbitol — 500mM Sorbitol —— 10-3M ABA

(C)

Fig. 7. Effect o f inhibitors in encapsulation on (a) root growth, (b) shoot growth and (c) death 
o f cocoa synthetic seeds
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Table 14. Effect of inhibitor in encapsulation on death of cocoa synthetic seeds
Synthetic Seed 

Coat with
Days after culture

5 10 15 20 25 30 35 40 45 50 55 60 65 70

MS 0.0a 7.4“ (4.2) 11. I* 
(6.3)

14.8b
(8.5)

14.8“b
(8.5)

14.8ab
(8.5)

14.8ab
(8.5)

14.8ab
(8.5)

14.8b
(8.5)

14.8“
(8.5)

14.8“
(8.5)

14.8“
(8.5)

14.8“
(8.5)

14.8“
(8.5)

‘/2ms
11.lb
(6.3)

22.2b
(12.8)

25.9C 
(15.0)

35.2C
(20.6)

35.2C
(20.6)

35.2C
(20.6)

35.2C
(20.6)

35.2C
(20.6)

35.2b
(20.6)

35.2“
(20.6)

35.2“b
(20.6)

35.20b
(20.6)

35.2“
(20.6)

35.2“
(20.6)

MS +250 mM 
Sorbitol

0.0“ 0.0“
14 g“bc
(8.5)

22.2b
(12.8)

29.6*
(17.2)

29.6bc
(17.2)

29.6bc
(17.2)

29.6*
(17.2)

29.68b
(17.2)

29.6“
(17.2)

29.6“b
(17.2)

29.6“
(17.2)

29.6“
(17.21

29.6“
(17.2)

% MS +250 mM 
Sorbitol

0.0“ 0.0“ 16.7bc
(9.6)

20.4b
(11.7)

20.4bc
(11.7)

20.4bc
(11.7)

20.4bc
(11.7)

20.4“bc
(11.7)

20.4“b
(11.7)

20.4“
(11.7)

20.4“
(11.7)

20.4“
(11.7)

20.4“
(11.7)

20.4“
(11.7)

MS +500 mM 
Sorbitol

0.0“ 5.6“ (3.2) 9.3ab(5.3) 20.4b
(11.7)

31.5C 
(18.3)

31.5C 
(18.3)

31.5C 
(18.3)

31.5*
(18.3)

31.5b 
(18.3)

31.5“
(18.3)

31.5“b
(18.3)

31.5“b
(18.3)

31.5“
(18.3)

31.5“
(18.3)

% MS 500mM 
Sorbitol

0.0“ 0.0“ 3 7at> 
(2.1)

13.0b 
(7.4)

22.2bc 
(12.8) .

27.8bc
(16.1)

31.5bc
(18.3)

31.5*
(18.3)

31.5b 
(18.3)

31.5“
(18.3)

31.5“b
(18.3)

31.5“b
(18.3)

31.5“
(18.3)

31.5“
(18.3)

250 mM Sorbitol 0.0° 0.0“ 0.0“ 0.0“ 0.0“ 0.0“ 4.3“ (2.4) 7.0“ (4.0) 15.3“b
(8.7)

25.3“
(14.6)

30.8“b
(17.9)

33 3“b 
(19.4)

36.3“
(21.2)

36.3“
(21.2)

500 mM Sorbitol 0.0“ 0.0“ 0.0“ 0.0“ 0.0“ 1.5“ (0.8) 1.5“ (0.8) 4.3“ (2.4) 8.5“(4.8) 14.0“
(8.0)

16.8“
(9.6)

22.3“
(12.8)

26.3“
(15.2)

26.3“
(15.2)

10'3M ABA 0.0“ 0.0“ 0.0“ 0.0“ 0.0“ 0.0“ 1.5“ (0.8) 14.0“b
(8.0)

23.5“b
(13.5)

34.8“
(20.3)

48.8b 
(29.2)

54.0°
(32.6)

64.3b
(40.0)

64.3b
(40.0)

SEm± 0.5* 0.8* 1.1* 1.4* 1.6* 1.7* 1.6* 1.6* 1.4* 1.5* 1.7* 1.8* 2.0* 2.0*

* Significant at 0.05 levels; ns- non signi leant at ( .05 levels (Figures with same superscript in a co umn do not differ significantly)
(Values in the parentheses are Arcsine transformed values)
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The different seed coating with different media and inhibitor combinations did not 

influence the mortality of synthetic seeds (Table 14). The longevity of synthetic seeds 

coated with MS and V2 MS alone lasted only upto 20 days. Synthetic seeds coated with 

MS media + 250 mM sorbitol, had slightly higher longevity than MS media coated 

alone. Enhanced longevity was observed in synthetic seeds, which are coated with 

inhibitor alone. Growth of synthetic seeds coated with 250 mM sorbitol, 500 mM 

sorbitol and 10'3M ABA was inhibited. The inhibitor action increased the longevity 

upto 70 days (Figure 7c).

The synthetic seeds coated with different media and inhibitors had influence on the 

growth of the synthetic seed. The time taken for maximum germination was less in 

seed coated with MS and MS. There was significant delay in germination due to 

presence of sorbitol and ABA alone in the seed coat. The maximum germination was 

delayed upto 60 days in these cultures (Table 13). In addition, longevity of seeds was 

higher in 250 mM sorbitol, 500 mM sorbitol and 10'3M ABA coated seeds. They were 

viable upto 65 days. It was seen that seeds could be stored upto 70 days through 

coating the seeds with above chemical concentrations. The germination was also 

arrested in these seeds upto 60 days.

4.6. Effect of storage media on longevity of embryonic axis and synthetic seed

To investigate about the storage response of embryonic axes and synthetic seed in 

different storage condition an experiment was done with propagule (embryonic axis 

and synthetic seed) and different media as two factors. Data on embryonic axis and 

synthetic seed stored in different media were analyzed for their longevity during 

storage. The days upto which propagules were viable without shoot formation were 

counted and analyzed in this experiment. The difference in longevity o f the embryonic 

axis and synthetic seed and influence of medium on longevity of propagule were 

analyzed and the results are given in table 15.

It was found that, there was a significant difference between embryonic axis and 

synthetic seed in longevity. Synthetic seeds were viable for longer time than excised 

embryonic axes. The embryonic axes had maximum longevity of 29 days while
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synthetic seeds survived upto 41 days. The conversion of embryonic axes to synthetic

seeds increased longevity of embryo.

Table 15. Effect of different storage media on longevity of embryonic axis and 
synthetic seeds of cocoa

Media
Longevity (days)

Embryonic axes Synthetic seed Mean SEm±

Dry cotton

.aO00 15.0s 12.3° 1.4*

Wet cotton 16.0fg 32.5e 28.0m 1.3*

‘/2MS 15.2s 40.0d 22.0n 3.4*

’/4MS 18.2fg 36.6d 23.8n 3.0*

Vio MS 20.0f 31.6e 23.1° 2.2*

I/2 M S+ 250 
mM sorbitol 65.4b 70.0a 67.71 1.7*

‘/2 M S+ 500 
mM sorbitol 60.8° 64.3b • 62.51 1.4*

Mean 29.1y 41.5X
SEm± 3.3* 3.1*

(Figures with same superscript do not differ significantly)
* Significant at 0.05 levels; ns-non significant at 0.05 levels
Superscripts x,y are used for comparison of means of longevity of propagule , l.m.n.o are used 
for comparison of means of longevity in media. a,b,c,d,e,fg,h are used for comparison of 
interaction. SEm± for interaction = 2.4

Longevity of propagule was also influenced by the media used for storage. Maximum 

longevity was observed in media supplemented with 250 mM sorbitol and 500 mM 

sorbitol. The propagules had longevity o f 62 to 67 days in both media. The least 

longevity of 12 days observed for propagules stored in dry cotton.

Interaction of media and propagule had significant influence in the controlling longevity 

of seeds during storage. The lowest longevity of 8 days was seen in embryonic axis 

stored in dry cotton. The maximum longevity of 70 days was observed for synthetic 

seeds stored in media supplemented with 250 mM sorbitol (Figure 8).
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Fig. 8. Effect o f  different storage media on longevity o f embryonic axis and synthetic 

seeds o f cocoa

4.7. Effect of desiccation on in vitro germination and storage of synthetic seed

To study the influence o f  desiccation on synthetic seed, the seeds were subjected to 

different level o f  relative humidities (20% , 3 0 %  ,46.6%, 78.6%, 85.3%  and 100%) for 

3, 6, 9 and 12 hours and stored in wet cotton. The time taken for root regeneration and 

longevity were observed and given in Table 16.

Root regeneration was influenced by the level o f desiccation and duration o f  desiccation 

treatment. Desiccation levels o f  20, 30 and 46.6 percent RH, influenced root 

regeneration. On an average synthetic seeds took 10 days for completing root 

regeneration. However, under normal in vitro condition (100%  R H ) root formation was 

completed within 5 days o f  storage (Table 16). The duration o f desiccation also 

influenced the root regeneration. Exposing the synthetic seeds for longer duration of 

desiccation (12 hours) influenced root emergence. Desiccation for 3 hours had the low 

influence on root growth o f the synthetic seeds (Figure 9). Root regeneration was not 

influenced by the interaction o f  desiccation and duration. Longevity o f  synthetic seeds 

were influenced by desiccation treatments. Desiccation o f  2 0 %  R H  had more influence
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on the synthetic seeds. Longevity o f 54 days observed in synthetic seeds exposed to 

2 0 %  RH. Desiccation levels o f  46 .6%  RH, and 3 0 %  RH

0 2 4 6 8 10 12 14 16

Duration
■ 12 hour

■ 9 hour

■ 6 hour

■ 3 hour

Days

Fig.9. Effect o f  different levels and duration o f  desiccation on root emergence o f  cocoa 
synthetic seed

Table 16. Effect o f different levels and duration o f desiccation on days taken for root 

emergence o f  cocoa synthetic seeds

Desiccation 
R H  (% )

Duration o f  desiccation (hour)
Mean SEm ±

3 6 9 12

20 8.75 10.00 11.67 15.00 11.35° 0.83*

30 8.75 8.33 11.67 15.00 10.94no 0.95*

46.6 6.67 8.33 10.00 13.33 9.58mno 0.96*

78.6 5.00 10.00 10.00 11.67 9.17mn 0.83*

85.3 5.00 8.33 10.00 11.67 8.75m 0.89*

100 5.00 5.00 5.00 5.00 5.001

cO©

Mean 6.53a 8.33b 9.72c 11.94d 9.20

SEm ± 0.54* 0.57* 0.63* 0.91*

* Significant at 0.05 levels; ns-non significant at 0.05 levels.
Figures with same superscript do not differ significantly
Superscripts a,b,c,d are used for comparison of means of duration of desiccation treatments, 
l,m,n,o are used for comparison of means of desiccation levels. SEm± for interaction =  0.4
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Table 17. Effect o f  different levels and duration o f  desiccation on longevity o f  cocoa 

synthetic seeds

Desiccation 
R H  (% )

Duration o f  desiccation (hour)
Mean SEm ±

3 6 9 12

20 51.2*b 55.0a 55.0a 55.0a 54.1° 0.60ns

30 45.0dc 51.6“b 51.6 * 53.3ab 50.4n 1.13*

46.6 45.0de so .o1* 50.0bc 55.0a 50.0n 1.06*

78.6 45.0de 46.6cd 50.0^ 51.6*b 48.3n 1.12*

85.3 45.0de 45.0de 45.0de so.*)1* 46.2m 0.65*

100 41.6® 41.6® 41.6® 43.3de 42.01 0.74*

Mean 45.5X 48.3y 48.9y 51.3Z 48.5

SEm ± 0.75* 1.14* 1.18* 1.05*

(Figures with same superscript do not differ significantly) * Significant at 0.05 levels; ns-non 
significant at 0.05 levels. Superscripts x,y,z are used for comparison of means of duration of 
desiccation treatments, l,m,n,o are used for comparison of means of desiccation levels. a,b,c,d,e 
are used for comparison of interaction. SEm± for interaction =  0.55

o>

a

Days

Duration

■ 12 hour

■ 9 hour

■ 6 hour

■ 3 hour

Fig. 10. Longevity o f  cocoa synthetic seeds exposed to different levels o f  desiccation for 
different duration
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also had enhanced longevity to more than 50 days (Table 17). Duration of desiccation 

treatment influenced the longevity of synthetic seeds. Longevity of synthetic seed was 

higher (51 days) in seeds exposed to 12 hour desiccation (Table 17). Desiccation and 

duration together influenced the synthetic seed longevity in certain cases. Synthetic 

seed exposed to desiccation of 20 percent for 6, 9 and 12 hours had shown higher 

longevity. Seeds stored in 100% RH had lower longevity (Figure 10).

4.8. Standardization of storage technique for synthetic seed

Based on all the above experimental results, it was observed that synthetic seeds had a 

better longevity during storage. Longevity of synthetic seed was more in media 

supplemented 250 mM sorbitol. The synthetic seeds stored in 250 mM sorbitol had 

longevity upto 70 days. The maximum possible storage time for synthetic seeds was 

assessed by storing in 250 mM sorbitol supplemented media. The seeds were 

transferred to wet cotton during 55, 60 and 65 days after culture. The days taken for 

shoot regeneration and percentage of seeds forming shoot were counted (Table 18).

Synthetic seeds stored in media supplemented with 250 mM sorbitol for 55 days before 

transferring to wet cotton showed 80 percent germination after 34 days of transfer. 

However, synthetic seed stored for longer duration of 60 and 65 days in 250 mM 

sorbitol supplemented media showed reduced and early germination on 27 and 25 days, 

respectively. So the maximum storage time possible for encapsulated embryo was with 

the media supplemented with 250 mM sorbitol for 55 days before transferring to wet 

cotton (89 days).

Table 18. Potential storage possible with synthetic seeds stored in Vi MS+250 mM 

sorbitol

Days of storage in !4 
MS+250 mM 

sorbitol 
(A)

Days taken for 
germination in wet 

Cotton 
(B)

Percentage of culture 
which had shoot

Total storage days 
possible 
(A+B)

55 34 80 89

60 27 60 87

65 25 60 80
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DISCUSSION

Theobroma cacao is one of the well-known cash crops grown throughout the 

humid tropics with about 9.5 million hectares spread over 57 countries (FAOSTAT, 

2012). It is a major agroforestry crop in humid regions. Propagation of cocoa tree is 

difficult due to its recalcitrant seeds. The conventional nursery works are difficult 

for mass propagation of good quality seeds from the available polyclonal plantations. 

Moreover, lack of dormancy and enhanced vivipary create difficulties in spreading 

the cultivation of the crop to non-conventional areas. Attempts were made to 

increase the storage time through different methods. The synthetic seeds in cocoa has 

shown a higher longevity when compared to normal seeds (Sudhakara et al., 2000).

The present study investigates the possibility to further elongate the storage 

potential of synthetic seeds helped from zygotic embryo of cocoa seeds. The 

synthetic seeds were treated with the common germination inhibiting conditions 

during the storage. The effect of inhibiting conditions were first observed on the 

naked embryonic axes and the information were used for selecting appropriate 

storage conditions o f synthetic seeds. The study was carried out in cocoa pods 

collected from cocoa polyclonal garden in the Kerala Agricultural University and the 

experiments were conducted at Plant Tissue Culture Laboratory, Department of Tree 

Physiology and Breeding, College of Forestry. The results of the study are 

discussed below, in the light of available literature and presented below.

5.1. Standardization of microencapsulation techniques

The present study revealed the influence of cotyledon in the shoot 

regeneration of cocoa embryo. Embryonic axes stored without cotyledon had root 

growth only. Shoot regeneration was not observed due to mortality in cultures. The 

embryonic axis was in the state of active division, so the root emergence happened 

within five days of storage. Root regeneration was not influenced by the cotyledon. 

The embryonic axes excised without cotyledon did not show shoot regeneration 

during the course of study. Embryonic axes with Vi cotyledon and cotyledon had 

higher percentage o f shoot formation in culture media (Figure 11). The treatments 

had comparable death rate in cultures. The embryonic axes without cotyledon had a
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higher death rate during the storage. The presence o f cotyledon helped to increase

the longevity and viability for long time.

Root shoot dead

■ without cotyledon ■ with 'A cotyledon ■ with 'A cotyledon

Fig. 11. Effect of different proportions of cotyledon on in vitro germination o f cocoa 
embryonic axis (Basal media- V* M S )

The shoot regeneration started two weeks after the root regeneration. The 

embryonic axes without cotyledon dried during this period. It was seen that the site 

o f  the attachment o f  cotyledon with the embryonic axis is the site o f  regeneration o f 

shoot (Plate 10). The absence o f  cotyledon in that region influences the shoot 

regeneration. The attachment o f  cotyledon enabled embryonic axis to produce the 

first pair o f  cotyledonary leaves. The disturbance in that position o f  embryo 

adversely affected the shoot formation. Another reason could be that the removal o f 

cotyledon physically damaged the meristem. The attachment o f cotyledon 

influenced the viability o f  embryonic axes. The death rate o f embryonic axes were 

found less in the case o f  embryonic axes attached with cotyledon.

In all storage conditions except low moisture condition (dry cotton), the 

embryonic axis showed a normal growth pattern. The investigation for the media for 

storage had shown that dry cotton storage was least efficient. The dry cotton lead to 

excessive drying o f  embryonic axis, which resulted in the death o f embryonic axes 

(Sudhakara et al., 2000). Embryonic axes stored in other media like wet cotton, V2
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M S, Va M s and ‘/io M S  had high percentage o f  germination within 25 days o f  storage 

(Figure 12). It is already known that viability o f  recalcitrant seeds depend on the 

moisture content o f  the surrounding environment (Roberts, 1973; Baskin and Baskin, 

1998). The presence o f nutrient medium does not influence the viability and 

germination. Reduction o f  moisture in the surrounding environment adversely 

affected the longevity o f recalcitrant seeds.

Fig. 12. Germination percentage and longevity of cocoa embryonic axes stored in 
different media

The embryonic axis with Va cotyledon was selected as the propagule and V i 

M S  medium as the basal media for the rest o f  the experiments. The minimum 

attachment o f cotyledon ensured high germination. It also helped in easy making o f 

synthetic seeds. H a lf M S  medium added as a supporting medium for the growth o f 

embryonic axes. H a lf M S  had been identified as a basal medium for the storage of 

embryonic axes by Sudhakara et al. ( 2000) and Sunilkumar et al. (2000).

5.2 Effect of germination inhibitors in the media on regeneration of embryonic 

axis

To increase the longevity o f  embryonic axes, different germination inhibitors 

were added to the media. The XA M S  medium with the germination inhibitors had
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influenced the growth o f  the embryonic axis. The presence o f  A B A  in the media 

delayed root formation (Figure 13). A B A  inhibited the germination by preventing 

embryonic growth. Da Silva et al. (2004) reported a transient rise in endogenous 

A B A  content during germination in the embryonic cells, suggesting that A B A  

inhibits cell wall extensibility by not permitting an increase in cell turgor. A B A  has 

a similar effect when applied directly on zygotic embryos. Present study indicated 

that root regeneration was influenced by the presence o f  exogenous A B A  in higher 

( lO ^ M ) concentrations (Table 7a). O nly 33 percent o f  cultures had root regeneration 

during storage. But embryonic axes stored in lower concentrations ( 1 0 ''M  and 10' 

6M )  o f  A B A  had high root regeneration (100% ) and had sim ilar growth pattern seen 

in embryonic axes stored in media without inhibitor.

16

Germination inhibitor in media

Fig. 13. D ays taken for complete root regeneration o f cocoa embryonic axes stored 
in different inhibitor added media ( Basal media -  Zi M S )
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Longevity of embryonic axes showed variation with respect to different 

media. Media fortified with lO^M ABA completely inhibited the embryonic axes 

germination. The embryonic axes were viable up to 56 days (Table 19). The ABA in 

exogenous condition as in dormant seeds effects the growth of seeds. Embryonic 

ABA played a central role in induction and maintenance of seed dormancy and 

inhibited the transition from embryonic to germination growth (Rodriguez-Gacio et 

al., 2009). The presence of ABA in the medium had the same effect observed when 

it was present in the seed coat. The studies of ABA presence showed that during 

germination, ABA declined while GA4 increased and higher ABA was found in un­

germinated seeds when compared to germinated seeds (Zhang, 2008).

Table 19. Effect of germination inhibitors on longevity of cocoa embryonic axes 

(Basal media- Yz MS )

Inhibitors in Media Longevity of seed (days)

10'3M  Coumarin 31.7b

10^M Coumarin 22.7cb

10'5M  Coumarin 22.7cb

lO^M A B A 56.0a

1 0 '^  A B A 20.0C

10^M A B A 18.7C

10*2M  c c c 18.0C

1 0 '^  c c c 16.0C

1 0 ^  CCC 15.3C

>/2m s 16.0C

SEm ± 2.35*

(Figures with same superscript in a column do not differ significantly) 
* Significant at 0.05 levels; ns- non significant at 0.05 levels
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10~3M 10~4M  10"5M  10~4M 10'SM 1(T*M 10'2M 10"*M 10_4M
CoumarinCoumarinCoumarin ABA ABA ABA CCC CCC CCC

Germination inhibitor in media

Fig. 14. Longevity o f cocoa embryonic axes stored in germination inhibitor added 
media ( Basal media -  Z2  M S )

A B A  played an important role in maintaining longevity o f  embryonic axes and 

inducing dormancy (Figure 14). When the embryonic axes in A B A  containing media 

were transferred to Z% M S  media they germinated within a short time. It is known that 

increased A B A  in plant cells inhibit D N A  replication and cell division, which results 

in retarded plant growth (Finkelstein et al., 2002; Swiatek et al., 2002). In the 

present study, A B A  in more than 10'4M  concentration only had influence on the 

growth o f  embryonic axes. A B A  concentrations 10 5M  and 10'6M  were found to be 

ineffective to inhibit the growth o f  embryonic axes. So  for the effective inhibiting 

action o f  A B A ,  concentrations more than 10‘4M  should be added to the media. The 

presence o f  other inhibitors did not enhance longevity o f  embryonic axis in the 

experiment.

Higher concentration o f  coumarin showed an influence on the growth o f  the 

embryonic axis. The emerged root was malformed with bulging at the tip. The 

colour o f  bulged tip changed to brown during the storage (Plate 6). At higher 

concentration o f  coumarin the rate o f  germination was poor in the initial period o f 

25-30 days. Higher concentration o f  coumarin inhibiting seed germination was also 

observed in different species (Aliotta et al., 1992, 1994: Abenavoli et al., 2006). The
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greatest inhibitory effect o f 10'3 M  coumarin was observed in seed germination and 

radicle elongation (Peal and Williams, 2002; W illiams and Bartholomew, 2011). 

Coumarin is an inducer of coat-imposed dormancy through the inhibition of water 

uptake during seed imbibition (Aliotta et al. 1992, 1993). The inhibition of water 

uptake from the media probably resulted in the colour change at the tip o f  growth. 

The water intake inhibition could have resulted in the production o f fibrous roots to 

the media. The fibrous root formation could have helped the embryonic axes to 

survive the inhibiting condition.

Even being a growth inhibitor, C C C  did not influence the embryonic growth 

during storage. The higher concentration of C C C  (10*2M )  did not show any 

inhibiting action on the embryonic axis. The regular growth pattern of embryonic 

axes seen in media without inhibitor was obtained in C C C  supplemented media. 

Kumaran et al. (1994) reported that seedling growth in terms o f root length, shoot 

length and number of leaves was enhanced by C C C  at lower concentration for a 

shorter soaking duration and at higher concentration for a longer soaking period. 

Probably the concentration, attempted during the study was not sufficient to inhibit 

germination.

The combinations o f inhibitors had shown the same effect on embryonic axes 

as when they were applied individually (Figure 15). Coumarin (10'3M )  influenced 

the growth o f embryonic axes as in the condition when it was applied alone in the 

media. The result indicated that the inhibition o f coumarin and A B A  are 

independent o f each other and there is no synergic effect to inhibit the growth in 

lower concentrations of both inhibitors (Table 20).
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Fig. 15. Combined effect o f  germination inhibitors on longevity o f  cocoa embryonic 
axes ( Basal media -  XA M S )

Table 20. Combined effect o f germination inhibitors on longevity o f  cocoa 
embryonic axes ( Basal media- 'A M S  )

Inhibitor combination in Media
Longevity o f  seed 

(days)

10'3M  Coumarin+ 10 5M  A B A 31.7®

lO ^M  Coumarm+ 10'5M  A B A 20.0C

10'5M  Coumarin +  10'5M  A B A 25.0bc

10'3M  Coumarin+ lO^TVl A B A 31.7®

10^M  Coumarin+ 10^M  A B A 23.3bc

10'5M  Coumarin+ 1 0 '^  A B A 25.0bc

10 3M  Coumarin 31.7®

SEm ± 1.16*

(Figures with same superscript in a column do not differ significantly) 
* Significant at 0.05 levels; ns- non significant at 0.05 levels
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5.3. Effect of osmotica in the media on the growth of embryonic axis

The germination of seeds starts with the imbibition of water. The osmoticum in the 

media changes the water potential in the media and it reduces the intake of water by 

the seed for its germination (Mehra et al., 2003). The osmotica added media had 

influenced the growth of embryonic axes stored in it in different ways.

Enhanced longevity was observed in sorbitol added media. The sorbitol in 

the media delayed the shoot regeneration. Death rates of embryonic axes were also 

less upto 70 days (Table 21). The sorbitol added media maintained its water 

potential without damaging the embryonic axes. The 250 mM sorbitol inhibited 

germination in an effective way. The embryonic axes were able to survive upto 70 

days without affecting its viability.

Shoot regeneration in the 250 mM sorbitol supplemented media delayed to 

60 days and it may be due to an effective control over the water imbibition of 

embryonic axes. The water potential of the media may be near threshold value for 

imbibition which effectively controlled the growth. The water availability was 

effectively checked in 250 mM sorbitol condition. In NaCl and mannitol added 

media the availability of water was completely checked by the osmotic 

concentration. But in 250 mM sorbitol condition the water potential may be in 

equilibrium with embryonic axes water potential, resulting in a reduced uptake of 

water without loss of viability of embryonic axes.

NaCl had the most deleterious effect on the embryonic axes. High 

concentration of NaCl (250 mM and 500 mM) only had longevity o f 34 and 15 days 

respectively (Table 21). The concentration of NaCl had a negative relationship on 

longevity. The increasing NaCl concentration decreased longevity of embryonic 

axes. Root and shoot regeneration was negligible at all concentrations of NaCl. The 

NaCl presence in the media reduced the availability of water for absorption. Also it 

increased the salt concentrations, and resulted in salt stress on embryonic axes and 

prevented the growth and started dying. The higher mortality rate in higher 

concentrations (250 mM and 500 mM) of NaCl showed the non-availability of water
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to the embryonic axes. The recalcitrant embryonic axes cannot survive without the 

presence of water content is evident from dry cotton condition. The 500 mM NaCl 

condition also influenced embryonic axes as in the case of dry cotton. The 

embryonic axes was found dead due to excessive drying in both cases. The 

embryonic axes colour changed from white to dark brown during the storage. 

Another reason could be the salt stress by the NaCl. Salt stress causes decline in 

seed germination, shoot and root lengths, fresh mass and seedling vigor (Misra et al., 

1996; Promila and Kumar, 2000; Misra and Dwivedi, 2004). The higher 

concentration of NaCl caused severe salt stress condition to the embryonic axes and 

it limited further growth.

Table 21. Effect of osmotica on longevity o f cocoa embryonic axes (Basal media- lA

M S)

Osmoticum added in Media Longevity of seed (days)

100 mM Sorbitol

1 
u>

 
o\

 
©

250 mM Sorbitol 65.4“

500 mM Sorbitol 60.8“

100 mM Mannitol 42.5bc

250 mM Mannitol 43.0bc

500 mM Mannitol 47.0°

100 mM NaCl 48.0C

250 mM NaCl 34.0b

500 mM NaCl 15.3a

'/2MS 16.0a

SEm± 2.69*

(Figures with same superscript in a column do not differ significantly) 
* Significant at 0.05 levels; ns- non significant at 0.05 levels

Mannitol added media enhanced the longevity upto 42 days. But 

crystallization made the media dry and affected embryonic axes viability. The 

viability was lost rapidly after 30 days due to crystalisation in the media ( Figure 16).
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Mannitol in 250 m M  and 500 m M  concentrations had more deleterious effect. The 

death o f  embryonic axes was lower than dry cotton and NaCl condition.

80

100 mM 250 mM 500 mM 100 mM 250 mM 500 mM 100 mM 250 mM 500 mM 
Sorbitol Sorbitol Sorbitol Mannitol Mannitol Mannitol NaCl NaCl NaCl

Osmotica in media

Fig. 16. Longevity o f  cocoa embryonic axes stored in osmotica added media ( Basal 
media -  Vi M S )

5.4. Synthetic seed storage

Recalcitrant seed storage becomes difficult due to two reasons mainly, one is, 

it loses viability in low moisture conditions, and other is absence o f inhibiting 

conditions. The nature has provided rich cotyledon condition near the embryonic 

axes for continuous growth. It helps the seed to have continuous growth from the 

beginning. The recalcitrant nature is supposed to be due to seed coat and storage 

tissue (K in g  and Robert, 1980). For effective storage the continuous growth o f the 

seed embryo should be checked by artificial methods.

In the present study, longevity o f  synthetic seeds were found higher than 

embryonic axes stored in the same medium. A  substantial increase in longevity from 

29 days to 40 days was observed after encapsulation o f  embryonic axes (Table 15).
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The continuous growth o f embryonic axes was inhibited by the encapsulation 

procedure. From the present investigation, the conversion of embryo to synthetic 

seed is found to be one o f the best methods to check the continuous growth. The 

reduced cotyledon presence and encapsulation had affected the growth o f embryo. 

Embryonic axes were converted to synthetic seeds by removing major part o f the 

cotyledon. The non-availability o f required amount o f nutrients from the cotyledon 

may have inhibited the fast growth o f embryonic axes. Similarly, the root emergence 

and finding new sources for nutrients may have delayed the shoot formation.

The embryonic axes stored in dry cotton had longevity o f eight days while 

synthetic seeds had 15 days. In wet cotton embryonic axes had 16 days and synthetic 

seeds had 32 days o f longevity (Table 15). This increased longevity may be due to 

the high moisture holding capacity o f encapsulation. The synthetic seeds stored in 

dry cotton had longevity equal to embryonic axes stored in wet cotton. Encapsulation 

had provided a higher moisture environment to the embryonic axes. So  it is evident 

that moisture had an important role in longevity. The encapsulation provided a better 

moisture level near the embryonic axes as in wet cotton. So  even if stored in dry 

cotton, the synthetic seeds were able to survive upto 16 days. The encapsulation also 

provides higher moisture content around the embryonic axes compared to naked 

embryonic axes and it was evident from the storage of embryonic axes and synthetic 

seed in dry cotton. The higher longevity was observed in the synthetic seed (Table 

15). This was due to less drying rate near the embryonic axes provided by the 

encapsulation.

The higher percentage o f root formation in synthetic seeds stored in dry 

cotton was due to the moisture in the artificial coat compared to embryonic axis 

(Figure 17). Synthetic seeds were able to produce roots due to this moisture 

availability. The lack o f availability of moisture had increased mortality in 

embryonic axes stored in dry cotton. But in later stages o f storage o f synthetic seeds 

in dry cotton, the availability o f moisture content was almost nil. This lead to 

increased mortality in the synthetic seeds after 10 days of storage in dry cotton 

condition. Generally the axes o f the recalcitrant seeds have considerably high water 

content than the cotyledons (Berjak etal., 1989; Maithani etal., 1989; Fu et al., 1993).
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It was well known in recalcitrant seeds that, if  drying continues and reaches less 

than “critical moisture content" (K in g  and Roberts, 1979, 1980) or "lowest safe 

moisture content" (Tompsett, 1984)., viability is eventually reduced to zero.

embryonic axes synthetic seed

■ Germination Percentage ■ Longevity

Fig. 17. Germination percentage and longevity of embryonic axes and synthetic seed 
of cocoa in dry cotton

Longevity o f  embryonic axes were increased by its conversion to synthetic 

seeds. The artificial coat on embryonic axes helped to maintain viability through 

increased level o f moisture content. A lso  it helped to delay shoot formation. The 

root formation and shoot emergence were affected by the encapsulation o f  calcium 

alginate. The embryonic axes have to overcome the external covering during the 

growth. This extra coating delayed the root formation to certain extent. The emerged 

root elongated and entered into the media lead to the accumulation o f  the entire coat 

on the other end o f the embryonic axes i.e., at the site o f shoot regeneration. The 

presence o f gel seed coat at this area delayed the emergence o f  leaves. The gel 

played as a mechanical barrier to open up. A s  the embryonic axis grows the gel coat 

breaked and leaf emerged. The delaying o f germination by the encapsulation 

increased the longevity o f synthetic seeds when compared to embryonic axes. The 

calcium alginate coat also helped embryonic axes from rapid drying. It also helped 

in maintaining the moisture content near the embryonic axes.
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When synthetic seeds were stored in inhibitor added media, they showed 

increased longevity than embryonic axes stored in the same media. The synthetic 

seed stored in 250 m M  sorbitol added media showed an increased longevity o f 70 

days (Table 22). Increased longevity was also observed in other inhibitor 

concentrations. The synthetic seeds were able to be stored upto 70 days without 

germination. Seeds were unable to grow in the inhibitor added media.

Table 22. Effect o f different storage media on longevity o f  cocoa synthetic seed

Synthetic seed stored in
Longevity o f seed 

(days)

D ry  cotton 15.0e

Wet cotton 32.5"

*4 M S 40.0C

14 M S 36.6cd

250 m M  sorbitol 70.0a

500 m M  sorbitol _ 6 0 8 5 -

SEm ± 3.51*

(Figures with same superscript in a column do not differ significantly) 
* Significant at 0.05 levels; ns- non significant at 0.05 levels

5.5. Effect of germination inhibitor in encapsulation media on in vitro storage 

and germination of synthetic seed

Seed coat plays an important role in dormancy o f  seeds. The presence o f inhibitors 

in the seed coat helps in inducing dormancy as in natural conditions. The 

observations from the present study showed that, M S  concentrations in the 

encapsulation negatively influenced the storage o f synthetic seeds. The presence of 

M S  media in the encapsulation made embryonic axes to a higher growth rate and 

reduced longevity. It resulted in the early germination of seeds (25 days). M S  and 14 

M S  in the encapsulation accelerated the germination o f synthetic seeds and reduced 

the storage potential. M S  media components in the encapsulation favoured the 

growth o f seeds in the storage condition. Even higher concentrations o f  inhibitor 

along with M S  media concentrations were not able to stop the growth o f the
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embryonic axes. This had shown the cotyledon influence on the growth. The M S  

media concentrations in the coat gave a similar environment as cotyledon. The 

availability o f nutrient near the embryonic axes in available form with sufficient 

moisture made them grow fast. The presence o f M S  media ( M S  and !/2 M S )  in the 

artificial coat reduced longevity to 20-35 days (Table 23) which is similar to 

cotyledonal condition. M S  media in encapsulation gave a suitable environment for 

growth o f embryonic axes.

Table 23. Effect of different inhibitors in encapsulation on longevity o f cocoa 
synthetic seeds

Synthetic Seed Coat with
Longevity of 
seed (days)

M S 23.3“*

*/2M S 21.6de

M S  +250 m M  Sorbitol 25.0C

Zi M S  +250 m M  Sorbitol 20.0C

M S  +500 m M  Sorbitol 25.0C

'/2 M S +  500 m M  Sorbitol 35.0b

250 m M  Sorbitol 65.0a

500 m M  Sorbitol 65.0a

10‘3M A B A 65.0a

SEm ± 3.38

(Figures with same superscript in a column do not differ significantly) 
* Significant at 0.05 levels; ns- non significant at 0.05 levels

To induce dormancy in synthetic seeds, effective chemical inhibitor 

combinations were added to the encapsulation. It had a significant increase in 

longevity. The presence o f osmotic condition (250 m M  and 500 m M  sorbitol) had 

played important role in increasing longevity (Figure 18). Regulating water potential
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near the embryonic axes is the most effective technique to keep embryo live and 

without germination. The presence o f osmoticum in the encapsulation controlled the 

water transport between the axes and media o f  storage. The coated embryonic axes 

were stored in wet cotton condition. Even in the presence o f  high moisture content 

in the media the synthetic seeds were unable to continue its normal growth due to the 

presence o f  osmoticum in the artificial coat. Encapsulation played as a barrier to 

absorb water from the media. This checked the growth o f the embryonic axes and 

helped in delaying germination. This had shown that manipulation o f  encapsulation 

with chemical inhibitors can improve duration o f storage without germination.

MS M MS MS+250 M MS MS+500 'A  MS+ 250mM 500mM 10'3M
mM +250 mM mM 500mM Sorbitol Sorbitol ABA 

Sorbitol Sorbitol Sorbitol Sorbitol
Inhibitors added to encapsulation

Fig. 18. Longevity o f  cocoa synthetic seeds having different chemicals in 
encapsulation

Due to continuous growth nature o f  embryonic axes, root formation was not 

affected by the presence o f  inhibitor in the artificial coat. The root formation was 

normal in all the conditions. The presence o f  encapsulation also provided necessary 

moisture condition for the regeneration o f  root. But in the case o f  shoot regeneration 

the inhibitors action played a good role. Inhibitors in the encapsulation delayed 

shoot formation. The hormonal as well as osmotic effect on the embryonic axes 

delayed emergence o f  leaves.
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Presence of 10'3M ABA in the encapsulation also checked the germination of 

synthetic seeds. Presence of ABA in seed coat induced dormancy was proved in 

different studies (Kawakami et al., 1997; Gonai et al., 2004; Benech-Amold et al., 

2006; Miller et al., 2006; Gianinetti and Vemieri, 2007; Goggin et al., 2009). 

Abscisic acid (ABA) regulates many processes during the plant life cycle, including 

key events during seed formation, such as the deposition of storage reserves and 

prevention of precocious germination. ABA is known to regulate phase m  water 

uptake in the metabolically active embryo (Bewley, 1997; Kucera et al., 2005) 

through its influence on water relations (Schopfer et al., 1979; Schopfer and Plachy, 

1984; Ni and Bradford, 1992). ABA is involved in regulating the onset of dormancy 

and in maintaining the dormant state.

5.6. Desiccation treatments on synthetic seed

Recalcitrant seed survival is influenced by the level of desiccation 

(Pammenter and Beijak, 1999). In the present study, synthetic seeds exposed to 

higher relative humidity had earlier root emergence. It was observed that longevity 

of synthetic seed increased by application of desiccation treatments. The level of 

desiccation and duration influenced the root emergence of synthetic seed. Initiation 

of root growth was delayed up to 11 days in 20 percent relative humidity compared 

to five days in 100 percent relative humidity. This shows the effectiveness of 

desiccation on delaying the root growth in synthetic seed. The increase in duration 

of desiccation also had significant influence in root emergence. The time taken for 

the root emergence was increased with increasing dessication time. In synthetic 

seeds exposed to 12 hour desiccation, root emergence was seen after 11 days. The 

maximum delay in root emergence was seen in synthetic seeds desiccated to 20 

percent relative humidity for 12 hours (Table 16). Longevity of synthetic seeds was 

increased with lower desiccation. When synthetic seeds was exposed to 20 percent 

relative humidity, longevity increased to 54 days. The duration of desiccation also 

influenced the longevity of synthetic seed. Synthetic seeds exposed to 12 hour 

desiccation had an increased longevity o f 51 days (Table 17). The synthetic seeds 

desiccated in 20 percent relative humidity for more than 6 hour had maximum 

longevity of 55 days.
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Previous studies with embryonic axes of cocoa (Sudhakara et al., 2000) 

showed that, embryonic axes are desiccation sensitive. Loss o f viability within 10 

days was seen in embryonic axes exposed to 20 percent relative humidity. From the 

present study, it is found that synthetic seed can withstand higher desiccation rates. 

It seems that the alginate encapsulation enabled recalcitrant cocoa embryonic axis to 

withstand the desiccation. Encapsulation may be prevening the deleterious effects of 

desiccation on the embryo. The protective action of encapsulation on in vitro storage 

studies of synthetic seeds reported earlier by Ikhlaq et al. (2010). An alginate gelled 

matrix surrounding embryonic axes slowing the process of desiccation and 

providing the mechanical support to protect the tissue within encapsulation medium 

during storage (Sujatha and Kumari, 2007). The encapsulation on embryonic axes 

enabled it to maintain viability even after high desiccation. The ability to withstand 

desiccation is a characteristic of orthodox seeds. The conversion of recalcitrant seed 

to synthetic seed may be inducing orthodox nature to recalcitrant seeds. The 

encapsulation played an important role in giving desiccation tolerance. It may be 

checking the deleterious effect of desiccation on the embryonic axes. Effectiveness 

of the protective coating and possibility to store the propagules was also confirmed 

by Ballester et al. (1997) who reported that survival percentage of synthetic seeds 

was better than those of non-encapsulated ones.

5.7. Standardization of storage technique

In previous studies Theobroma cocoa storage was lasted upto 6-12 days in 

harvested pods (Nair, 1987) and encapsulation of zygotic embryo had enhanced the 

longevity upto 3 weeks (Sudhakara et al., 2000). In the present experiments further 

enhancement in storage was tried by controlling germination through hormonal and 

osmotic effect.

From all the experiments in the present study, it was evident that synthetic 

seed have more advantageous response for storage. The 250 mM sorbitol or 10'3 M 

ABA in the encapsulation only delayed the germination to 70 days. So for the 

storage upto 70days method of incoperating inhibitor in the encapsulation can be 

adopted. The synthetic seeds with inhibitor coat can be stored in the wet cotton for
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70 days effectively. But the seeds will start germination from 60 days of storage and 

leaf emergence got completed with 70 days

Synthetic seeds stored in Vz MS +250 mM sorbitol media had checked the 

germination upto 70 days effectively. The synthetic seeds were transferred to wet 

cotton between the experiment germinated after 25-30days ( Table 18). The 

synthetic seeds stored in Vz MS +250 mM sorbitol added media for 55 days and 

transferred to wet cotton had maximum storage time upto 89 days. The increased 

storage time in the sorbitol added media reduced the germination percentage of seeds 

in wet cotton. This was due to the exposure of synthetic seeds in inhibiting condition 

for longer time. It reduces the viability of seeds. The number of viable seeds 

becomes less if we exposed the seeds to inhibiting condition above a limit. The 

mortality in all experiment with inhibitors was due to the over exposure of seeds to 

inhibiting condition. The mortality starts in 250 mM sorbitol added media from 55 

days. So it the most appropriate time to get maximum viable seeds.

The best method for storing cocoa through synthetic seed as found in the present 

study is as follows

1. Collect the yellow ridged pod i.e., 100-120 days old cocoa pod.

2. Extract embryonic axes with Va cotyledon, without damaging embryo

3. Encapsulate it with calcium alginate

4. Store synthetic seeds in Vz MS + 250 mM sorbitol media for 55 days.

5. Transfer synthetic seeds to wet cotton after 55 days

The germination will start 89 days after collection of cocoa pod.
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SUMMARY

The present study on “Enhancement of storage life of cocoa (Theobroma cacao L.) 

seeds through encapsulation and germination inhibition.” was carried out at plant 

tissue culture laboratory, Department of Tree Physiology and Breeding, College of 

Forestry, Vellanikkara, during 2010-2012.

The programme envisaged standardisation of embryonic axes with different 

proportion of cotyledon and response of the embryo towards different media, 

enhancement of storage life of recalcitrant seeds by encapsulation and inducing 

dormancy using different concentrations of germination inhibitors or osmotic 

conditions. Salient findings of the study are summarized here under,

1. Embryonic axes without cotyledon failed to regeneration. Retaining Z2 or V? 

cotyledon resulted in shoot regeneration of embryonic axes.

2. Embryonic axes having XA cotyledon were selected for the experiments 

because of their good germination and size.

3. Storage of embryonic axes in different media showed significant difference 

in longevity.

4. Embryonic axes stored in dry cotton had least longevity and germination.

5. Embryonic axes stored in Vi MS media had higher germination and longevity.

6. Embryonic axes stored in germination inhibitors had significant difference in 

root, shoot regeneration, and longevity.

7. The media with 10'3M coumarin influenced the growth of embryonic axes.
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8. Bulging and fibrous roots were observed in embryonic axes stored in 10'3M 

coumarin. This may be due to the inhibitory action of coumarin on embryo 

growth.

9. Dormancy inducing action of ABA controlled the root and shoot regeneration 

of embryonic axes. Media with lO^M ABA checked the germination of 

embryonic axes and had a longevity of 56 days.

10. Cycocel did not showed significant influence on the growth of the embryonic 

axes.

11. The combinations of germination inhibitor added in the media had similar 

influence as when added individually. Interaction effects of inhibitors were 

not observed.

12. Presence o f osmoticum in the media influenced growth of the embryonic 

axes. Higher osmotic levels controlled the water uptake and thus had an 

influence on the growth of embryonic axes.

13. Embryonic axes stored in Vi MS+250 mM sorbitol showed higher longevity 

of 65 days.

14. Media supplemented with higher concentrations of mannitol (250 mM and 

500 mM) resulted in crystallization o f the media during the storage and 

reduced the longevity of embryonic axes.

15. Presence of higher NaCl concentration (250 mM and 500 mM) reduced the 

longevity of embryonic axes.

16. Embryonic axes given encapsulation enhanced the longevity of embryo. 

Encapsulation enhanced the longevity o f embryonic axes from 29 days to 40 

days.
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17. Maximum longevity observed in synthetic seed stored in 250 mM sorbitol 

added media and least seen in seeds stored in dry cotton.

18. Presence of MS media concentrations in the encapsulation reduced the time 

taken for germination.

19. MS media concentrations and inhibitor in the encapsulation showed no 

influence on the growth of synthetic seed.

20. Significant enhancement in longevity upto 65 days, was observed in seeds 

having inhibitor in the encapsulation.

21. Desiccation treatments on synthetic seed had effect on longevity (48 days). It 

was due to the presence of artificial seed coat which limits the desiccation to 

reach embryonic axes.

22. Desiccation of 20 percent RH had higher longevity of 54 days. Longevity 

decreased with increasing desiccation RH level.

23. The maximum storage time of 89 days was obtaining with synthetics seeds 

stored in 250 mM sorbitol added media for 55days, and transferred to wet 

cotton for germination.
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ABSTRACT

Studies on enhancement of storage life of cocoa (Theobroma cocoa L.) seeds through 

encapsulation and germination inhibition were carried out at the Department of Tree 

Physiology and Breeding , College of Forestry, Kerala Agricultural University, 

Vellanikkara, during 2010-12. 100-120 days old cocoa pods of, collected from 

polyclonal cocoa garden of Kerala Agricultural University were utilized for the 

standardization of microencapsulation techniques. To enhance longevity, 

germination inhibitor, osmoticum and desiccation were used and longevity of 

embryonic axes and synthetic seeds were observed. Cotyledon attachment on 

embryonic axis influenced the germination of embryo. The absence of cotyledon had 

checked the shoot regeneration of embryonic axes. Embryonic axes with XA 

cotyledon had good root and shoot regeneration with higher germination percentage. 

The storage medium influenced the longevity of embryonic axes. Higher longevity 

and viability was observed in 14 MS media while least longevity was observed in dry 

cotton. The presence of 10'3M coumarin in the basal media ( !4 MS) retarded the 

root growth of embryonic axes. ABA added to media in lO^M concentration had 

increased the longevity of embryonic axes up to 56 days. Cycocel did not have 

influence on longevity of embryo. No combination effect by the germination 

inhibitor was seen in the experiment. Osmotic concentrations had positive influence 

on enhancing longevity of embryonic axes. Media with 250 mM sorbitol enhanced 

the longevity of embryonic axes to 65 days. M annitol added media had 

crystallization during the storage which resulted in low longevity. Sodium chloride 

in higher concentration had checked the growth of embryonic axes and had shorter 

longevity.

The encapsulation of embryonic axes had increased the longevity of seeds to 40 days 

while embryonic axes had longevity of 29 days. Maximum longevity of 70 days was 

observed in synthetic seeds stored in 250 mM sorbitol added media. Longevity was 

found less than 10 days in dry cotton due to absence of moisture content. The 

incorporation of MS media in the encapsulation, reduced the longevity of synthetic 

seeds. In addition, MS media and inhibitor combination in the encapsulation did not



have influence on longevity. The MS media reduced the activity of inhibitor action. 

The 10*3M ABA, 250 mM sobritol and 500 mM sobritol in the encapsulation 

enhanced longevity to 65 days. Desiccation had a little effect on longevity and it had 

a negative correlation between RH level and longevity. Longevity had a positive 

correlation with duration of desiccation. The maximum longevity was possible by 

storing synthetic seeds in 250 mM sorbitol added media for 55 days and transferring 

to wet cotton for germination. It had a longevity of 89 days with 80 percent 

germination.

The results o f present study indicated that it is possible to store recalcitrant seeds by 

encapsulation and altering surrounding condition of embryo. The storage potential 

can be increased up to 3 months by the encapsulation and osmotic environment.


