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Papaya is one of the major fruit crops of the tropical regions of the world. The cold 

sensitivity of this crop has limited its cultivation to tropical and warm subtropical regions. 

The Caricaceae family consists of genera with stress tolerance traits which can be 

potentially transferred to papaya using a combination of biotechnology and breeding. 

Carica and Vasconcella genomes were probed for the presence of cold inducible 

sequences similar to those found in the Arabidopsis genome using the polymerase chain 

reaction. These studies indicated the presence of possible cold inducible sequences in the 

Vasconcella genome but which were absent in the Carica genome. 

A genetic transformation approach was used to transfer CBF transgenes into 

papaya. The CBF (C repeat Binding Factor) gene family is known to induce the cold 

acclimation pathway in Arabidopsis. Embryogenic cultures were transformed using the 

Agrobacterium tumefaciens mediated protocol. Transformed cultures harboring CBF: 

NPT II were selected on maintenance medium containing 300mg L-1 kanamycin sulfate. 
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Further selection was accomplished on somatic embryo development medium containing 

150 mg L-1 kanamycin sulfate. Plantlets were regenerated and the presence of the 

transgene was confirmed by Southern blot hybridization. 

To address the problems of loss of embryogenic potential and somatic embryo 

development over time, a cryopreservation protocol was developed. Slow and fast 

cooling methods in combination with different cryoprotectants and tissue stages were 

studied to determine the optimum time, cryoprotectants and method of cooling. 

Proembryonic masses (PEMs) used in combination with vitrification and fast cooling 

resulted in excellent regrowth and regeneration of plantlets following cryopreservation. 

These studies should be important for research conducted for stress tolerance of 

papaya. The cryopreservation protocol developed for papaya should help in the long term 

storage and maintenance of germplasm and experimental material. 
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CHAPTER 1 
INTRODUCTION 

Papaya is one of the most important tropical fruit crops. It is consumed as a fresh 

fruit, while the immature fruits are commonly used in salads and as a cooked vegetable. 

Papaya fruits are a rich source of vitamins (A, B, B2 and C) and minerals, low in sodium, 

fat and calories, and contain no starch (Sampson, 1980; Seelig, 1970). Papaya is a 

wholesome fruit and ranks second to mango as a source of the precursor of vitamin A. 

(Aykroyd, 1951). The yellow pigment found in the fruit is not due to carotene but 

caricaxanthin. The plant is also grown for the production of papain, a proteolytic enzyme 

which is present in substantial quantities in the unripe fruit. Papain improves digestion of 

proteins, cures ulcers, tenderizes meat and is also used in the manufacture of beer, and in 

the pharmaceutical, leather, wool and rayon industries (Seelig, 1970). 

Papaya is grown on an area of 0.38 million ha with an annual production of 6.18 

million MT. The area under papaya cultivation in USA is only 690 ha (FAOSTAT, 2003) 

with an annual production of 22,000 MT and valued at $15.30 million. The crop is grown 

in Hawaii and Florida. Papaya ranks ninth in world production of fruits after Musa 

(banana and plantain), citrus, grape, apple, mango, pear, plum and peach (FAOSTAT, 

2003).  

Papaya is the sole member in the genus Carica in the Caricaceae family (Badillo, 

1993), which also includes genera of herbaceous tree-like species. Several genera have 

interesting characteristics for papaya improvement. Resistance to papaya ring spot virus 
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(PRSV) has been reported in species like Vasconcella cauliflora, V. cundinamarcensis  

and V. stipulata and V. X helibornii nm pentagona (babaco). Babaco is a sterile 

parthenocarpic pistillate clone, which is vegetatively propagated. It probably originated 

from natural hybridization of V. stipulata and V. helibornii in Ecuador (Horovitz and 

Jimenez, 1967). 

The mountain papaya V. cundinamarcensis is native to the Andean region from 

Venezuela to Chile at altitudes between 1,800 to 3,000 m. It is cultivated on a small scale 

for its fruits in climates that are too cold for papaya (Cardenas, 1989). Vasconcella 

stipulata is also reported to have some degree of cold tolerance (Manshardt and Wenslaff, 

1989). 

Papaya requires warm temperatures for its growth and development and is very 

sensitive to frost. Brief exposure to 0oC is damaging and prolonged cold will kill the 

plant. Production efficiency is also hindered by dioecism and monoecism since plants 

reveal sex only at bloom.  

Papaya breeding in the past has been focused on development of improved 

cultivars for yield and resistance to biotic stresses like PRSV. Improvement through 

sexual recombination in papaya is usually limited to the variation within the gene pool of 

the species. The ability of Carica and Vasconcella species to exchange genes is restricted 

by various reproductive barriers that prevent normal fertility of the hybrid or its progeny. 

Several Vasconcella species have useful traits, but hybridization of these species with 

papaya is possible only by means of embryo culture since endosperm development does 

not occur (Jimenez and Horovitz, 1958). Hybrids of papaya and wild species have been 

difficult to grow due to incompatibility, reproductive sterility and low vigor. Early 
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attempts to intercross papaya with other species yielded only non-viable seeds; these 

failures illustrate the reproductive isolation of C. papaya from the other species (Jimenez 

and Horovitz, 1958; Mekako and Nakasone, 1975; Sawant, 1958). 

Cold can limit crop productivity in the tropics and subtropics and account for 

significant crop losses. Different plant species have various threshold levels of stress 

tolerance. Some species can tolerate stress and complete their life cycle; whereas many 

cultivated species are highly sensitive to stress and either die or suffer from productivity 

losses. It has been estimated that two-thirds of the yield potential of major crops is lost 

due to unfavorable growing conditions. 

Many plants increase in freezing tolerance in response to low temperature, a 

phenomenon known as cold acclimation (Sakai and Larcher, 1987). A complex array of 

biochemical and physiological changes occur with cold acclimation, ranging from 

alteration of lipid composition to accumulation of sugars (Steponkus et al., 1993). 

Consistent with this complexity are the results of genetic analysis indicating that the 

ability to cold acclimate is a quantitative genetic trait (Thomashow et al., 1990). 

A central goal in cold acclimation has been to identify genes for cold tolerance. A 

key approach has been centered on the isolation and characterization of genes that are 

induced during cold acclimation (Hughes and Dunn, 1996).  Genes involved in adapting 

plants to growth at low temperature and those enhancing freezing tolerance have been 

cloned and characterized (Thomashow, 1999). The products of these genes can be 

classified into two groups: those that directly protect from environmental stresses and 

those that regulate gene expression and signal transduction in the stress response pathway 

(Shinozaki and Yamaguchi-Shinozaki, 1997). The first group includes proteins that likely 
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function by protecting cells from dehydration, namely enzymes required for the synthesis 

of various osmoprotectants, late embryogenesis abundant (LEA) proteins, chaperones, 

and detoxification enzymes (Bray, 1997). The second group of gene products involves 

transcription factors, protein kinases, and enzymes involved in phosphoinositide 

metabolism (Shinozaki and Shinozaki-Yamaguchi, 1997). Breeding for cold hardiness 

has been carried out traditionally in cereals where wild relatives have been used in 

breeding programs for introgression of hardy traits into the cultivated species. However, 

such an approach cannot be adapted for tropical species where the genepool may lack 

traits for stress tolerance and transfer of such traits across genera would not be feasible. 

Biotechnology offers some novel approaches for generating variability for crop 

improvement. It can be specifically applied to perennial fruit species where conventional 

breeding methods are tedious and require a long time to achieve the desired results. The 

powerful combination of biotechnology with a conventional plant breeding program 

permits useful traits to be introduced into commercial crops within a short time frame. In 

vitro techniques, namely somatic embryogenesis and somaclonal variation, are useful 

tools for genetic manipulation of crop species. Genetic transformation can be used to alter 

existing superior cultivars for one or more specific traits. Stable transformation of crop 

plants has been achieved through the use of several DNA transfer technologies. These 

techniques have been used to impart horizontal gene transfer and bridge the sexual 

barriers between species, phyla and kingdoms. Genetic transformation offers plant 

breeders access to a wide array of novel genes and traits which can be inserted through a 

single event into high yielding and locally adapted cultivars. Genes from bacteria, for 

example, the Bt gene from Bacillus thuringensis, which encodes for an endotoxin, have 
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been used for transformation of cereals and vegetables for enhanced pest resistance 

(Ellar, 2002). Genes from jelly fish (Sheen et al., 1995) and reef-corals (Wenck et al., 

2003) have been used as reporter genes in genetic transformation systems in plants. 

Transgenic plants have been generated expressing the antigens for HIV1 virus and rabies 

(Yusibov et al., 1997). Different gene transfer approaches have been employed to 

improve stress tolerance of plants (Holmburg, 1996). Transferred genes include those 

encoding enzymes required for the biosynthesis of various osmoprotectants (Hayashi et 

al., 1997) or those encoding enzymes for modifying membrane lipids (Kodoma et al., 

1994), LEA proteins (Xu et al., 1996), and detoxification enzymes ( Walker and 

McKersie, 1993).The emphasis in genetic transformation towards imparting stress 

tolerance has shifted from transforming plants with  osmoprotectant genes to 

transcription factors which activate families of genes responsible for improving stress 

tolerance (Thomashow, 2001) The discovery of the CBF (C repeat binding factor) family 

of transcription factors from Arabidopsis thaliana has helped us to understand the control 

of the expression of low temperature regulated genes, which contribute to increased 

freezing tolerance (Thomashow, 2001). These transcription factors under the control of 

stress-inducible promoters result in enhanced freezing tolerance while causing minimal 

obvious effects on plant growth (Kasuga et al., 1999).  

Similarly, plant genes of economic importance, for example, genes responsible for 

ripening, have been cloned and used to generate transgenic plants with enhanced shelf 

life in crops like tomato. Genetic transformation of papaya has been used to enhance 

resistance to PRSV (Fitch et al., 1990) and for ethylene insensitivity (Magdalita et al., 

2002).  
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In vitro germplasm conservation through cryopreservation has been applied to 

various crop species. Cryopreservation has been a reliable method for maintaining 

genetic stability and long term storage of cell lines, meristems and value added transgenic 

or other plant material (Kartha, 1985; Grout, 1990). In addition, it can be used as a tool 

for selection of hardy cell lines through selection pressure applied during 

cryopreservation (Aguilar et al., 1993).  

Crop improvement in papaya for abiotic stress like cold, has not been extensively 

investigated.  Similarly, there have been no reports of in vitro germplasm conservation of 

this plant species. There have been some preliminary studies regarding the differences in 

stress tolerance of papaya and the other genera viz. Vasconcella. These studies were 

undertaken to understand the mechanism of stress tolerance in Carica and Vasconcella 

spp. and possible approaches for genetic manipulation for improvement of the species. 

The studies undertaken for this dissertation research involved the following objectives: 

genetic transformation for establishing transgenic lines expressing cold tolerance genes; 

probing the Carica and Vasconcella genomes for any cold inducible sequences and 

development of a cryopreservation system for papaya. 
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CHAPTER 2 
LITERATURE REVIEW 

Papaya Carica papaya L. 

Uses and Importance 

Carica papaya L. is the most important species within the family Caricaceae and is 

widely cultivated for consumption as fresh fruit and for use in drinks, jams, candies and 

as a dried and crystallized fruit (Villegas, 1997). Green fruit and leaves and flowers can 

also be used as cooked vegetables (Watson, 1997). Papaya is a good source of calcium 

and an excellent source of vitamin A (Nakasone and Paull, 1998). The vitamin A and C 

content of a papaya fruit approaches or exceeds the USDA minimum daily requirement 

for adults (OCED, 2003). The fruits of some Vasconcella spp. are used as a food source 

in some regions of Central and South America, but such usage is relatively limited. Direct 

use of highland papayas (Vasconcella spp.) is common in the Andes, where fruits are 

eaten fresh, roasted, in juices, in marmalades, or in preserves (Van den Eynden et al., 

1999). Only babaco, V. X heilbornii ‘Babaco’ is commercially developed.  

Papaya has several industrial uses. Biochemically, its leaves and fruits are complex, 

producing several proteins and alkaloids with important pharmaceutical and industrial 

applications (El Moussaoui et al., 2001). Of these, however, papain is a particularly 

important proteolytic enzyme that is produced in the milky latex of green, unripe papaya 

fruits. The latex is harvested by scarifying the green skin to induce latex flow, which is 

allowed to dry before collection for processing (Nakasone and Paull, 1998). In terms of 

evolution, papain may be associated with protection from herbivores and frugivorous 
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predators (El Moussaoui et al., 2001). Papain has various industrial uses in the beverage, 

food and pharmaceutical industries, including the production of chewing gum, chill 

proofing beer, tenderizing meat, drug preparations for various digestive aliments and the 

treatment of gangrenous wounds. Papain has also been used in the textile industry for 

degumming silk and softening wool (Villegas, 1997) and in the cosmetic industry, in 

soaps and shampoo.  Since the collection of latex is labor intensive, papain production is 

economical only in regions with low labor costs.  

Table 2-1. Nutritional composition of papaya fruit per 100 g (Bose and Mitra, 1990) 
 Component  Amount(%) 

Water 89.60 

Protein 0.50 

Fat 0.10 

Carbohydrate 9.50 

Calcium 0.01 

Phosporous 0.01 

Iron 0.40 

Vitamin A 2020 IU 

Vitamin B2 0.04 mg 

Vitamin C 40 mg 

Nicotininc Acid 0.2 mg 

Riboflavin 250 mg 

Calorific value 40 
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Taxonomy 

Papaya, Carica papaya L. (2n=2x=18), is a member of the family Caricaceae, a 

small dicotyledonous family consisting of five genera of tree-like herbs (Badillo, 1993).  

Although opinions differ on the origin of C. papaya in tropical America (Garrett, 1995), 

it is likely that papaya originated in the lowlands of eastern Central America, from 

Mexico to Panama (Nakasone and Paull, 1998). The seeds were distributed to the 

Caribbean and Southeast Asia during the 16th century, and to India and Africa (Villegas, 

1997). The natural hybrid ‘babaco’ was introduced as a crop from Central America to 

New Zealand in 1973 (Harman, 1983) and in the eighties to Italy (Cossio, 1989), Spain 

(Merino Merino, 1989), South Africa (Wiid, 1994), Switzerland (Evequoz et al., 1990) 

and Canada (Kempler et al., 1996). Until recently, the Caricaceae was thought to 

comprise 31 species in three genera viz. Carica, Jacartia and Jarilla  from tropical 

America and one genus Cylicomorpha  from equatorial Africa (Nakasone and Paull, 

1998).  However, a more recent taxonomic revision proposed that some species formerly 

assigned to Carica were more appropriately classified in the genus Vasconcella (Badillo 

et al., 2000). Accordingly, Vasconcella, now comprising 21 species, is the largest genus 

of the family, followed by Jacartia with seven species. These two genera are 

predominantly South American in origin, whereas domesticated papayas appear to have 

originated from a small fruited ancestor in Central America (Badillo, 1993). The other 

genera include Jarilla with three species from Mexico and Guatemala, Horovitzia, with 

only one species native to Mexico and Cylicomorpha with two species. The only species 

currently assigned to the genus Carica is Carica papaya. The different genera and 

species belonging to the family Caricaceae are summarized in Table 2.2. 
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Table 2.2. The Caricaceae family 
Genus Species number 

Carica 1 

Cylicomorpha 2 

Horovizia 1 

Jacartia 7 

Jarilla 3 

Vasconcella 21 

       Van Damme (2003) 

Highland or mountain papayas consist of a group of underexploited species of the 

family Caricaceae originating in the Andean region. Compared to the commercially 

important C. papaya, they tend to have smaller fruit, which are less succulent, and often 

very pleasant in taste. Badillo (1993) grouped 20 species in the genus Vasconcella and a 

recently added species (Badillo et al., 2000), resulting in a total of 21 species in this 

genus. Fifteen of these species are distributed in Ecuador, which can be considered an 

important region for genetic diversity of the genus (Badillo, 1983).  Southern Ecuador 

has 9 Vasconcella species (Soria, 1991). The native Vasconcella species found in 

Southern Ecuador generally grow at an elevation of 2,000m above mean sea level. They 

include V. candicens, V. pubescens (syn V. cundinamarcensis), V. microcarpa, V. 

monoica, V. parviflora, V. stipulata, V. weberbaueri, V. X heilbornii, a natural hybrid, 

and the more recently described endemic V. palandensis. (Badillo et al., 2000). 

The National Research Council (1989) classifies the potential of Vasconcella 

species at three levels: 

1. Direct use of the high quality and tasty fruits. 
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2. The use of genetic variability as a raw material for the creation of new Caricaceae 
fruits. 

3. The use of these species in breeding programs of papaya crop improvement in 
order to extend the cultivation range, by using genetic endowment of cold 
adaptability, and improve papaya production by using resistance genes for ring spot 
virus from highland papayas.  

Breeding advances 

Broadly speaking, there are two distinct types of papaya plants: dioecious and 

gynodioecious. Dioecious papayas have male and female flowers on separate trees. 

Gynodioecious papayas bear female and bisexual flowers. Papaya flowers are borne in 

inflorescences, which appear in the axils of the leaves. Female flowers are held closely 

against the stem as single flowers in clusters of 2 to 3 (Chay-Prove et al., 2000). Male 

flowers are smaller in size and more numerous and are borne on 60-90 cm long 

pendulous inflorescences (Nakasone and Paull, 1998). Bisexual flowers are intermediate 

between the two unisexual forms (Nakasone and Paull, 1998). The functional gender of 

flowers can be reversed depending on environmental conditions, particularly temperature 

(OECD, 2003). Breeding methods for papaya improvement are usually the same as for 

perennial fruit tree species except that the relatively short juvenile period of 3 to 6 

months and generation time of about 1 year make multiple generation breeding schemes 

feasible. All conventional breeding methods useful in breeding self pollinating species 

are applicable to hermaphrodite papaya lines. Population improvement for traits with 

high heritability is also practical in both dioecious and gynodioecious populations 

through recurrent selection and intercrossing of plants with desirable phenotypes. 
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Table 2-3. Different Vasconcella species with their origin, distribution and uses 
Species  Sub species  Status  Common Name Origin  Uses  
V. candicans (A. 
Gray) A.DC.   

   Wild  Sp: chungay, 
toronche 
chicope; mito,  

Southern 
Ecuador to 
Northern 
Peru  

Edible 
fruit  

V. cauliflora 
(Jacq.) A.DC.   

   Wild  Sp: tapaculo, 
papayo de 
montaña, 
zonzapote  

Southern 
Mexico to 
northern 
part of 
South-
America  

Edible 
fruit  

V. chilensis 
(Planch. ex 
A.DC.) A.DC.   

   Wild  Sp: palo gordo, 
monte gordo  

Central 
Chile  

Fodder 

V. crassipetala 
(V. Badillo)  

   Wild     Colombia  Edible 
fruit  

V. 
cundinamarcensis 
(Solms-Laub.) 

   Wild, 
Cultivated 

Sp: toronche, 
chamburo, 
papaya de tierra 
fria, siglalon  

Colombia, 
Venezuela 
to Bolivia  

Edible 
fruit  

V. glandulosa     Wild     Peru, 
Brazil, 
Bolivia, 
Argentina  

   

V. goudotiana 
Triana et Planch.   

   Wild  
Cultivated 

   Colombia  Edible 
fruit  

V. horovitziana 
(V. Badillo) 

   Wild  Sp: papayuela 
de bejuco, 
badea del 
monte  

Ecuador     

V. longiflora     Wild     Colombia     
V. microcarpa 
(Jacq.) A.DC.    

4 subsp.  
subsp. 
baccata  
subsp. 
microcarpa  
subsp. 
pilifera  
subsp. 
Heterophylla 

Wild  Sp: col de 
monte, sapiro, 
lechoso de 
monte, higuillo  
Po: mamao 
rana  

Panama, 
Venezuela, 
Colombia, 
Ecuador, 
Brazil, 
Peru, 
French 
Guyana  

Edible 
fruit  
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Table 2-3. Continued 
Species  Sub species  Status  Common Name  Origin  Uses  
V. monoica (Desf.) 
A.DC.   

   Wild  Sp: col de monte, 
peladera, col de 
montaña, yumbo 
papaya, brenjena, 
toronche, 
chamburo  

Ecuador, 
Peru, 
Bolivia  

Edible 
fruit, 
edible 
leaves  

V. omnilingua     Wild  Sp: col de monte  Ecuador     

V. palandensis     Wild  Sp: papaillo  Southern 
Ecuador  

Edible 
fruit  

V. parviflora 
A.DC.   

   Wild  Sp: papaya de 
monte, coral, 
papayillo, yuca 
del campo  

Ecuador, 
Peru  

Edible 
fruit  

V. pulchra    Wild  Sp: col de monte  Ecuador     
V. quercifolia (St.-
Hil.) A.DC.   

   Wild  Sp: higuera del 
monte, sacha 
higuera, 
higuerón, 
calasacha, 
gargatea, orto 
karalau, mamón 
del monte  
Po:mamaosinho  

Peru, 
Brazil, 
Argentina, 
Bolivia, 
Paraguay, 
Uruguay  

Edible 
fruit  

V. sphaerocarpa     Wild  Sp: papaya de 
monte, higuillo 
negro, higuillo, 
papayo silvestre, 
papayuela  

Colombia  Edible 
fruit  

V. sprucei    Wild     Ecuador     
V. stipulata     Wild  Sp: toronche, 

siglalón silvestre 
Ecuador, 
Peru  

Edible 
fruit  

V. weberbaueri     Wild  Sp: mausha  Ecuador, 
Peru  

   

V. × heilbornii  Dif. varieties 
var. 
fructifragrans  
var. 
chrysopetala  
‘Babacó’  

Wild, 
Cultivated  

Sp: toronche, 
chihualcán, 
babaco, 
chamburo  

Ecuador  Edible 
fruit  

 
Progeny testing is a cumbersome process except in some cases where the trait can 

be evaluated in the seedling stage, for example resistance to some diseases. 
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Frost damage is a serious problem in papaya cultivation in both subtropical and 

warm temperate areas; however, cold hardiness of available papaya genetic resources has 

not been systematically studied. Field observations, nonetheless, suggest that 

temperatures below -2oC are generally injurious. Foliage sustains greater injury than 

stems but stem injury is more detrimental than foliar damage (Singh and Sirohi, 1977). 

Primary cold injury occurring near the ground causes the damaged plant bark to crack 

open, leading to rupture of conducting tissues through further freezing (Singh and Sirohi, 

1977). Singh (1964) noted that wild species like V. cundinamarcensis and V. quercifolia 

are relatively cold hardy and may survive –3 oC and -5 oC, respectively. 

Efforts to incorporate desirable characters from the different genera of the 

Caricaceae family into the cultivated C. papaya have been limited. Early attempts to 

intercross papaya with other species yielded fruits with non-viable seeds. Endosperm 

failure occurs in interspecific crosses involving papaya, although some embryos can grow 

and develop (Jimenez and Horovitz, 1958). Crosses between C. papaya and V. cauliflora 

have been reported most frequently. In most cases the hybrid has low viability and vigor. 

Sterility has been observed in these crosses (Horovitz and Jimenez, 1967). Mekako and 

Nakasone (1975) attempted interspecific hybridization among six species, including the 

edible C. papaya. Most cross pollinations failed to set fruits. The crosses that produced 

fruits had underdeveloped seeds, which were non viable.  There have been some reports 

of fertile hybrids being produced (Khuspe et al., 1980). Carica papaya X V. stipulata  

hybrids were produced by embryo culture but were found to have low vigor. Similarly C. 

papaya X V. cundinamarcensis hybrids were vigorous but reproductively sterile 

(Horovitz and Jimenez, 1967). Moore and Litz (1984) used biochemical markers from C. 
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papaya and V. cauliflora to identify hybrids obtained by crossing C. papaya and V. 

cauliflora. Isozyme markers were used to determine the nature of  plants derived from 

somatic embryos derived from papaya ovules cultured on modified Murashige and Skoog 

(1962) (MS) medium 65 days after controlled pollination between the two species. They 

observed a unique band in the plants derived from somatic embryos, which was not found 

in either parent in addition to the bands found in both parents indicating that these 

somatic embryos may be hybrids. In another study of interspecific hybridization of C. 

papaya with other Vasconecella species, Manshardt and Wenslaff (1989) observed that 

the major barriers to interspecific gene flow were post zygotic and included ovule and 

embryo abortion, as well as a lack of endosperm development.  Crosses between C. 

papaya as the male parent and V. monoica, V. parviflora, V. stipulata and V. 

cundinamarcensis failed except for V. cundinamarcensis, which succeeded only after 

young ovules were cultured 30 to 45 days after pollination. In all the crosses, fruits 

abscised prematurely because ovules failed to develop. Some fruits that persisted for 90 

days contained no ovules or only empty ovules at the time fruits were harvested.  The 

development of interspecific hybrids was also attempted by Drew et al. (1998). Crosses 

were attempted between C. papaya and V. cauliflora, V. quercifolia, and V. 

cundinamarcensis. Immature embryos from the crosses were rescued and germinated in 

vitro. Germinated embryos formed embryogenic cultures on hormone-free semi solid 

medium and multiple hybrid plants were produced.  Hybrids generally lacked vigor and 

were sterile.  

The genetic relationship among papaya cultivars and C. papaya with its wild 

relatives has been studied with molecular markers. Stiles et al. (1993) used Random 
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Amplified Polymorphic DNA (RAPD) to analyze the relationship among ten cultivars of 

C. papaya. Out of the ten cultivars, seven were found to be of Hawaiian type while 3 

were of the non Hawaiian type. Genetic similarities among the 10 cultivars indicated that 

the domesticated papaya germplasm base is quite narrow. The genetic relationship 

between C. papaya and Vasconcella species was studied using RAPD and isozyme 

markers (Jobin Décor et al., 1997). Carica papaya was demonstrated to be the only 

distinctly related species to Vasconcella and revealed the close genetic relatedness among 

the Central and South American species. These findings were supported by an analysis of 

chloroplast DNA diversity in C. papaya and 11 Vasconcella species. (Aradhya et al., 

1999). The analysis showed two basic evolutionary lineages: Carica and Vasconcella, 

one defined by cultivated C. papaya and another consisting of the remaining wild species 

from South America. This evolutionary split in Carica and Vasconcella strongly suggests 

that papaya diverged from the other species early in the evolution of the genus and 

occurred in isolation, probably in Central America. Molecular and cytological analysis of 

interspecific hybrids between C. papaya and V. cauliflora using Amplified Fragment 

Linked Polymorphisms (AFLP) markers (Kim and Moore, 2002), showed that genetic 

diversity among C. papaya cultivars was very low, indicating smaller gene pools, while 

diversity among C. papaya and Vasconcella spp. was high, supporting the notion that C. 

papaya diverged from the other species early in the evolution of the genus. Magdalita et 

al, (1996) showed that there was a high level of polymorphism between hybrids and 

parents.  Cytological analyses revealed that 7-48% of the cells in many interspecific 

hybrids were aneupolid, suggesting that chromosome elimination was occurring. Pollen 

fertility of hybrids ranged from 0.5 to 14% as compared to 88 to 99% in C. papaya and 
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90 to 97% in V. cauliflora. AFLP has been used to assess the genetic relationship among 

papaya and its wild relatives from Ecuador and supports the recent rehabilitation of the 

Vasconcella group as a genus (Van Droogenbroeck et al., 2002); until recently, 

Vasconcella was considered as a section within the genus Carica, but was later classified 

as a separate genus in the family Caricaceae (Badillo et al., 2000). Cluster analysis 

clearly separated the species of the Carica, Jacartia and Vasconcella genera and 

illustrated the large genetic distance between C. papaya and Vasconcella (Van 

Droogenbroeck et al., 2002). Thus, the major reproductive barriers could be attributed to 

the genetic diversity and least genetic similarities between C. papaya and the other 

genera. 

Somatic Cell Genetics and Genetic Transformation Studies 

The efficient de novo regeneration of plants from cell and tissue culture is 

recognized as a prerequisite for the application of many modern genetic approaches to 

crop improvement. Most practical plant transformation protocols depend on tissue culture 

procedures to regenerate complete transgenic plants from single cells that have 

incorporated foreign genes. The totipotency of plant cells underlies most plant 

transformation systems (Hansen and Wright, 1999). Plants are regenerated from cell 

culture via two methods, somatic embryogenesis and organogenesis (Christianson, 1987). 

Both organogenesis and somatic embryogenesis take place through dedifferentiation and 

redifferentiation events. These events depend on the renewal of meristematic activity in 

mature differentiated cells or in an unorganized callus (Ziv, 1999).  

Somatic Embryogenesis 

Somatic embryogenesis is the process by which somatic cells differentiate into 

somatic embryos.  In contrast to zygotic embryos that arise as a result of the fusion 
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between the male and female gamete, somatic embryos can arise from cells of any tissue 

(Litz and Gray, 1992). Embryogenesis can involve isolated somatic or gametic cells (de 

Vries et al., 1988), either naturally, for example in Kalanchoe, in which somatic embryos 

form spontaneously on the edges of the leaves or in vitro after experimental induction. 

Proliferating embryogenic cultures in liquid culture or on solid medium are suitable 

targets for transformation because the origin of proliferating embryogenic tissue is at or 

near the surface of proembryonic masses (PEMs) and thus readily accessible to DNA 

delivery. Embryogenic cultures are in general very prolific and allow recovery of many 

transformants that are non chimeric because of the assumed single cell origin of somatic 

embryos (Maheshwari et al., 1995).  Somatic embryogenesis protocols have been 

standardized for a number of fruit and nut crop species (Litz and Gray, 1992).  The 

process of somatic embryogenesis has been divided into four stages to describe the 

induction and development of somatic embryos: 1) induction; 2) maintenance; 3) 

development and maturation; and 4) germination and plantlet recovery. 

1. Induction 

Somatic embryogenesis has been studied most frequently with carrot (Daucus 

carota L.) (Komamine et al., 1990) and alfalfa (Dudits et al., 1991). De Jong et al. (1993) 

provided a unified description of the terms employed to describe the process of somatic 

embryogenesis.  Embryogenic cells have been described as cells that have achieved the 

transition from somatic cell to a stage where no further external stimuli are required to 

produce a somatic embryo (Komamine et al., 1990). In carrot, embryogenic cultures are 

induced from explants on medium with a high auxin concentration; somatic embryo 

development is initiated by transferring the cells to an auxin-free medium. Cells able to 

undergo embryo development from PEMs are densely cytoplasmic, and small cells 
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(Halperin, 1966). In many embryogenic cultures, the percentage of cells that are actually 

embryogenic is rather low, typically 1-2% (De Vries et al., 1988). Cell polarity and 

asymmetric cell division are involved in the induction of somatic embryogenesis (Dudits 

et al., 1991). In carrot, the asymmetric division of auxin-induced cells produces small 

daughter cells from which somatic embryos arise (Komamine et al., 1990). The cell 

tracking system developed by Toonen et al, (1994) has provided a means for identifying 

single cells, which develop into somatic embryos and for following the fate of individual 

cells. Apart from auxins, which are known to mediate the transition from somatic to 

embryogenic cells, other agents including cytokinins (Maheswaran and Williams, 1985), 

pH shift (Smith and Krikorian, 1990) or an application of electric field (Dijak et al., 

1986), are also thought to affect cell polarity. Exogenous growth regulators probably 

modify cell polarity by interfering with pH gradients or electrical fields around the cells 

(Dijak et al., 1986). Controlled cell expansion and asymmetric cell division are important 

mechanisms for induction of embryogenic cells (De Jong et al., 1993). Both are linked 

with heterogeneous partitioning of cytoplasmic determinants subsequent to the formation 

of cell polarity. Heterogeneous partitioning seems to be ubiquitous for the induction of 

embryogenesis (De Jong et al., 1993).  Two pathways have been described with respect 

to somatic embryogenesis,  

Direct somatic embryogenesis 

In this pathway, embryogenic cultures arise directly from the cells of an explant 

without the formation of an intermediate callus or cell division for example, the nucellus 

of monoembryonic Citrus spp. (Rangan et al., 1968), polyembryonic Mangifera indica 

(Litz et al., 1982) and Malus domestica (Eichholtz et al., 1980) and as secondary embryo 

formation from somatic embryos, for example, Carica papaya (Litz and Conover, 1983) 
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and Vitis spp. (Kurl and Worley, 1977). This mode of somatic embryogenesis is generally 

observed where the explant tissue is a reproductive related tissue (Krikorian, 1996). The 

stimulus for cell division from auxin or coconut water in the medium may be sufficient to 

induce somatic embryogenesis on a tissue explant, although this pattern of 

morphogenesis does not require the presence of a growth regulator in the medium. Sharp 

et al. (1980) has described direct somatic embryogenesis as involving the presence of 

pre-embryogenic determined cells (PEDC) in the explant. Embryogenic competent cells 

may be present in the explant tissue but are suppressed in vivo; explanting these tissues 

on suitable growth medium removes this inhibition and permits the cells to express their 

embryogenic potential (Tisserat and Murashige, 1977)  

Indirect Somatic Embryogenesis 

In this pathway the non-embryogenic cells must undergo one or more mitotic 

divisions in the presence of an induction agent, generally an auxin (Ammirato 1987; 

Christianson, 1985; 1987). Competent, single but quiescent differentiated cells in an 

explant re-enter the cell division cycle and produce undifferentiated callus. Cells that 

have embryogenic potential and  competence to respond to auxin arise leading to 

formation of PEMs (Krikorian, 1995). PEMs are modified globular embryos that cannot 

develop as somatic embryos due to the inhibitory effect of the presence of auxin. This 

pattern of somatic embryogenesis is strongly dependent on the presence of a growth 

regulator in the medium. Indirect somatic embryogenesis indicates that a callus phase 

intervenes between the original explant and appearance of somatic embryos. Sharp et al. 

(1980) described indirect somatic embryogenesis as following the induction of 

embryogenically induced determined cells (IEDC). This pattern of somatic 
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embryogenesis occurs in Coffea arabica (Sondhal and Sharp, 1977), Euphoria longan 

(Litz, 1988) and Vitis spp. (Kurl and Worley, 1977).  

2. Maintenance of embryogenic cultures 

Embryogenic cultures are subcultured as proembryonic masses (PEMs) on semi 

solid or in liquid medium in the presence of an auxin (Litz and Gray, 1992). Proliferation 

of PEMs has been referred to as secondary, repetitive or recurrent embryogenesis 

(Merkle et al., 1995) and involves continuous cycles of embryogenesis from PEMs 

resulting from a loss of integrated control (Williams and Maheshwaran, 1986). Auxin 

stimulates proliferation of PEMs, while inhibiting somatic embryo development. A high 

auxin concentration leads to secondary somatic embryogenesis while low levels arrest 

growth of somatic embryos (Merkle et al., 1995). Auxin is known to disrupt polarized 

cell division that is required for integrated development of PEMs to somatic embyos 

(Kawahara and Komanine, 1995), and is often critical for maintenance of embryogenic 

cultures (Litz and Gray, 1992). In some cultures, PEMs can be maintained indefinitely on 

growth regulator-free medium after a defined period of exposure to auxin, for example, 

citrus (Button et al., 1974). Both pH and nitrogen concentration are important factors in 

maintaining repetitive embryogenesis (Merkle et al., 1995).  A low pH favors 

proliferation of PEMs, while a high pH favors proliferation and development of somatic 

embryos (Smith and Krikorian, 1990). Christianson (1985) found that the change in 

nitrogen source from ammonium to nitrate is essential in soybean for permissive 

induction. Amino acid supplements, namely, glutamine in Carica spp. (Litz and Conover, 

1982) and Mangifera indica (DeWald et al., 1989) can supplement existing inorganic N, 

thereby influencing morphogenesis.  
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3. Somatic embryo development 

Somatic embryos develop through stages similar to zygotic embryos, except that 

they do not become dormant (Dodeman et al., 1997). The somatic embryo pathway 

includes the globular, heart, torpedo and cotyledonary stages for dicotyledonous plant 

species and the globular, coleoptyle and scutellar stages in monocotyledonous species 

(Gray, 1995).  Each proembryo can develop into a complete somatic embryo following 

subculture onto auxin free medium; however multiple somatic embryos can develop from 

time to time (Litz and Gray, 1992). Changes in developmental patterns of somatic 

embryogenesis, which deviate from normal development, especially embryos originating 

from suspension cultures have been observed in many species (Ziv, 1999).  

Developmental abnormalities such as fasciations and fusion of two or more somatic 

embryos can occur when cell division in meristematic areas occurs prior to differentiation 

of the shoot apex and cotyledons (Ammirato, 1987). Other malformations observed 

include multiple shoots on a single root system or accessory embryos (Ammirato, 1974; 

1985). Unlike zygotic embryos, which enter a state of dormancy after maturation, 

somatic embryos continue to develop and form plantlets with elongated roots, and 

malformed cotyledons and leaves (Ammirato, 1985; Nadel et al., 1989). The addition of 

abscisic acid (ABA) to carrot, caraway (Ammirato, 1985), cucumber (Ziv and Gadasi, 

1985) and mango (Monsalud et al., 1995) embryogenic cultures prevents abnormal 

embryo development and reduces hyperhydricity. ABA triggers a process leading to the 

expression of desiccation tolerance (Senaratna et al., 1990). The synthesis and deposition 

of storage and Late Embryogenesis Abundunt (LEA) proteins require the application of 

stress or exogenous ABA (Dodeman, 1995). Physical treatments, including cold, heat, 
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osmotic or nutrient stress, can elicit a similar response, presumably because they 

stimulate the endogenous synthesis of ABA (McKersie et al., 1990). 

Somatic embryos accumulate storage proteins, albeit at approximately 50% of the 

amount found in zygotic embryos and this is facilitated by an organic nitrogen source, 

glutamine, and an inorganic sulfur source, potassium sulfate (Lai and McKersie, 1993). 

The proportion of the storage reserves in the embryo that accumulates as starch or as 

protein is regulated by the carbon:nitrogen ratio in the medium (Lai and McKersie, 

1994a). Sucrose at concentrations of 1-6% is generally used for somatic embryo 

development.  Increasing medium osmolarity has some beneficial effects on somatic 

embryo maturation (Lee and Thomas, 1985). Levels of high osmolarity mimic changes in 

osmolarity that may occur in the environment surrounding the zygotic embryo in a seed 

(Merkle et al., 1995).  

Mature somatic embryos acquire the ability to tolerate some degree of moisture 

loss either by partial drying or slow drying using a series of chambers with decreasing 

relative humidities (Atree and Fowler, 1991). Slow desiccation has been demonstrated to 

improve maturation of Hevea brasilensis somatic embryos (Etienne,1991).  

Dry somatic embryos lack the vigor normally associated with seedlings from 

normal seeds. The reason for this is not obvious, although there are several possibilities. 

The dry somatic embryos may lack storage proteins or some other critical component 

required after germination. Storage protein levels can increase with some improvement in 

vigor (Lai and McKersie, 1993). Somatic embryos store starch and sucrose, whereas 

seeds store a hemicellulose in the cell walls of the endosperm (McCleary and Matheson, 

1974; 1976). 
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4. Plantlet recovery 

Recovery of plantlets from somatic embryos is low compared to recovery from 

zygotic embryos (Gray, 1995). Somatic embryos do not undergo controlled dessication 

like their zygotic counterpart, which leads to precocious germination and abnormal 

development (Gray and Conger, 1985). Studies with dehydration of somatic embryos in 

orchard grass and grape (Gray, 1987) showed that dehydration of somatic embryos could 

lead to their normal post germination development. Other factors influencing the 

germination and recovery of plantlets include optimized germination medium, use of 

cytokinins to counteract effects of auxin and embryo orientation during germination 

process (Merkle et al., 1995).  

Cell and Tissue Culture Studies with Papaya 

Micropropagation 

Tissue culture studies of papaya were first reported by Yie and Liaw (1977). Callus 

was induced from stem sections of papaya seedlings on semi solid medium containing 

5.37µM naphthelene acetic acid (NAA) and 0.46µM kinetin. The callus regenerated 

shoots and/or somatic embryo when transferred to a medium of lower auxin (0.0 to 

0.26µM indole acetic acid) and higher cytokinin (4.65 to 9.3µM kinetin). Similarly, 

multiple shoots were produced when the excised shoot tip explants were cultured on semi 

solid medium supplemented with 2.85µM IAA and either 23.25µM kinetin or 2.22 to 

4.44µM benzyladenine (BA). Rooting was obtained in medium containing 28.55µM 

IAA.  

A number of problems have limited the application of micropropagation to 

commercial production (Drew et al., 1995). These include high levels of endogenous 

bacterial contamination in tissue cultures (Litz and Conover, 1978; Drew, 1988), 
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difficulty in culturing mature tissue compared to juvenile tissue (Drew and Smith, 1986), 

loss of viability when shoot cultures are repeatedly subcultured on proliferation medium 

(Litz and Conover, 1982), failure to achieve higher rooting percentages (Drew and 

Miller, 1984) and problems associated with acclimatization (Singh and Pandey, 1986). 

Drew (1988) developed a protocol for successful production of bacterial-free shoot 

cultures. Tissue from selected trees was established in vitro by alternately culturing bud 

explants on a roller drum in solution culture containing BA and NAA, and on hormone-

free semi solid medium. Apically dominant plantlets were produced when the shoots 

were rooted in vitro. Selected clones have been maintained in vitro for 10 years when 

multiplied on a system based on the production of microcuttings from axillary buds of 

nodal segments from apically dominant plants (Drew, 1992). A reliable procedure for 

production of high quality adventitious roots was developed by minimizing exposure to 

IBA (indole butyric acid) (3 days) either by subsequent transfer to hormone free medium 

or by photo oxidation of exogenous IBA by riboflavin (Drew et al., 1991). Drew et al. 

(1993) studied the effects of different sugars, namely glucose, fructose, sucrose and 

ribose alone and combined, on the effect of shoot growth in papaya. Fructose (10g L-1), 

when autoclaved together with other medium components, consistently promoted shoot 

growth from buds on nodal sections or buds excised with a wedge of stem tissue. This 

enhancement occurred when fructose was used alone or in combination with sucrose. 

Lai et al. (1998) investigated the effect of aeration on development of multiple 

buds to multiple shoots. Multiple buds grown in culture flasks without one week aeration 

followed by two weeks aeration caused a 41% increase in the number of shoots > 0.5 cm, 

42% increase in leaf expansion and a 17% increase in leaf number in comparison with 
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unaereated shoots.  There were differences in ethylene and oxygen concentrations in the 

flasks, with ethylene level in unaerated flasks reaching levels of 0.11 ppm two weeks 

after treatment. Ethylene accumulation was not detected in aerated flasks. The multiple 

shoots grown for three weeks without aeration showed growth retardation of leaves and 

epinasty of petioles.  

Yu et al. (2000) developed a protocol for efficient rooting. Root induction in low 

concentrations of IBA in semi-solid medium followed by root development in 

vermiculite medium containing half strength MS medium under aerated conditions 

resulted in efficient rooting. Rooting percentage of shoots cultured for two weeks in 

aerated vermiculite was 94.5% compared to 90% in non aerated vermiculite, 71% in non 

aerated agar and 62.2% in non aerated agar. Fitch et al. (2003) obtained photoautotrophic 

growth and rooting of papaya shoots in vitro in an attempt to control the endogenous 

bacterial contamination encountered during culture. Papaya plants micropropagated on 

MS medium containing 3% sucrose, 1µM BA, and 1µM NAA, became contaminated by 

slow-growing bacteria. The growth medium was modified to exclude sucrose. Growth of 

shoots was reduced to less than 10% on the autotrophic proliferation medium, compared 

to growth in sucrose-containing media. Despite a 30% smaller root mass, canopy and 

stem growth were normal following root formation.  

Protoplast culture 

Protoplasts from papaya leaves have been produced in large numbers and calluses 

have been generated at low frequency, but regeneration did not occur (Litz and Conover, 

1979). Jordan et al. (1986) attempted protoplast fusion of two sexually incompatible 

species viz. V. cundinamarcensis and C. papaya. Fused protoplasts of both species as 

well as the occurrence of microcolonies were successfully reported. Chen and Chen 
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(1992) reported regeneration of plants from protoplasts isolated from embryogenic 

suspension cultures of V. cundinamarcensis X C. papaya. Embryogenic cultures were 

digested with a mixture Cellulase R-10, Macerozyme R-10, and Driselase in 0.4M 

mannitol. Plants were regenerated via somatic embryogenesis. 

Somatic Embryogenesis 

Induction 

Litz and Conover (1980) reported the induction of embryogenic cultures from 

callus derived from peduncles of V. stipulata Badillo. The growth medium consisted of 

MS medium with 30g L-1 sucrose and 2 µM BA. Embryogenic cultures were also induced 

from papaya ovules on White’s medium modified with the addition of 60 g L-1sucrose, 

400 mg L-1 glutamine, and 20% (v/v) filter-sterilized coconut milk (Litz and Conover, 

1982). Compact highly embryogenic calluses were obtained from 10-20% of the cultured 

ovules after several weeks and were subcultured either on the same medium or on 

medium without coconut milk. Chen et al. (1987) successfully induced embryogenic 

cultures using roots as explants on a medium containing ½ MS inorganic salts, 160 L-1 

adenine sulfate, 5.37µM NAA, 2.32µM kinetin and 2.89µM GA3. Embryogenic cultures 

were induced by Fitch and Manshardt (1990) from immature zygotic embryos obtained 

from open pollinated and selfed fruits of C. papaya 90-114 days after anthesis. MS 

medium supplemented with 0.45-113µM 2,4-D, 400 mg L-1 glutamine and 65 g L-1 

sucrose was used to induce embryogenic cultures and the mode of induction was reported 

to be direct. In another study hypocotyls from ten day old seedlings were used to induce 

embryogenic cultures (Fitch, 1993) on medium containing modified MS vitamins, 2.3 to 

11µM 2-4-D, 400 mg L-1 glutamine and 6% sucrose. In other studies embryogenic 
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cultures were induced from integuments of immature seeds of papaya (Monmarsen et al., 

1995) and axillary buds (Jordan and Velozo, 1997) of V. cundinamarcensis. 

Maintenance 

Litz and Conover (1983) obtained proliferation of cultures in suspension upon 

transfer of ovule callus to liquid medium containing 4.52 - 9.04µM 2,4-D. The 

proembryos rapidly increased in number and yielded suspensions of highly globular 

somatic embryos. Similarly, Mahon et al. (1996) initiated suspension cultures in medium 

containing 2 µM BA, 400 µM adenine sulfate and 0.5 µM NAA and maintained embryos 

in 0.5 µM BA and 0.05 µM NAA in suspension. Papaya embryogenic cultures 

maintained in liquid induction medium resulted in significantly higher frequency of 

somatic embryogenesis and regeneration compared to those cultured on semi solid 

medium (Castillo et al., 1998). 

Somatic embryo development 

Litz and Conover (1983) obtained somatic embryo development when embryogenic 

cultures were transferred to liquid medium without 2,4-D. Somatic embryo maturation 

was obtained on ½ strength MS medium without 2,4-D by Fitch and Manshardt, (1990). 

Chen et al. (1987) obtained somatic embryo development on MS modified medium 

supplemented with ABA. In an improved protocol, slightly older hybrid embryos, 3 to 4 

months old, were pre-incubated for 5 days in liquid medium containing 10 µM GA3, 0.25 

µM BA and 0.25 µM NAA prior to transfer to growth regulator-free medium (Magdalita 

et al., 1996).  

Germination and plantlet recovery 

Somatic embryo germination in papaya has been obtained on basal medium 

containing MS major and minor salts (Fitch ,1993), as well as medium containing growth 
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regulators ( Litz and Conover, 1982; Fitch and Manshardt, 1990; Ying et al., 1999). Fitch 

(1993) obtained rooting of shoot cuttings derived from somatic embryos on medium 

containing IBA in one to four weeks.  

Genetic Transformation studies 

The essential requirements of a gene transfer system are: 

• Availability of a target tissue including cells competent for plant regeneration; 

• A method to introduce DNA into the targeted cells; 

• A procedure to select and regenerate transformed plants at a satisfactory frequency 
(Birch, 1997). 

Genetic transformation involves non-sexual transfer of genes and the traits they 

control from one organism into other. Transformation vastly increases the gene pool 

available and allows incremental improvement of elite genotypes without necessitating 

generations of back crossing to recover the original phenotype. Three main techniques 

used for genetic transformation are protoplast transformation, biolistics or microprojectile 

bombardment and Agrobacterium-mediated transformation (Hansen and Wright, 1999).  

Use of GFP as a reporter gene  

For each transformation method, transient expression experiments are preliminary 

steps used to identify conditions that will allow efficient DNA delivery and are usually 

performed using a reporter gene. Different reporter genes have been used as efficient 

markers to aid in the detection of transgene integration in plant tissue. Several reporter 

genes are used in plants, including β-glucuronidase (GUS), luciferase and genes involved 

in anthocyanin biosynthesis (Wilmink and Dons, 1993). The gene for green fluorescent 

protein (GFP) has become an important in vivo reporter in plants (Sheen et al., 1995). 

When expressed in cells and illuminated with blue light, GFP results in fluorescence, 
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which can be easily monitored non destructively (Haseloff et al., 1997). It can therefore 

be used as a means to visualize the fate of transformed cells over time and rapidly test the 

influence of various factors through the successive steps of the transformation protocol. 

Niedz et al. (1995) first showed that wild type Aequorea GFP could be visualized in plant 

cells. Several variants, namely mGFP (Haseloff et al., 1997), sGFP (Harper et al., 1999), 

eGFP (Yang et al., 1996), smGFP (Davis and Vierstra, 1998) have been used to improve 

the efficiency of expression. GFP can partially replace antibiotic selection and can be of 

great use when organogenesis or conversion segments of the transformation procedure 

are inefficient under antibiotic or herbicide selection (Stewart, 2001). GFP can increase 

regeneration frequency. One prerequisite for such a technique is the continual 

fluorescence of transgenic material throughout development. In soybean, fluorescence is 

lost for several weeks between transient expression and stable transformation (Larkin and 

Finer, 2000). The GFP selection system has great promise for transformation systems that 

are inefficient and for recalcitrant genotypes (Ghorbel et al., 1999). In conjunction with 

antibiotic selection, GFP lowers the number of escapes for a number of forest species 

(Tian et al., 1999). So far, GFP has been used successfully as a reporter gene in many 

crop species, namely, sugarcane (El Moussaoui et al., 1999), Brassica napus (Nehlin et 

al., 2000), soybean (Larkin and Finer, 2000), grapes (Li et al., 2001) and alfalfa (Belluci 

et al., 2003). GFP has also been used to improve the efficiency of plastid transformation 

(Khan and Maliga, 1999). High expression levels up to 5% have been reported in potato. 

Transplastomic plants were produced using GFP-antibiotic resistance marker fusion gene 

(Khan and Maliga, 1999). This approach enabled visualization of recovered chimeric 

plants and plastid segregation within plants. GFP expression in plants has been very 
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useful for monitoring the presence and expression of transgenes in the field (Harper and 

Stewart, 2000). GFP exclusively allows for the monitoring of transgene movement in 

agronomic and ecological studies (Hudson et al., 2001) and has been valuable in genetic 

studies as an indicator of zygosity (Niwa et al., 1999). In this case, non transgenic 

segregant leaves are red, homozygous leaves are green and hemizygous leaves are 

intermediate between the two.  

Genetic Transformation studies in Papaya 

Introduction of foreign genes into papaya has been achieved using biolistics (Fitch 

et al., 1990) and Agrobacterium tumefaciens-mediated transformation (Yang et al., 

1996). Pang and Sanford (1988) reported successful introduction of a chimeric antibiotic 

resistance gene into papaya using Agrobacterium-mediated transformation. Leaf discs 

were punched from surface-sterilized leaves and petioles were cut into 1 cm long 

segments. Tissues were inoculated with an Agrobacterium suspension for 5 min, 

following which they were incubated on medium for two to three days. The tissues were 

then transferred to medium containing kanamycin (300 µg ml-1) to select the 

transformants. Fitch et al. (1990) obtained stably transformed papaya from embryogenic 

cultures via micro projectile bombardment. Three types of embryogenic tissues including 

zygotic embryos, freshly explanted hypocotyl sections and somatic embryos were 

bombarded with tungsten particles coated with a plasmid construct coding for NPTII 

(neomycin phosphotransferase II) and GUS. Ten putative transgenic isolates produced 

somatic embryos and five regenerated leafy shoots six to nine months following 

bombardment. Tissues of 13 isolates were assayed for NPT II activity and 10 were 

positive. Three isolates were tested positive for both GUS and NPT II.  
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Transgenic papaya plants were regenerated from embryogenic cultures that were 

co-cultivated with a disarmed C58 strain of A. tumefaciens harboring a binary vector for 

the PSRV cp gene with NPT II as a marker gene and GUS as a reporter gene (Fitch et al., 

1993). Putatively transformed embryogenic cultures were obtained by selection on 150 

mg L-1 kanamycin sulfate. GUS and NPTII expression were detected in leaves of 

putatively transformed plants. The transformed status of the plants was analyzed using 

both polymerase chain reaction (PCR) and southern blot hybridization of both NPTII and 

PSRV cp genes.  

Transgenic plants from Agrobacterium- mediated transformation of petioles of in 

vitro-propagated multiple shoots was reported by Yang et al. (1996). Cross sections of 

papaya petioles from in vitro propagated multiple shoots were infected with A. 

tumefaciens LBA 4404 containing the NPTII and GUS genes and co cultured for two 

days. The putatively transformed cultures were identified by growth on selective medium 

containing kanamycin and carbenicillin and subsequently regenerated via somatic 

embryogenesis. Efficient transformation was obtained by vortexing of embryogenic 

suspension cultures with carborundum (Cheng et al., 1996). The embryogenic tissues 

were vortexed with 600 mesh carborundum in sterile distilled water for 1 min before co 

culture with disarmed Agrobacterium containing the binary vector pBGCP. Transformed 

cells were cultured on kanamycin sulfate-free medium containing carbenicillin for 2 to 3 

weeks and then on kanamycin sulfate medium for three to four months. Developed 

somatic embryos were transferred to medium containing NAA, BA and kanamycin 

sulfate and plants were regenerated. Presence of the transgene was detected by PCR and 

expression was detected by Western blotting. Mahon et al. (1996) reported 
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transformation of papaya using micro projectile bombardment. Factors such as age of the 

embryos and various treatments prior to bombardment increased transient expression by 

22 fold. Highest GUS transient expression was obtained when somatic embryos three 

weeks since the last subculture on solid medium were given a three-day treatment in 

liquid medium and 2h osmotic treatment pre and post bombardment. 

Ying et al. (1999) described a method for efficient genetic transformation and rapid 

regeneration of transgenic papaya within six months. Somatic embryos obtained from 

suspension culture were wounded by vortexing with tungsten M-15 in half strength MS 

medium and co cultivated for three days with A. tumefaciens LBA 4404 harboring the 

binary vector pBI 121. The infected somatic embryos were transferred to induction 

medium containing 600 mg L-1 carbenicillin for three weeks and then to selection 

medium with 300mg L-1 kanamycin sulfate for three weeks and another selection medium 

with 150mg L-1 kanamycin sulfate for six weeks. Kanamycin sulfate-resistant somatic 

embryos were cultured on maturation medium for one week and then on regeneration 

medium for 3-5 weeks. Germinated somatic embryos were transferred to rooting medium 

for 2-4 weeks and thereafter acclimatized for one week in the growth chamber and then 

in the greenhouse. Forty five resistant lines were produced of which 44 produced roots 

and 41 regenerated into plants. Transgene integration was confirmed by PCR and 

Southern hybridization. 

Magdalita et al. (2002) attempted to recover transgenic papaya harboring the ACC 

synthase gene in the antisense orientation. Somatic embryos initiated from zygotic 

embryos were squashed and bombarded with the antisense ACC synthase construct 

having GUS as a reporter gene. The bombarded tissues were grown on half strength MS 
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medium with 150 mg L-1 kanamycin sulfate, then with 300mg L-1 kanamycin sulfate. 

Somatic embryos surviving kanamycin selection were regenerated on de Fossard  

medium containing 0.25 µM each of BA and NAA and 10 µM GA3. Thirty two putative 

transgenic regenerants were planted in the greenhouse of which six independent lines 

tested positive for the kanamycin resistance gene and three lines tested positive for the 

antisense ACC synthase gene. 

McCafferty et al. (2003) developed transgenic papaya with resistance to insect 

pests, Stevens leafhopper (Empoasca spp.) and carmine spider mites (Tetranychus 

cinnabarinus). The Manduca chitinase gene, originally isolated from Manduca sexta 

larvae, was integrated into the pBI121 binary vector containing the GUS gene as a 

reporter and the NPTII gene as a selectable marker, all under the control of a CaMV 35S 

promoter. The biolistic gene gun was used to introduce the transgene vector into 

‘Kapoho’ papaya. Bombarded embryogenic cultures were selected on tissue growth 

medium containing G418. Integration of the transgenes in surviving plants was confirmed 

by molecular analysis. The Manduca chitinase transgene improved papaya tolerance to 

carmine spider mites. 

Genetics of cold tolerance in crop species 

The concept of optimal growth temperatures is a fundamental principle in biology. 

Since living organisms cannot control environmental temperatures, they have evolved 

two major strategies for surviving extreme temperatures: they either avoid the stress or 

tolerate it. Sub optimal temperature is one of the primary stresses limiting growth, 

productivity and distribution of plants (Boyer, 1982). Two types of low temperature 

stresses are recognized: 

1. Chilling stress at temperatures above zero (0-10oC); 



35 

 

2. Freezing stress at subzero temperatures. 
 

Chilling sensitivity is common in plants originating from tropical and subtropical 

regions and the injury is a result of destabilization of cell membranes (Levitt, 1980). Plant 

species vary widely in their ability to survive freezing and it is not clear whether freezing 

injury of species that tolerate some freezing and species that have no tolerance to freezing 

occurs in the same way (Ashworth and Pearce, 2002).  

Plants respond to cold by freezing water extracellularly and tolerating consequent 

cellular dehydration and associated extracellular ice masses. Extracellular ice grows 

mainly by withdrawing the water from cells, thereby dehydrating them. The amount of 

water withdrawn and the extent of intracellular dehydration increases as the temperature 

falls (Mazur, 1969). Cells are killed when their tolerance of dehydration is exceeded. This 

is apparently due to the failure of the structure of membranes (Steponkus, 1984). Another 

strategy involves super cooling to avoid freezing (Ashworth and Pearce, 2002). Factors 

controlling growth of ice and movement of water are important. After ice is formed 

extracellularly, it cannot penetrate through the cell walls (Ashworth and Abeles, 1984). 

On the other hand, ice can form in and rapidly spread through the vascular system of the 

plant (Kitura, 1967).  

Studies indicate that the membranes of cells are the primary sites of freezing injury 

in plants (Steponkus, 1984). As temperatures drop below 0oC, ice formation is generally 

initiated in the intercellular spaces due, in part, to extracellular fluids having a higher 

freezing point than the intracellular fluid. Since the chemical potential of ice is less than 

that of water at a given temperature, the formation of extracellular ice results in a drop in 

water potential outside the cell. Consequently, there is movement of unfrozen water down 
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the chemical potential gradient from inside the cell to the intercellular spaces. At -10oC, 

more than 90% of the osmotically active water moves out of the cell. Multiple forms of 

membrane damage can occur as a consequence of freeze-induced cellular dehydration, 

including expansion- induced lysis, lamellar-to-hexagonal- II phase transitions, and 

fracture jump lesions (Steponkus et al., 1993). 

Many plants show increased freezing tolerance in response to low temperature, 

namely, cold acclimation (Sakai and Larcher, 1987). A key function of cold acclimation 

is to stabilize membranes against freezing injury. Cold acclimation prevents expansion-

induced lysis and the formation of hexagonal II phase lipids in rye and other plants 

(Steponkus et al., 1993). The accumulation of sucrose and other simple sugars that 

typically occurs with cold acclimation also seems to contribute to the stabilization of 

membranes as these molecules can protect membranes against freeze-induced damage in 

vitro (Strauss and Hauser, 1986). There is increasing evidence that certain novel 

hydrophilic and LEA polypeptides also participate in the stabilization of membranes 

against freeze-induced injury. 

A fundamental goal of cold acclimation research is to identify genes with key roles 

in this response. Considerable research has been directed at determining the molecular 

basis of this response. These efforts have established that a complex array of biochemical 

and physiological changes occur during cold acclimation, ranging from alteration in lipid 

composition to accumulation of sugars (Thomashow, 1999). Different approaches have 

been followed to identify the central components of cold acclimation. For example, 

isolation and characterization of genes that are induced during cold acclimation (Hughes 
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and Dunn, 1996), mapping of freeze tolerance genes (Galiba et al., 1995) and identifying 

mutants impaired in freezing tolerance (Warren et al., 1996).  

Arabidopsis thaliana has been the model for studying the mechanism of cold 

acclimation and tolerance of physiological stress. Most studies have been concerned with 

the identification, isolation and characterization of cold response and tolerance genes. 

The identification and characterization of these genes have been useful for improving 

freezing tolerance in plants. Guy et al. (1985) established that changes in gene expression 

occur with cold acclimation. Since then, considerable effort has been directed at 

determining the nature of cold-inducible genes and establishing whether they have roles 

in freezing tolerance. This has resulted in the identification of many genes that are 

induced during cold acclimation (Thomashow, 1999). As a first step toward 

understanding how gene expression is altered in response to low temperatures in 

Arabidopsis, Hajela et al. (1990) isolated cDNA clones for COR (cold regulated) genes. 

RNA was prepared from cold-acclimated seedlings, a cDNA library was constructed and 

the library was screened for transcripts that increased in response to low temperature (2-

4oC). This resulted in the isolation of cDNA inserts for two COR genes, COR 6.6, COR 

15a, COR 47 and COR 78. These cold induced genes are either new sequences or are 

homologs of LEA proteins. The polypeptides encoded by these cold regulated novel 

genes fall into a number of families based on amino acid composition. The COR genes 

encode for very hydrophilic polypeptides, remain soluble in boiling dilute aqueous buffer 

and have relatively simple amino acid composition. They minimize the potentially 

damaging effects of water stress. Constitutive expression of COR 15a in chloroplasts of 

transformed A. thaliana resulted in greater freezing tolerance of protoplasts isolated from 
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leaves and from chloroplasts (Artus et al., 1996). Other genes which have been cloned 

and characterized in this group include the cas 15 gene from alfalfa (Monroy et al., 

1993), wcs 120 from wheat (Houde et al., 1992) and hva 1 from barley (Hong et al., 

1992). 

The Arabidopsis FAD8 gene (Gibson et al., 1994) encodes a fatty acid desaturase 

enzyme that may contribute to freezing tolerance by stabilizing the protein against freeze 

induced-desaturation. Cold responsive genes encoding molecular chaperones, including a 

spinach hsp 70 gene (Anderson et al., 1994) and a Brassica napus hsp 90 gene (Krishna 

et al., 1995), might contribute to freezing tolerance by stablilzing proteins against freeze- 

induced denaturation. Cold responsive genes encoding various signal transduction and 

regulatory proteins have been identified, including a mitogen activated protein (MAP) 

kinase (Mizoguchi et al., 1993), a MAP kinase kinase kinase (Mizoguchi et al., 1996), 

calmodulin related proteins (Polisensky and Braam, 1996) and 14-3-3 proteins (Jarillo et 

al., 1994). These proteins might contribute to freezing tolerance by controlling the 

expression of freezing tolerance genes or by regulating the activity of proteins involved 

in freezing tolerance.  

A major achievement in the field of cold acclimation research has been the 

discovery of CBF (C repeat Binding Factor) genes (Thomashow, 1999). Initial studies on 

cold-regulated gene expression established that the promoters of certain cold-responsive 

genes are activated in response to low temperature and dehydration stress. Further 

analysis with Arabidopsis led to the identification of a DNA regulatory element, the C-

repeat (CRT) dehydration responsive element (DRE), which has a conserved core 

sequence of CCGAC that imparts responsiveness to low temperature and dehydration 



39 

 

(Yamaguchi-Shinozaki and Shinozaki, 1994). Transcriptional activators that bind to the 

CRT/DRE have been designated as CBF1, CBF2 and CBF3 (Stockinger et al., 1997) or 

DREB1b, DREB1c and DREB1a, respectively (Liu et al., 1998) and more recently CBF 

4 (Haake et al., 2003).These transcriptional activators are cold-regulated (Gilmour et al., 

1998). Within 15 min of transfer to low temperature, CBF/ DREB1 transcripts begin to 

accumulate followed at 1 to 2 hours by accumulation of transcripts of CRT/DRE 

regulated genes. Chinnusamy et al. (2003) reported the cloning and characterization of 

multiple ICEr (Inducer of CBF expression) promoter elements of CBF genes.  They were 

described as 125 bp regions that were known to be stimulated by different kinds of 

stresses including cold, drought, mechanical agitation and the protein synthesis inhibitor 

cyclohexamide (Zarka et al., 2003). The sequences ICEr 1 and ICEr2 work in concert to 

impart robust cold regulated gene expression. Genetic transformation experiments have 

demonstrated the function of the CBF genes as transcriptional activators of freezing 

tolerance genes. Constitutive expression of CBF1 in transgenic Arabidopsis results in the 

expression of CRT/DRE controlled COR genes without a temperature stimulus. Thus, 

CBF1 appears to be an important regulator in the cold acclimation response, which in 

turns promotes freezing tolerance (Jaglo-Ottosen, 1998). Similarly Kasuga et al. (1999) 

showed that overexpression of the cDNA encoding DREB1a in transgenic plants 

activated the expression of many of these stress-tolerance genes under normal growing 

conditions and resulted in improved tolerance of drought, salt loading and freezing. 

However, use of the constitutive CaMV 35S promoter to drive expression of DREB1a 

also resulted in severe growth retardation under normal growing conditions. In contrast, 

expression of DREB1a with the stress inducible rd29A promoter resulted in minimal 
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effects on plant growth, while providing an even greater tolerance of stress conditions 

than did expression of the gene from the CaMV 35S promoter. Hsieh et al. (2002) 

regenerated transgenic tomato plants harboring the CBF 1 gene from A. thaliana. 

Transgenic expression of CBF 1 in T1 and T2 generations had a greater degree of chilling 

tolerance than that of wild type tomato plants. Over expression of CBF 1 led to increased 

activity of other chilling tolerance genes, namely, the CAT 1 gene which prevents 

damage from photooxidation. Heterologous CBF 1 expression in tomato plants may 

induce several oxidative stress responsive genes to protect from chilling stress. 

Fowler and Thomashow (2002) used microarrays to analyze the Arabidopsis 

transcriptome response to changes in temperature. The transcript levels of ca. 8,000 genes 

were determined at multiple times after plants were transferred from warm to cold 

temperature and in plants which constitutively expressed CBF 1, CBF 2 or CBF 3. A total 

of 306 genes were identified as being cold responsive, with transcripts for 218 increasing 

and those for 88 genes showing a decreased expression. Further analysis of these up-

regulated and down-regulated genes revealed that in addition to gene induction, gene 

repression is also likely to play an integral role in cold acclimation.  Following the 

cloning and characterization of CBF genes from Arabidopsis, studies to investigate the 

presence of this gene family in commercial crop species led to the cloning of these 

factors from Brassica napus, wheat, rye, tomato, rice (Jaglo-Ottosen et al., 2001), barley 

(Choi et al., 2002), strawberry and sour cherry (Owens et al., 2001). A comparative 

analysis of these gene sequences indicated that these sequences might be conserved 

across different species in the plant kingdom (Jaglo-Ottosen et al., 2001). 
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Cryopreservation Studies 

Importance and use of cryopreservation 

Many economically important plant species have seeds which are termed orthodox, 

namely, they can be dehydrated to low water content and can be stored at low 

temperature for extended periods (Roberts, 1973). There are three main categories of 

plant species for which conservation in seed form is problematic. Some crops such as 

banana and plantain do not produce seeds and must be propagated vegetatively. Species 

such as potato or sugarcane include both sterile genotypes and genotypes which produce 

orthodox seeds; however, these seeds are generally highly heterozygous and are of 

limited interest for the conservation of particular genotypes. These species are therefore 

maintained as clones. Several fruit and forest tree species, especially those of tropical 

origin, produce recalcitrant seeds, namely, seeds that cannot be dried to sufficiently low 

moisture level to allow their storage at low temperature (Roberts, 1973). There is also a 

large number of species that are intermediate between orthodox and recalcitrant (Ellis et 

al., 1990), for which conservation in seed form is still problematic. The traditional ex situ 

conservation method for these different plant species is in the form of field collections. 

Conservation in the field presents major drawbacks, which limits its efficacy and 

threatens the safety of plant genetic resources (Withers & Engels, 1990). Biotechnology 

has led to the production of a new category of germplasm which includes clones obtained 

from elite genotypes, cell lines with special attributes and genetically transformed 

material (Engelmann, 1991). This new germplasm is often of high added value and very 

difficult to produce. The development of efficient techniques to ensure its secure 

conservation is therefore of paramount importance.  
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In vitro techniques are of great interest for collection, multiplication and storage of 

plant germplasm (Engelmann, 1991). Virus-free plants can be obtained through meristem 

culture in combination with thermotherapy, thus ensuring the production of disease-free 

stocks and simplifying quarantine procedures for the international exchange of 

germplasm. In vitro culture can be used for short and medium term storage of genotypes. 

There is a less demand for land and manpower and decreases exposure of axenic cultures 

to crop-borne diseases and pests. 

Embryogenic cultures are widely used in cellular and molecular research. 

Embryogenic suspension cultures are the best starting material for genetic transformation 

studies (Cao, 1992). They can lose morphogenic competence with time and accentuate 

several types of undesirable somaclonal variations. Loss of embryogenic competence can 

occur as early as four months after induction with avocado (Witjaksono and Litz, 1999a). 

Thus new cultures have to be reinduced, a process which is time consuming. In addition, 

costs of continued culture are often high and loss of material due to contamination, 

technical or human error is possible. In order to ensure a continuous supply of somatic 

embryos for genetic transformation, long term storage of PEMs of elite material is 

essential.  

Cryopreservation is a technique whereby cells and tissues are frozen under 

controlled conditions and stored in liquid nitrogen, and has been  a reliable method for 

maintaining genetic stability and long term storage of cell lines, meristems and value 

added transgenic or other plant material (Kartha, 1985; Grout, 1990). For long term 

storage of cultured material, cryopreservation is currently the only method. Liquid 

nitrogen (-196oC) is routinely used for cryogenic storage, since it is relatively cheap and 
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safe, requires little maintenance and is widely available. At temperatures below -120oC, 

the rate of chemical or biophysical reactions is too slow to cause biological deterioration 

(Kartha, 1985). Maintenance at these conditions effectively halts all biological growth 

and development. The greatest stability of in vitro plant material, with periodic storage 

measured in decades can be achieved by cryogenic storage at ultra low temperature. 

There is a slight risk of ionizing radiations causing genetic changes in materials stored at 

cryogenic temperatures for long periods (Grout, 1995). 

Cryopreservation methods 

The goal of cryopreservation is to maintain a high level of integrated structure and 

function compatible with high viability and normal activity upon restoration to 

physiological temperatures (Grout, 1995). The maintenance of viability cannot be the 

sole criterion for successful cryopreservation, as unaltered function at a precise 

qualitative and quantitative level is necessary under many circumstances (Benson, 1990; 

Benson and Hamill, 1991).  Broadly speaking, two methods are used for cryopreservation 

of plant tissues, namely, slow cooling and rapid cooling. The methods employed vary 

according to the storage period required (Engelmann, 1991). Slow cooling techniques are 

based on the classical cryopreservation techniques that were developed in the 1970’s and 

80’s. The function of controlled slow cooling in cryopreservation is to allow 

cryodehydration to progress without intracellular freezing and removing water from the 

cells to a point where their contained solutions will not form ice crystals when taken to 

final cryogen temperature. (Grout, 1995). They comprise a cryoprotective treatment 

followed by slow freezing which is carried out using a programmable freezing apparatus 

(Kartha, 1985). They are based on chemical cryoprotection and freeze-induced 

dehydration during cooling. The most commonly employed cryoprotectants are DMSO 
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(dimethylsulfoxide), mannitol, sorbitol, sucrose and PEG (polyethyleneglycol). 

Cryoprotective substances principally have an osmotic action, but some of them, for 

example, DMSO, can enter cells and protect cellular integrity during freezing. For most 

materials, optimal freezing conditions consist of a slow cooling rate (0.5 to 2°C min-1) to 

approximately -40°C, followed by rapid immersion of samples in liquid nitrogen. 

Classical cryopreservation procedures are mainly used for freezing undifferentiated 

cultures such as cell suspensions and calluses (Withers, 1985; Kartha and Engelmann, 

1994).  Until recently, the use of slow cooling methods was restricted due to the 

requirement for a programmable freezer; however, this method can now be accomplished 

using the “Mr Frosty” container (Simione, 1998). The container provides a simple-to use 

system designed to achieve a rate of cooling very close to -1oC min-1. After reaching a 

temperature of -80oC, the tissue can be immersed into liquid nitrogen for long term 

storage. After storage, rapid warming is used to prevent regrowth of ice crystals during 

thawing. Slow cooling has been successfully employed for a large number of cell lines of 

various species (Withers, 1985; Van Irene et al., 1995).  

For freezing of differentiated tissues and organs such as shoot apices, zygotic and 

somatic embryos, other techniques can be utilized (Dereuddre, 1992; Engelmann, 1997). 

They are based on the removal of most or all freezable water by physical or osmotic 

dehydration of explants followed by ultra-rapid freezing which results in vitrification of 

intracellular solutes, namely, the formation of an amorphous glassy structure without 

occurrence of ice crystals, which are detrimental to cellular and structural integrity. Their 

main advantages in comparison to classical procedures include simplicity, since they do 

not require the use of a programmable freezer, and their applicability to a wide range of 



45 

 

genotypes. They include vitrification, encapsulation-dehydration, encapsulation-

vitrification, desiccation, and droplet-freezing (Engelmann, 1997). 

Vitrification for cryopreservation of animal cells was first reported by Rall and 

Fahy (1985). This procedure was based on dehydration at non freezing temperatures by 

direct exposure to concentrated cryoprotectants followed by rapid freezing. The rapid 

cooling rates prevented nucleation and growth of ice crystals and facilitated vitrification 

of the surrounding medium as well as the cell contents.  After storage, rapid warming is 

used to prevent de vitrification during thawing. Vitrification is the phase transition of 

water from liquid directly into a non crystalline or amorphous phase by an extreme 

elevation in viscosity (Fahy et al., 1994). The protocol consists of two steps, a loading 

step by involving a loading solution and dehydration step using a vitrification solution. 

Cultures are directly immersed into liquid nitrogen, and after thawing, the cryopreserved 

cultures are osmoconditioned with a high concentration of sucrose. The key to successful 

vitrification is the effective increase of solutes in the cellular solution, which is achieved 

by loading and/or removal of water. Excised meristems, smaller shoot tips, somatic 

embryos, protoplasts and cell suspensions are well suited to this technique (Grout, 1995). 

Vitrification was first applied for plant cell suspensions in 1989 (Langis et al., 1989). 

This technique has also been utilized for shoot apices and somatic embryos of around 20 

plant species (Sakai, 1993). The advantage of vitrification is that an expensive 

programmable freezer is not required. Since vitrification uses ultra rapid cooling rates, 

tolerance of vitrification is primarily a matter of dehydration tolerance (Reinhoud, 1996). 

Thus, for cryopreservation of plant cell cultures which are sensitive to chilling, the 

vitrification procedure is generally the method of preference. In general, higher survival 



46 

 

rates have been obtained using vitrification compared to the two step freezing method 

with respect to tropical species (Reinhoud et.al. 1995; Van Irene et.al. 1995). 

The encapsulation-dehydration procedure is based on the artificial seed technology. 

This technique does not require the use of a programmable freezer and slow cooling. The 

procedure was developed for cryopreservation of shoot tips (Dereuddre, 1992), but has 

also been successfully applied to cryopreservation of plant cell suspensions (Bachiri et 

al., 1995). The technique has also been used in combination with slow freezing. Explants 

are encapsulated in alginate beads, pregrown in liquid medium enriched with sucrose for 

several days, partially desiccated to a water content around 20% (FW), then frozen 

rapidly. Survival rates are high and growth recovery of cryopreserved samples is 

generally rapid and direct, without callus formation. This technique has been developed 

for apices of various species of temperate origin, for example, apple, pear, grape and 

eucalyptus, and of tropical origin, for example, sugarcane and cassava (Dereuddre, 1992; 

Engelmann, 1997).  

Other modifications of the above techniques have also been adopted for 

cryopreservation of different crop species. Encapsulation-vitrification involves a 

combination of the above techniques. Explants are encapsulated in alginate beads and 

treated with vitrification solutions before freezing. It has been applied to shoot apices of 

lily and wasabi (Matsumoto et al., 1995; Sakai and Matsumoto, 1996). This technique is 

mainly used for freezing zygotic embryos or embryonic axes extracted from seeds. It has 

been applied to embryos of a large number of recalcitrant and intermediate seed species 

(Engelmann et al., 1995; Dumet et al., 1997). The droplet freezing technique has been 

utilized for potato apices. After dissection, apices are precultured with DMSO for a few 
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hours and frozen rapidly in droplets of cryoprotective medium on aluminium foil. This 

procedure has been applied successfully to more than 150 varieties with an average 

recovery rate of 40% (Schäfer-Menuhr, 1996). A list of different tropical plant species 

that have been cryopreserved successfully using different methods is presented in Table 

2-3. 

Thawing 

Rapid thawing at 37-40oC improves the survival of cryopreserved plant tissues 

(Bajaj, 1995). If thawing is too slow, devitrification can occur and will decrease survival 

rates (Grout, 1995). Potentially damaging physical changes can occur with slow 

warming, which causes water molecules to diffuse from smaller ice crystals to larger 

ones. This increases the probability of strain in the biological material directly due to the 

presence of ice (Grout, 1995). Rapid thawing prevents this from happening and thereby 

preserves the integrity of the cells (Engelmann, 1991); however, slow thawing may be 

necessary for some plant species (Withers, 1979; Marin et al., 1990). Rapid thawing of 

some species like Asparagus (Nishizawa et al., 1993), alfalfa and potato (Sarkar and 

Naik, 1998), resulted in improved viability, survival and growth of cryopreserved tissue. 

Table 2-4. Cryopreservation of tropical plant species using different cryopreservation 
methods. 

Botanical Name Cryoprotectants/ 
Techniques 

Cooling Thawing  References 
 

Somatic Embryos 
Citrus sinensis 10% DMSO Slow Slow Marin and Duran-

Villa (1998) 
Citrus sinensis 10% DMSO Slow Fast Marin et al. (1993) 

Duran-Villa (1995) 
Elaeis guineensis Preculture, 

Dehydration 
Fast Fast Dumet et al. (1993) 

Camellia japonica Vary vary  Janeiro et al. (1996) 
Manihot esculenta 10% DMSO+ 10% 

sucrose 
Fast Fast Stewart et al. (2001) 
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Table 2-3. Continued 
Botanical Name Cryoprotectants/ 

Techniques 
Cooling Thawing  References 

 
Embryogenic cultures 

Citrus sinensis PVS2, Vitrification Fast Fast Sakai et al. (1990) 
Citrus sinensis 5% DMSO+1.2M 

sucrose 
Slow Fast Kobayashi et al. 

(1990) 
Citrus sinensis 

 
2M glycerol Slow Fast Sakai et al. (1991) 

C. sinensis, C. aurantium 
C. aurantifolia, C. limon 
C.  paradisi, C. hybrid 

10% DMSO Slow Fast Duran-Villa (1995) 
Perez et al. (1997) 

 
Mangifera indica PVS-2, Vitrification Fast Fast Wu et al. 2003 
Persea americana 5% Glycerol+ 5% 

DMSO, PVS-2 
Slow Fast Efendi (2003) 

Hevea brasiliensis 10% DMSO+1.M 
sucrose 

Slow Fast Engelmann and 
Etienne (1995) 

Oryza sativa 1M DMSO+ 1M 
glycerol+ 2M 

sucrose+0.09M L-
proline 

Slow Fast Jain et al. (1996) 

Oryza sativa Vitrification Fast Fast Wang et al. (1998) 
Euphoria longan Vitrification Fast - Sudarmonowati 

(1999) 
Cell cultures 

Doritaenopsis sp. Vitrification Fast Fast Tsukazaki et al. 
(2000) 

Oryza sativa 5% DMSO+ 10% D-
glucose 

Slow Fast Watanabe et al. 
(1995;1999) 

Embryo axes 
Camellia japonica Vary vary  Janeiro et al. (1996) 

Artocarpus heterophylus Vitrification Fast Fast Thammasiri (1999) 
 Cryoprotectant Slow - Normah and 

Marzalina (1999) 
Camellia sinensis Desiccation Fast Fast Chaudhury et al. 

(1991) 
Citrus madurensiss Vitrification Fast Fast Cho et al. (2001) 
Poncirus trifoliate Desiccation Fast Fast Chaudhury et al. 

(1999) 
Citrus sinensis Encapsulation-

dehydration; 
Vitrification 

- - Sudarmonowati 
(1999) 

Citrus halimii, C.  mitis,    
C. aurantifolia, 

Desiccation - - Normah and Mar-
zalina (1999) 
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Table 2-3 Continued. 
Botanical Name Cryoprotectants/ 

Techniques 
Cooling Thawing References 

 
Bacaurea 
polyneura 

Desiccation - - Normah and Mar-
zalina (1999) 

Nephelium 
lappaceum 

Desiccation - - Normah and Mar-
zalina (1999) 

Seeds and zygotic embryos 
Theobroma 

cacao 
10% DMSO+ 0.5M 

sucrose 
Slow Slow, 

Fast 
Pence (1991) 

Coffea arabica Desiccation Slow Fast Dussert et al. (2000) 
Nephelium 
lappaceum 

Two-step freezing - - Sudarmonowati 
(1999) 

Litchi chinensis Vitrification Fast - Sudarmonowati 
(1999) 

Bacaurea 
polyneura 

Desiccation - - Normah and Mar-
zalina (1999) 

Carica papaya Desiccation - - Normah and Mar-
zalina (1999) 

Malnikara 
zapota 

Desiccation - - Normah and Mar-
zalina (1999) 

Shoot tips and apices 
Manihot 
esculenta 

10% DMSO+ 1M 
sorbitol 

Slow Fast Escobar et al. (1997) 

Colocasia 
esculenta 

Vitrification Fast Fast Takagi et al. (1997) 

P. trifoliate x C. 
sinensis 

Encapsulation- 
dehydration 

Fast Fast Wang et al. (2002) 

Poncirus 
trifoliata 

Encapsulation- 
dehydration 

Slow; 
Fast 

Slow Gonzales-Arnao 
(1998) 

Meristematic clumps 
Musa Vitrification Fast Fast Helliot et al. (2002) 

 
Post-thaw treatments 

After thawing, suspension cultures are generally placed on filter paper. This 

enables easy transfer of cells to fresh medium and slow diffusion of the cryoprotectants, 

and appears to be beneficial for recovery of cells (Withers, 1979). The composition of the 

regrowth medium can affect recovery after cryopreservation. A reduction in auxin 

concentration (Dussert et al., 1992) and addition of activated charcoal (Schrijnemakers 

and Van Iren, 1995) in the regrowth medium improves the regrowth of tissue. Benson et al. 
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(1995) showed that desferrioxamine has a positive effect on the post thaw recovery of rice 

cells. In pigmented cultures, the use of dim light during recovery can be beneficial for 

regrowth to avoid photo-oxidation and free radical formation (Benson and Noronha-

Dutra, 1988).  

Viability and regrowth in cryopreserved cultures 

The fluorescein diacetate (FDA) (Perez et al., 1997) and 2,3,5-triphenyltetrazolium 

(TTC) vital staining tests (Ishikawa et al., 1997) have been used to measure the viability 

of cultures following cryopreservation. However, the only reliable test for viability is 

regrowth of cryopreserved tissue on regrowth medium (Duran-Vila, 1995). Regrowth 

rates can differ according to the initial tissue used for cryopreservation and can range 

from three days (Sakai et al., 1991) to several weeks (Grout, 1995). A lag of several 

weeks is not uncommon before an obvious increase in size can be seen in case of 

cryopreserved callus cultures (Grout, 1995).  
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CHAPTER 3 
MOLECULAR PROBING OF CARICA PAPAYA AND VASCONCELLA SPP. FOR 

COLD-INDUCIBLE SEQUENCES 

Introduction 

Low temperature is one of the most important environmental factors that limit crop 

plant growth, distribution and productivity (Sakai and Larcher, 1987). Consequently, 

considerable efforts have been directed at determining the nature of freezing and drought 

injury and the protection mechanisms that plants have evolved to increase tolerance of 

these stresses. Plant species differ greatly in their ability to develop freezing tolerance 

through a process known as cold acclimation (Thomashow, 1999). Traditional breeding 

of many major crops has had only limited success in improving freezing tolerance. As a 

result, considerable effort has been spent to understand the nature of cold acclimation, in 

order to develop novel strategies for improving crop freezing tolerance  

Many physiological and biochemical changes occur in plants in response to low 

temperature, including changes in gene expression (Alberdi and Corecuera, 1991). Many 

cold-induced genes have been identified in several crop species, namely, alfalfa 

(Medicago sativa), spinach (Spinacia olerecea), barley (Hordeum vulgare) and peach 

(Prunus persica) (Guy et al., 1985; Hong et al., 1992; Monroy et al., 1993; Wisniewski 

et al., 1999). In Arabidopsis thaliana, studies on the molecular basis of cold acclimation 

have identified a common cis acting regulatory element, the C repeat/Dehydration 

responsive element that has the conserved core sequence CCGAC. This element is 

present in one to multiple copies in the promoters of many cold-induced genes, including 
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COR 6.6, COR 15a, COR 47 and COR 78 of A.  thaliana and BN 115 of Brassica napus 

(Baker et al., 1994; 1996; Stockinger et al., 1997; Yamaguchi-Shinozaki and Shinozaki, 

1994). All of the currently characterized COR genes from A. thaliana are coordinately 

upregulated by CBF 1, CBF 2 or CBF 3, a family of cold and drought-inducible 

transcriptional activators that bind to promoters containing a CRT/DRE element (Jaglo-

Ottosen et al., 1998; Kasuga et al., 1999; Liu et al., 1998; Thomashow, 2001). Even 

though freezing tolerance is a complexly inherited trait, manipulation of a single gene 

(CBF1) has been shown to improve whole plant freezing tolerance of Arabidopisis 

(Jaglo-Ottosen et al., 1998). Since CBF genes are key regulators of cold acclimation and 

over expression of CBF 1,2 or 3 can improve the freezing tolerance of Arabidopsis, there 

is a significant interest in determining if orthologs of CBF gene family exist in other 

cultivated species and function in a similar way in response to low temperatures.  

Papaya (Carica papaya L.) is a member of the Caricaceae, a small dicotyledonous 

family consisting of six genera of herbaceous, shrubby or arborescent plants (Badillo, 

1971; 1993). It is the only species belonging to the genus Carica (Badillo et al., 2000). 

Vasconcella, comprising 21 species, is the largest genus of the family. The Vasconcella 

genus, also commonly known as highland or mountain papayas, is found in the 

subtropical Andean mountain climate at 1,500- 3,000m above sea level (Jordan and 

Velezo, 1997). The species of this genus grow well at elevations considered too cold for 

papaya production. Vasconcella spp. are clearly less important than papaya. However, 

due to the large variability in environments where the species can grow, these fruit 

species are important in the Andes with a production of 632 MT in 1996 (Soria and 

Viteri, 1999). Vasconcella spp. are also important for breeding since the genus has many 
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economically important characteristics lacking in C. papaya. Some Vasconcella species 

have resistance to ring spot virus (Manshardt and Wenslaff, 1989), enhanced cold 

tolerance (National Research Council, 1989) and papain content up to 20 times greater 

than papaya (Scheldeman et al., 2002).  

Interspecific hybridization between C. papaya and species in other genera has been 

unsuccessful using conventional breeding methods due to incompatibility, reproductive 

sterility and low vigor (Mekako and Nakasone, 1975; Horovitz and Jimenez, 1967). 

Molecular techniques are beginning to contribute to our understanding of the 

relationships between the Carica and other genera. Allozyme analysis and RAPD 

polymorphisms have confirmed their distant relationships with C. papaya (Jobin Décor et 

al., 1997). Chloroplast DNA analysis indicates two basic evolutionary lineages between 

Carica and the other genera, one defined by cultivated C. papaya and another consisting 

of the wild species from South America (Aradhya et al., 1999). This explains the 

reproductive barriers, which are evinced during the interspecific hybridization between 

Carica and other genera in the Caricaceae. 

Different techniques in biotechnology make it possible to transfer characters 

between species and genera which are impossible through conventional breeding 

techniques. Genetic transformation has been applied specifically to perennial fruit crop 

species where conventional methods are tedious and time consuming and yield limited 

results. Several genes encoding economically important traits have been cloned and 

transferred into different species and genera (Hansen and Wright, 1999). The sequencing 

and characterizing of the Arabidopsis genome has provided the basis for cloning and 

characterization of genes from other economically important crop species.  Papaya has a 
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relatively small genome (3.72 X 10-8 bp) and because of its ability to produce ripe fruit 9 

to 12 months after planting, it can be a model for studying genes that affect fruit 

characters (Ma et al., 2004). Several genes of economic importance have been cloned 

from papaya and bear a high degree of homology with their counterparts from 

Arabidopsis (Qiu et al., 2003). Genes related to fruit ripening (Paull and Chen 2003), 

pathogen defense-related genes (Qiu et al., 2003), and genes related to flower 

development (Yu et al., 2003) have been cloned and characterized. 

Transfer of genes from the different genera of the Caricaceae to papaya would 

involve identification and use of candidate genes that are important for different traits. 

Cold hardiness of the available genetic resources in the Caricaceae has not been 

systematically studied. Vasconcella cundinamarcensis and V. stipulata possess some 

mechanism for cold tolerance which is conspicuously absent in C. papaya.  A systematic 

study of the cold acclimation and tolerance mechanism of these species can enable the 

comparison of these pathways with the already elucidated pathways in Arabidopsis and 

other genera. It would be interesting to investigate whether the cultivated papaya also 

possesses the same genetic elements related to cold acclimation as the Vasconcella spp. 

The cloning and characterization of any cold inducible or tolerant genes in Vasconcella 

spp. would make horizontal gene transfer from this genus to C. papaya more feasible. An 

attempt was made to probe the Carica and Vasconcella genomes for the presence of any 

cold-inducible sequences.  

Materials and Methods 

Plant Material 

The plant material used for this study consisted of two genera from the family 

Caricaceae viz. C. papaya and V. cundinamarcensis. Two papaya cultivars ‘Sunrise Solo’ 
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and ‘Maradol’ were used. The seed material was provided by the Agricultural Research 

Station (ARS), Hawaii of the United States Department of Agriculture (USDA). The 

seeds were sown in a mixture of peat soil and vermiculite in a greenhouse where the 

temperature maintained was 25oC. Seedling germination of ‘Sunrise Solo’ and ‘Maradol’ 

occurred in two weeks and after four weeks for V.cundinamarcensis. Young seedlings 

with the first two expanded leaves were selected for DNA extraction. 

DNA Extraction 

The leaf and stem tissues of seedlings were used for DNA extraction using the 

cetyltrimethylammonium bromide (CTAB) method (Clark et al., 1989). Five hundred mg 

of fresh plant tissue was ground to a fine powder in a mortar and pestle using liquid 

nitrogen (LN). The contents were then transferred to a 3ml microcentrifuge tube to which 

1.2 ml of CTAB buffer was added. The buffer consisted of 3% hexadecyltrimethyl 

ammonium bromide (CTAB), 1.4M sodium chloride (NaCl), 0.2% β mercaptoethanol, 

100mM EDTA, 100mM Tris, 2% polyvinylpyrrolidone (PVP) and 3% 

polyvinylpolypyrrolidone (PVPP). The tubes were incubated at 65oC in a water bath for 

30 min with occasional inversion. Following a 30 min incubation, 1.2ml of phenol: 

chloroform (1:1 v:v) mixture was added to the tubes and was mixed by gentle inversion 

of the tubes. The tubes were then centrifuged at 12,000 rpm (16,000g) at room 

temperature for 10 min in an Eppendorf 5417R centrifuge (Brinkmann). The aqueous 

phase was transferred to new 3ml microcentrifuge tubes using a wide bore pipette tip. An 

equal volume of chloroform:isoamyl alcohol (24:1 v:v) mixture was added to the tubes 

with gentle swirling. The tubes were then centrifuged at 12,000 rpm for 10 min. The 

aqueous phase was then transferred to new microcentrifuge tubes. Two third volume of 

cold isopropanol was then added to the tubes and mixed gently to precipitate the nucleic 
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acids. The tubes were centrifuged again at 12,000 rpm for 10 min. The supernatant was 

discarded and 1.0 ml wash buffer was added to the pellet. The wash buffer consisted of 

7.5M ammonium acetate with 76ml of ethanol with the final volume made to 100 ml with 

sterile deionized water. The tube was then centrifuged at 16,000g for 10 min and the 

supernatant was removed to dry the DNA pellet. The pellet was then resuspended in 20ul 

water. 

RNAse Treatment and DNA Purification 

A volume of 2µl DNA was taken for all the three samples and dissolved in 13µl of 

deionised sterile water and the sample was run on a 0.8% agarose gel at 70V for 1h to 

determine the purity of the DNA extracted. All three samples were treated with an 

RNAse solution to purify the samples. A volume of 3M sodium acetate equal to 10% of 

the total DNA volume was added to the microcentrifuge tubes containing the extracted 

DNA. An equal volume of 95% ethanol (Molecular Biology grade, Sigma Chemicals, St 

Louis, MO) was added to the tubes. This was followed by addition of 4µL of RNAse A 

enzyme to the tubes. The tubes were then centrifuged at 10,000rpm for 15 min. 

Following centrifugation, the microcentrifuge tubes were incubated at 4oC for 30 min. 

The supernatant solution was discarded and the precipitate was washed with 70% chilled 

ethanol. The ethanol was carefully removed and the pellet was allowed to dry. This was 

followed by another wash of 95% chilled ethanol and the procedure was repeated. After 

complete evaporation of the ethanol the pellet was resuspended in 50µL deionized sterile 

water. A sample of 2µL was dissolved in 13µL water and the sample was run on a 0.8% 

agarose gel at 70V for 1 h to check purity after RNAse treatment. 
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PCR (Polymerase chain reaction) Primers and Reaction Conditions 

The different PCR primers used and cycle conditions for the experiment are listed 

in Table 3-1 and Table 3-2. Based on the consensus sequences of the CBF genes isolated 

from A. thaliana (Stockinger et al., 1997), Brassica napus, Triticum aestivum, Secale 

cereale and Lypersicon esculentum (Jaglo-Ottosen et al., 2001), primers were designed 

using GeneTools Software (Biotools 2002). A set of degenerate nested primers used to 

clone the CBF ortholog in Fragaria and Prunus cerasus (Owens et al., 2002) were also 

used for the reactions. The gene specific and degenerate primers were synthesized 

(Integrated DNA Technologies, Coralville, IA) and cycle conditions were worked out for 

each set of primers from the Tm(melting temperature) and the GC(Guanosine Cytosine) 

content of the primers. A PCR core kit (Roche Diagnostics, Germany) was used to make 

all the master mixes for the different components and run the RCR reactions. The final 

volume of all reactions was made to 25µL with molecular biology (MB) grade water All 

the reactions were run in an Eppendorf thermal cycler (Sakai et al., 1988).In case of 

degenerate nested primers, genomic DNA was used as a template for the first set of 

reactions with degenerate primers. The product obtained from this PCR amplification 

(1µL) was used as a template for a nested PCR reaction. All the PCR products were 

stored at 0oC at the end of the reaction cycle. 

Optimization of Magnesium (Mg) Concentration 

The Mg concentration was optimized for the forward and reverse primers using 

variable levels of Mg concentrations in the master mix. The different levels of Mg used 

were 0.0, 1.0, 1.5, 2.0, 2.5 and 3.0mM. All other parameters in the master mix were 

constant and PCR reactions were carried out to determine maximum amplification of 

PCR products. The working conditions for PCR are shown in Table 3-3. 
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Electrophoretic Analysis of PCR Products 

A 5µL sample from all PCR reactions was made to 15µL with MB grade water. 

The samples were then run on a 0.8% agarose gel at 55V for 1h. If any amplification of 

products was observed, the entire volume of the PCR product was run on a 0.8% agarose 

gel at 45V for 3 h to ensure complete separation of bands. At the end of the run period, 

the gel was photographed with a digital camera using a UV transilluminator. 

Table 3-1. Primers used for PCR amplification and cycle conditions 
No. Primer sequences  

P1 (F)5`-CCTTATCCAGTTTCTTGAAACAGAC-3` (R)5`-CGAATATTAGTAACTCCAAAGCGAC-3` 

P2 (F)5`-CCNAARAARCCNGCNGGNAG-3` (R)5`- GGNARNARCATNCCYTCNGCC-3` 

P3 (F)5`- CAYCCNATHTAYMGNGGNGT-3` (R)5`- GGNARNARCATNCCYTCNGCC-3` 

P4 (F)5`- GGCCGCCGGGGCGAACCAAGTTCC-3` (R)5`- AGGCAGAGTCGGCGAAGTTGAGGC-3` 

DN* (F)5`-CCNAARAARCCNGCNGGNAG (R)5`- TCNGCRAARTTYAARCA-3` 

Abbreviations:  
(F)- Forward primer (R) - Reverse primer 
DN*= degenerate nested primers 
Nucleotide bases: A=Adenine, C=Cytosine, G=Guanine, T=Thiamine, N= (AGTC), R= (AG) Y= 

 (CT) K= (GT), M= (AC). 
 
Table 3-2. Cycle conditions for different primer sequences 
No Denaturation time 

and temp 

Denaturation Annealing Primer 

extension 

Final extension Number of 

cycles 

P1 2mins@95oC 1min@94oC 45sec@50.5oC 45 secs@72oC 5mins@72oC 30 

P2 5 mins@95oC 1min@94oC 1min@50oC 1min@72oC 5mins@72oC 35 

P3 1 min@95oC 45sec@94oC 45secs@50oC 45 secs@72oC 5mins@72oC 30 

P4 1 min@95oC 45sec@94oC 45secs@50oC 45 secs@72oC 5mins@72oC 30 

DN 5 mins@95oC 1min@94oC 1min@50oC 1min@72oC 5mins@72oC 35 
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Table 3-3. Working conditions for optimization of Mg concentration. 
Component Stock conc. Final conc. Reaction volume 

PCR buffer 100mM 10mM 5uL 

dNTP’s 10mM 0.1mM 0.5uL 

Primer 1 20uM 0.5uM 1.25uL 

Primer 2 20uM 0.5uM 1.25uL 

MgCl2 25uM Variable 

Taq DNApolymerase 5units per uL 2 units per uL 0.5uL 

Genomic DNA  100ng 2uL 

PCR grade water                                        Variable 

Total Volume                                                                                                 50uL 

 
Purification of DNA Fragments from Agarose Gel 

PCR products of interest were excised from the gel using a sharp scalpel under UV 

light. The excised gel bands were transferred to a microcentrifuge tube and weighed. The 

DNA fragments were then purified from the gel using a DNA purification quick kit 

(Roche Diagnostics, Germany). 

Binding buffer (500µL) was added to 100µL PCR reaction and the mixture was 

transferred to a High Pure Filter microcentrifuge tube fitted with a filter. The tube was 

then centrifuged at 12,000 rpm in a microcentrifuge for 1 min. The flow through solution 

was discarded and 500µL wash buffer was added to the tube and centrifuged at 12,000 

rpm for 1 min. The flow through solution was again discarded and was followed by 

second wash with 200µL wash buffer. The filter tube was then washed with 100µL 

elution buffer and centrifuged at 12,000rpm for 1min. The eluate containing the purified 
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DNA was collected in a 1.5 ml microcentrifuge tube. A 5µL sample was removed from 

each reaction and the final volume was made to 15µL. The samples were then run on a 

0.8% agarose gel to check DNA purity and concentration. Following electrophoresis, the 

gel was photographed in a UV transilluminator. 

Sequencing of Amplified PCR Products 

The purified products were made into an aliquot of 50µL. The products were then 

transferred to 200µL PCR tubes and sent for sequencing (DNA sequencing core unit at 

University of Florida, Gainesville).  

Database Search for Homology of Sequences 

The sequences of the amplified PCR products were used to perform a homology 

search with sequences in the NCBI database. The BLAST program (Altschule et al., 

1997) was used for the homology search with the sequences in the database. BLAST-N 

was used to perform a nucleotide sequence search while BLAST-X was used to 

determine if the putative translated amino acid sequence had any homology in the 

database. 

Results 

Two cultivars of C. papaya, ‘Sunrise Solo’ and ‘Maradol’, and V. 

cundinamarcensis were used for studying the presence of any cold inducible homologs of 

the CBF transcription factors in A. thaliana.  

PCR amplification products 

The results of PCR amplification product are shown in Figure 3-1. Amplification 

products were obtained from primer pairs P1, P2, P3 and P4 when genomic DNA of V. 

cundinamarcensis was used as the template DNA. However, no amplification product 
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could be obtained with any of the primer pairs when genomic DNA from C. papaya 

‘Sunrise Solo’ and ‘Maradol’ was used as a template. 

  
 
Figure 3-1. Amplification products of genomic DNA of C.papaya and 

V.cundinamarcensis using different primers pairs 

M- 0.5 kb DNA marker   7. 200 bp DNA marker 
1. C papaya (Sunrise Solo) Primer P1 8. C papaya (Sunrise Solo) Primer P3 
2. V. cundinamarcensis Primer P1  9. V. cundinamarcensis Primer P3 
3. V. cundinamarcensis Primer P1  10. C papaya (Sunrise Solo) Primer P 4 
4. C papaya (Sunrise Solo) Primer P2 11. V. cundinamarcensis Primer P4 
5. V. cundinamarcensis Primer P2  12. 15. C. papaya Cv Maradol Primers P1 to P4 
6. C papaya (Sunrise Solo) Primer P2 16. Negative control 
    

A similar result was obtained when the pairs of degenerate nested primers were 

obtained (Figure 3-2.) Two rounds of amplification were conducted in which the PCR 

product obtained from the first set of reactions with degenerate primers was used as a 

template DNA with the degenerate nested primers used in the second round of reactions. 

While amplification products were obtained when genomic DNA of V. cundinamarcensis 

was used, no product was obtained with the C. papaya cultivars. 
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Figure 3-2. Amplification products using degenerate nested primers 

1. Lane 1-0.5kb DNA marker 
2. Lane 2 V. cundinamarcensis PCR product 
3. Lane 3 V. cundinamarcensis PCR product replicate 
4. Lane 4 negative control 
5. Lane 5 C. papaya  Cv. Sunrise Solo 
6. Lane 6 C. papaya Cv. Maradol 

Optimization of Mg Concentration for Maximum Amplification 

Different Mg levels were used to determine the optimum concentration for 

maximum amplification of products. The results of different Mg concentrations on 

amplification products are shown in Figure 3-3. The optimum Mg concentration was 

3.0mM for maximum amplification as compared to the standard concentration of 1.25 to 

2.0mM generally used for PCR reactions. 
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Figure 3-3. Optimum Mg concentration for maximum amplification of PCR products 

using primer P1 and genomic DNA of Vasconcella cundinamarcensis 

1. M 0.5- kb DNA marker  4. Lane 4- 2.0 mM MgCl2 
2. Lane 1- 0.0mM MgCl2  5. Lane 5- 2.5mM MgCl2 
3. Lane 2- 1.0mM MgCl2  6. Lane 6- 3.0mM MgCl2 
4. Lane 3- 1.5mM MgCl 

 
Sequencing of PCR Products 

The amplified products, which were excised and purified from the agarose gel were 

sequenced following the automated sequencing method. The products obtained with the 

different primers are shown in Fig. 3.4. 

Partial sequence information was available from the amplified fragments with sizes 

greater than 300bp. The primer P1 yielded a 214 bp sequence with the forward primer 

and a 218 bp with the reverse primer (Lane 1). The sequence information for the primer 

P2 and P3 could not be obtained due to low DNA concentration as indicated in the 

sequencing results. The degenerate primers yielded a sequence of 214 bp with the 

forward primer and 226bp with the reverse primer(Lane 3). Primer P4 yielded a sequence 
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of 201 bp with the forward primer and a sequence of 299bp with the reverse primer (Lane 

6). 

 
Figure 3-4. Sequencing of the different DNA fragments obtained by PCR amplification 

M- 0.5 kb DNA marker    Lane 4- 100 bp DNA marker 
Lane 1- Primer P 1 PCR product   Lane 5- Primer P3 PCR product 
Lane 2- Primer P2 PCR product   Lane 6- Primer P4 PCR product 
Lane 3- Degenerate nested primers PCR product Lane 7- 0.5kb DNA marker 

 
Database Search for Homology of Sequences 

A search was made in the database to establish homology of sequences cloned with 

those present in the database using BLAST program (Altschul et al., 1997). The 

sequences obtained by amplification of genomic DNA using primer pairs P1 and the 

degenerate nested primers showed significant alignment with A. thaliana CRT/DRE 

binding factors, CBF 1, CBF 2 and CBF 3 (Accession No: AFO 76155). They yielded a 

bit score of 50 with an E value of 10-3. The sequence also showed a high significant 

alignment with a portion of the Arabidopsis chromosomal DNA (E value of 10-21) The 

sequence information for the primer pair P4 showed a significant alignment with a 

Carica papaya 18S ribosomal RNA gene (accession No V42514). They yielded a bit 

score of 398 with an E value of e-108 indicating that homology was significant. A 

significant alignment of these sequences was also recorded with the 18S ribosomal RNA 
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genes from different cultivars of Prunus persica and Pyrus pyrifolia.  The sequence 

information has been presented in Appendix A. BLAST-X program was used to translate 

the cloned sequence and a putative amino acid sequence was obtained. This putative 

amino acid sequence was used to perform a search using the BLAST-X program. The 

amino acid sequence was found to show homology with an unknown Arabidopsis protein 

but could not show homology with any of the currently cloned and named proteins in the 

database. 

Discussion 

Plants vary widely in their responses to temperature. Most species of tropical or 

subtropical origin are more sensitive to chilling and are damaged by exposure to low 

temperatures. Papaya requires warm temperature for growth and development and is 

sensitive to frost. On the other hand the mountain or highland papaya, V. 

cundinamarcensis, has some degree of cold tolerance (Cardenas, 1989). Plants of the 

temperate region have some degree of cold tolerance, which is attributed to two 

mechanisms, supercooling or freeze tolerance. Differential mechanisms of adaptation to 

cold tolerance can be attributed to the evolution of a plant species in a particular region.  

Molecular investigations of the cold acclimation and tolerance mechanisms of 

Arabidopsis have resulted in the characterization of cold-inducible genes. A major 

breakthrough in understanding the mechanisms of cold tolerance was achieved with the 

isolation of CBF genes in A. thaliana (Stockinger et al., 1997; Gilmour et al., 1998). The 

overexpression of CBF 1 under the control of a constitutive promoter induced COR gene 

expression without low temperature stimulation (Jaglo-Ottosen et al., 1998).  

An attempt was made to investigate the mechanism of cold acclimation in V. 

cundinamarcensis and to study whether papaya, a tropical species, possesses genomic 



66 

 

elements similar to Arabidopsis. Gene-specific primers as well as degenerate and nested 

primers were synthesized based on homlogous regions of previously cloned CBF genes. 

The target DNA was amplified by PCR (Sakai et al., 1988) and amplified products were 

purified and sequenced. These sequences were tested for homology with other sequences 

in the database using the BLAST program (Altschule et al., 1997).  

The cloned sequences in V. cundinamarcensis showed a significant alignment with 

the CBF sequences in Arabidopsis. However, these sequences were significantly absent 

in C. papaya ‘Sunrise Solo’ and ‘Maradol’. The putative translated amino acid sequence 

did not show homology with any of the currently functional proteins in the Arabidopsis 

database. This analysis information raises the question as to whether the functional 

protein could have a similar function as the CBF genes in Arabidopsis. This sequence 

was significantly absent in C. papaya and it is possible that the sequence may have a role 

in cold acclimation of V. cundinamarcensis. These differences could be attributed to the 

origin and growing regions of these two genera. While C. papaya is generally considered 

to have originated and evolved in the lowlands of Central America from Mexico to 

Panama (Nakasone and Paull, 1998), the center of origin and diversity for Vasconcella 

genera is considered to be in the Andean highlands from Colombia to Peru (Badillo et al., 

2000). Carica papaya is the only genus within the Caricaceae family originating entirely 

outside South America (Aradhya et al., 1999). Analysis of nuclear and chloroplastic 

DNA (cpDNA) of C. payaya and other genera, namely, Vasconcella, also demonstrated 

that Carica genus is genetically distant from the other genera (Kim et al., 2002; Aradhya 

et al., 1999). cpDNA analysis showed two basic evolutionary lineages: one defined by 

the cultivated C. papaya and the other consisting of Vasconcella spp.. This evolutionary 
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split strongly suggests that C. papaya diverged from the other genera early in evolution 

and evolved in isolation in Central America. In South America, ecological isolation and 

adaptive radiation into ecologically extreme habitats at the time of Andean uplift appears 

to have led to diversification and differentiation (Aradhya et al., 1999). Plant species 

found in temperate and subtropical regions increase in freezing tolerance when initially 

exposed to low non freezing temperatures, a phenomenon known as cold acclimation. 

This phenomenon is distinctly absent in tropical plant species (Thomashow, 1999). Thus 

the cold acclimation mechanism in Vasconcella genus but lacking in C. papaya may be 

attributed to the evolution of the genera in different ecological zones.  

Cold acclimation of Arabidopsis involves action of the CBF cold response pathway 

(Thomashow, 2001). The characteristics of this pathway are rapid induction of CBF 

genes in response to low temperature followed by expression of CBF regulon which 

include genes that increase plant freezing tolerance. The orthologs of these genes have 

been cloned in other plant species, namely, wheat, Brassica napus, rice, rye and tomato 

(Jaglo-Ottosen et al., 2001). However, an interesting feature is that the genes activated 

downstream by these transcription factors are different from those activated in 

Arabidopsis. For instance, the genes activated by the CBF regulon in Brassica napus are 

Bn 115 and Bn 28 (Jaglo-Ottosen et al., 2001), while in tomato heterologous expression 

of the CBF genes activates the CAT 1 gene (Hsieh et al., 2002). Thus, although cold 

acclimation mechanisms are controlled by different genes in different plant species, the 

activators are CBF genes in all species. The mechanism of cold acclimation occurring in 

Vasconcella spp., which grows at high altitude locations, may be controlled by different 

genes but activation may occur by CBF orthologs.  The CBF genes are unique low copy 
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genes in Arabidopsis. The CBF 1 protein contains a 60 amino acid motif called the AP2 

domain which is evolutionarily conserved across the plant kingdom (Weigel, 1995). The 

domain appears to have a novel DNA binding motif that to date has been found only in 

plant proteins. Conservation of these sequences in diverse plant species suggests that they 

have an important functional role. Therefore it is not surprising that the sequences cloned 

from V. cundinamarcensis bear homology to the sequences cloned from Arabidopsis.  

The cloning of an 18S ribosomal RNA using degenerate primers for CBF genes 

raises the question of the role of this gene in any cold-related process. The 18S ribosomal 

RNA genes are part of the ribosomal RNA complex and are involved in processing pre 

rRNA molecules during transcription. Their role in cold acclimation has never been 

discussed so far and their role in the cold acclimation mechanism is uncertain. 

Further studies can be conducted on sequencing the gene completely and 

determining its expression in E. coli. This will help to determine whether or not the 

sequence is translated and if the protein sequence can be compared to that of Arabidopsis. 

Construction of an expression vector harboring this gene and its expression in 

Arabidopsis or tobacco will help to determine whether or not the gene has functional 

properties and if downstream genes are activated by it. In this way the cold acclimation 

pathway of this species can be compared with the already elucidated pathways in 

Arabidopsis. This would be helpful in explaining similarities and differences that exist in 

cold acclimation mechanisms of temperate and tropical/ subtropical plant species. 

Conclusion 

When the genomes of C. papaya and V. cundinamarcensis were probed for 

presence of any cold inducible sequences, sequences bearing homology to those present 

in Arabidopsis were found in V. cundinamarcensis whereas they were absent in both 
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commercial cultivars of C. papaya. Thus, a clear conclusion can be drawn from the above 

studies. 

• The genome of C. papaya does not possess any transcriptional activators 
responsible for cold acclimation process. 

• The cold acclimation mechanism seems to be absent in papaya. 

• The genome of V. cundinamarcensis possesses elements that show some homology 
with Arabidopsis CBF sequences and further sequencing of the cloned fragment 
would be necessary before a definitive conclusion could be drawn about the 
function of the sequence. 
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CHAPTER 4 
SOMATIC EMBRYOGENESIS AND CRYOPRESERVATION STUDIES IN 

PAPAYA 

Introduction 

The efficient regeneration of plants from cell cultures is a prerequisite for the 

application of most modern genetic approaches to crop improvement. Somatic 

embryogenesis is an efficient regeneration pathway for producing transgenic plants 

because regeneration occurs either from individual cells or proembryonic masses 

(PEMs). Similarly, other techniques, including somatic hybridization and in vitro 

mutation and selection, also can involve embryogenic pathways  

Somatic embryogenesis in papaya was reported as early as 1974 (DeBruijne et al., 

1974). Different explants, namely, petiole sections (DeBruijne et al., 1974), stem sections 

(Yie and Liaw, 1977), peduncles (Litz and Conover, 1980), ovules (Litz and Conover, 

1982), roots (Chen et al., 1987) and hypocotyls (Fitch, 1993) have been used for 

induction of embryogenic cultures. In all cases, the indirect embryogenesis pathway has 

been observed, namely, the induction of induced embryogenically determined cells 

(IEDC) (Sharp et al., 1980). The optimum protocol has involved induction of 

embryogenic cultures from zygotic embryos (Fitch & Manshardt, 1990). Immature 

zygotic embryos from open pollinated and selfed fruits of papaya 90-114 days after 

anthesis produced embryogenic cultures when placed on induction medium containing 

9.5µM 2,4-D. Accordingly, each zygotic embryo can produce hundreds of embryos 

within five months of culture on media. Somatic embryogenesis was reported to be 
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genotype-dependant (Fitch, 1994), with some genotypes exhibiting greater proliferation 

than others with respect to production of somatic embryos. Maintenance of embryogenic 

cultures in suspension for papaya has been reported by Litz and Conover (1983) and 

Mahon et al. (1996). Suspension cultures resulted in a greater production of somatic 

embryos and improved regeneration (Castillo et al., 1998). Suspension cultures of papaya 

were used by Ying et al. (1999) and Lines et al. (2002) for regeneration of transgenic 

plants with resistance to papaya ring spot virus.  

Another area emphasizing the usefulness of somatic embryogenesis is in vitro 

germplasm conservation. Embryogenic cultures of many species can be cryopreserved at 

-196oC in liquid nitrogen (LN). The genetic diversity of most crop species is traditionally 

maintained as field plantings. This method of conservation has several drawbacks, for 

example losses due to biotic and abiotic factors and high maintenance costs. In vitro 

germplasm conservation is reliable for short and medium storage of genetic stocks; 

however embryogenic cultures lose their morphogenic potential with time and this is 

genotype dependent (Witjaksono and Litz, 1999). In order to ensure a continuous supply 

of embryogenic cultures for research requiring in vitro cultures, long term storage of 

embryogenic cultures is critical. Cryopreservation involves freezing of cells and tissues 

under controlled conditions to -196oC. Storage in liquid nitrogen is a reliable method for 

maintaining genetic stability and long term storage of cell lines, meristems and value 

added transgenic or other plant material (Kartha, 1985; Grout, 1995). Different 

cryopreservation protocols have been developed, which involve the use of several 

cryoprotectants and cooling methods in different combinations. The standardization of a 

cryopreservation protocol for papaya could enable the long-term storage of embryogenic 
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cultures. This would be essential in order to address the loss of embryogenic potential 

that occurs over time with subculture and permit embryogenic lines to be used for long-

term research. 

Different compounds like glycerol, dimethyl sulfoxide (DMSO), ethylene glycol, 

polyethylene glycol (PEG) and hydroxymethyl starch (HMS) have been used as 

cryoprotectants solely and in combination with each other to ensure survival and recovery 

of tissue through cryopreservation. Compounds like glycerol and DMSO are significantly 

permeable to cell and tissues and their colligative role depends on an effective reduction 

in water content of the cell, which in turn reduces the effective ion/solute concentrations 

that can occur as a result of cryodehydration (Grout, 1995). In addition they also provide 

an element of protection against free radical effects produced during freezing by acting as 

free radical scavengers (Benson, 1990). Compounds like ethylene glycol, PEG and HMS 

are non permeating polymeric protective compounds and have proved to be effective 

cryoprotectants for a limited range of material. Their mode of action may be, in part 

colligative, as they become increasingly concentrated in residual solutions as freezing 

progresses, and have an effect on freezing point depression and the reduction of ion 

concentrations (Kartha, 1985). In addition to these compounds, others like sucrose, 

sorbitol, glycene betaine, proline and other soluble sugars have been used as conditioning 

agents to acclimatize and cold harden the tissue to be frozen (Koster et al.,1989). 

Slow and rapid cooling have been used for successful cryopreservation of plant 

cells and tissues depending on the kind of tissue and plant species. The function of slow 

cooling in cryopreservation is to allow cryodehydration to progress without intracellular 

freezing and removal of water from cells to a point where their contained solutions will 
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not form ice crystals when taken to the final cryogen temperature. Instead, they will 

undergo a transition to a non-crystalline amorphous phase by a process known as 

vitrification. Rapid cooling on the other hand involves a prior dehydration of the tissue by 

treatment with a solution with high osmoticum followed by a rapid lowering of 

temperature which causes vitrification (Fahy et al., 1994). The plant vitrification solution 

(PVS) has been the choice of cryoprotectant employed for cryopreservation using fast 

cooling. PVS-2 is generally utilized and involves a combination of glycerol (30%), 

ethylene glycol (15%) and DMSO (15%). The principle involves the dehydration of plant 

tissue by exposure to a loading solution containing a high osmoticum followed by 

exposure to a vitrification solution (Sakai et al., 1991). Rapid cooling is generally 

achieved by directly immersing the tissue in liquid nitrogen. The choice of 

cryoprotectants and cooling method to be used is purely dependent on the plant species to 

be cryopreserved and the stage of the tissue at which it will be subjected to low 

temperature.  

Cryopreservation techniques have been applied to tropical and sub tropical fruit 

crop species. Cryopreservation of embryogenic avocado cultures has been achieved using 

both slow and fast cooling method (Efendi, 2003). Embryogenic cultures have been 

successfully cryopreserved by vitrification in mango (Wu et al., 2003) and longan 

(Matsumoto et al., 2003). Citrus spp. has been cryopreserved by both slow and fast 

cooling methods (Sakai et al., 1991; Sakai et al., 1993; Perez et al., 1997). 

Cryopreservation of embryogenic cultures has also been successful with other tropical 

trees, for example, Hevea brasilinensis (Engelmann and Etienne, 1995). 
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Studies have been undertaken for storage of papaya seeds (Althoff & Carmona, 

1999), shoot tips (Ashmore et al., 2001) and somatic embryos (Lu and Takagi, 2000) in 

liquid nitrogen. Ashmore et al., (2001) obtained a 65% recovery of in vitro papaya shoot 

tips following cryopreservation. Cryopreservation using vitrification allowed 

regeneration of plantlets from shoot tips but a reduced growth was observed in field 

plantings. Lu and Takagi (2000) cryopreserved somatic embryos of ‘Sunrise’ papaya by 

vitrification. More than 70% recovery of somatic embryos was obtained and normal 

germination was observed.  

Studies were undertaken with an objective to determine cultivar and explant 

responses to induction, maintenance, somatic embryo development and recovery of 

plantlets. Likewise, studies were undertaken in order to standardize a cryopreservation 

protocol for papaya embryogenic cultures in order to maximize survival and regrowth of 

cultures. 

Materials and Methods 

Somatic Embryogenesis Studies 

Plant material 

Two papaya cultivars, ‘Sunrise Solo’ and ‘Red Lady,’ were used to study relative 

rates of induction, maintenance and development of embryogenic cultures. Seeds were 

obtained from the University of Hawaii Seed program. To study the response of 

immature zygotic embryos to induction and maintenance of embryogenic cultures, 

papaya fruits at 75-80 days after pollination were collected from the field.  

Induction of embryogenic cultures 

Two types of explants from the two cultivars were used to induce embryogenic 

cultures. Seeds of ‘Sunrise Solo’ and ‘Red Lady’ were surface-sterilized in 20% (v/v) 
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Clorox® for 30 min. Excess sterilant was removed by 3 washes of sterile deionized water. 

The seeds were then placed in Petri plates containing semi solid water agar medium and 

incubated in the dark at 25oC. Germination occurred after 10-15 days. The hypocotyls of 

the seedlings were excised and used as explants. Explants were cultured in the dark on 

semi solid induction medium in sterile plastic disposable Petri dishes (100mmX15mm) 

and sealed with Parafilm®. Induction medium consisted of MS medium with ½ strength 

major salts (Murashige and Skoog, 1962), 400mg L1 glutamine, 50 mg L-1 myoinositol, 

0.5mg L -1 nicotinic acid, 0.5 mg L -1 pyridoxine, 0.1mg L1 thiamine HCl, 60g L1 sucrose, 

9.5µM 2,4-D and 3 g L-1gellan gum. The pH was adjusted to 5.8 with KOH and sterilized 

at 121oC at 1.1 kg cm-1 for 20 min. 

To study the induction response of immature zygotic embryos, fruits 75-80 days 

after pollination were surface sterilized with 30% (v/v) Clorox® for 1h. The fruits were 

then dried in a laminar flow hood and excised to remove the underdeveloped seeds. The 

seed was bisected and the immature embryo with two cotyledons and an embryo axis was 

removed. It was then placed on induction medium and cultured as above. 

Maintenance of embryogenic cultures 

Cultures were transferred to fresh medium at 3 week intervals and were maintained 

on semi solid induction medium for 12 weeks. Following induction of proembryonic 

masses (PEMs), they were transferred to 40 ml liquid medium of the same composition in 

125ml Erlenmeyer flasks. Flasks were sealed with aluminum foil and Parafilm®. Cultures 

were maintained for 12 weeks at 125 rpm. Changes in fresh weight of cultures on semi 

solid medium as well as packed cell volume (PCV) of embryogenic suspension cultures 

were recorded after each subculture.  
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Somatic embryo development 

Embryogenic suspension cultures were sieved through sterile 0.8mm nylon 

filtration fiber and the larger fraction of PEMs was transferred to semi solid maturation 

medium. Maturation medium consisted of induction medium (see above) without any 

growth regulators. PEMs were maintained on the maturation medium for 4-6 weeks for 

development of somatic embryos.  

Somatic embryo germination and plantlet development 

Well developed cotyledonary stage somatic embryos were transferred to semi solid 

germination medium. The medium consisted of MS major and minor salts, MS organics 

100mg L-1 myoinositol, 30g L-1 sucrose, 4.41µM BA and 28.9µm GA3. The cultures were 

maintained in a 14h photoperiod regime for germination. After germination, they were 

transferred to test tubes containing MS basal medium without growth regulators for 

further development. 

Cryopreservation Studies 

Embryogenic cultures 

Embryogenic cultures were induced from hypocotyls as described above. Cultures 

at different stages of development were used to determine the right stage for 

cryopreservation. Three stages of development, namely, embryogenic cell masses, 

(compact masses containing water content of 80%), PEMs (< 0.8mm) and early stage 

cotyledonary embryos were selected for cryopreservation studies.  

Cryoprotectant treatments 

Different combinations of the cryoprotectants glycerol and dimethyl sulfoxide 

(DMSO) were used as treatments and are summarized in Table 4-1. Three 
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cryopreservation procedures were followed depending on the type of tissue used for 

cryopreservation. 

Table 4-1. Different tissue types, cryoprotectant treatments and cooling methods used to 
determine optimum stage and treatment for cryopreservation 

No Stage of Tissue Cryoprotective treatments Cooling Methods 
1 Embryogenic cell 

masses 
Glycerol+ DMSO (0:5, 0:10, 5:0,10:0,5:5, 
10:10 %),PGD, PVS-2 

Slow and Fast 

2 Proembryonic 
masses 

Glycerol+ DMSO (5:5, 10:10%), PGD, 
PVS-2 

Slow and Fast 

3 Somatic embryos 
(cotyledonary 
stage) 

S.A.(2.5%)-no freezing(positive control) 
S.A. (2.5%) 
S.A. (2.5%) +Glycerol (10%) 
S.A.(2.5%)+Glycerol+ DMSO (10% each) 
 

Encapsulation- 
Dehydration 

PGD- [polyethylene glycol + glucose + DMSO (10% each)] 
PVS2-plant vitrification solution -2 (glycerol-30% + ethylene glycol-15%+ DMSO-15%) 
S.A. - sodium alginate 
 
Freezing procedures 

Embryogenic cultures one week after culture into fresh medium were selected for 

cryopreservation. Cryoprotectant solution and 1.5ml cryo-vials were placed on ice in a 

laminar flow hood 30 min before experiments were initiated. Embryogenic cultures (200 

mg) were mixed with cryoprotectants in the cryo-vials. The cryo-vials were cooled at -

1oC min-1 from room temperature to -80oC using a Mr. Frosty® and then plunged into 

liquid nitrogen for 48h. In the case of PVS2 vitrification treatment, the tissue was 

incubated in a loading solution consisting of 2.0M glycerol and 0.4M sucrose (Sakai et 

al., 1990) for 20 min. Following the incubation period, the loading solution was 

discarded and replaced with the cryoprotectant solution. The vials were incubated on ice 

for 30 min and then plunged into liquid nitrogen. A similar procedure was followed when 

PEMs (<0.8mm) were used for cryopreservation. Ten cryo-vials were used for each 

treatment and each cryo vial was considered to be a replication. For somatic embryos, a 
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different procedure was followed. A solution of 2.5% sodium alginate was prepared by 

dissolving it in MS basal medium without calcium chloride. The mixture was sterilized 

by autoclaving. The cryoprotectants were filter-sterilized and added to the solution. 

Cotyledonary stage somatic embryos on maturation medium were selected for 

cryopreservation. The somatic embryos were immersed in the solution and then dipped in 

a solution containing 60mM calcium chloride for 20 min to allow bead formation.  The 

beads were then pretreated by transfer to culture medium for 24h before being air dried 

for 4h. The beads were then transferred to cryo vials and plunged into liquid nitrogen. 

Thawing procedure 

After 48h the cryo-vials were removed from liquid nitrogen and thawed in a water 

bath at 37oC for 2 min.  

Regrowth 

Excess cryoprotectant solution was removed from the cryo-vials using a sterile 

Pasteur pipette. The embryogenic cultures were plated on semi solid induction medium 

for recovery. Cultures that showed regrowth were maintained on the same medium for 12 

weeks and then transferred to maturation medium (induction medium without 2,4-D). 

Regrowth of cultures was recorded at 3 week intervals. The numbers of somatic embryos 

produced from each treatment were counted following development on maturation 

medium. Fifty cotyledonary stage somatic embryos were transferred to germination 

medium and germination percentage was calculated for each treatment. For the 

encapsulation-dehydration treatments, the beads were placed on germination medium and 

the germination percentage was recorded. Data were analyzed with SAS using ANOVA 

at 5% and 1% confidence levels. In some cases the data recorded did not follow a normal 
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distribution and in such cases the appropriate data transformation was carried out to 

normalize the results. 

Results 

Somatic Embryogenesis Studies 

Induction and maintenance of embryogenic cultures 

Embryogenic cultures induced from immature zygotic embryos of ‘Red Lady’ 

(0.80g) recorded the maximum increase in weight after 12 weeks compared to ‘Sunrise 

Solo’ (0.50g) and ‘Red Lady’ (0.36g) in which hypocotyls were used as explants (Figure 

4-1). Embryogenic cultures induced from hypocotyls were wet and loose. In contrast, 

friable embryogenic cultures were obtained from immature zygotic embryos (Figure 4-2). 

Induction of PEMs was observed earlier in cultures from immature zygotic embryos (4-6 

weeks) than from hypocotyls (9-12 weeks).  

A similar pattern was observed in liquid culture, where proliferation of PEMs was 

more rapid in cultures derived from immature zygotic embryos compared to hypocotyls. 

The cultures of ‘Red Lady’ derived from zygotic embryos recorded a packed cell volume 

of 8.57 ml compared to ‘Sunrise Solo’ (7.95ml) and ‘Red Lady’ (6.02ml) that were 

derived from hypocotyls (Figure 4-3). 

Somatic embryo development 

Somatic embryo development occurred when cultures were transferred to 

maturation medium, which did not contain any growth regulators. Development was 

asynchronous and somatic embryos at different stages of development occurred in a 

single culture. They ranged from early stage globular embryo to late stage cotyledonary 

embryos. This pattern of development was observed with both cultivars regardless of 
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explant source. Somatic embryos reached the cotyledonary stage in three weeks on 

maturation medium and were ready to be transferred to germination medium. 
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Figure 4-1. Changes in weights of embryogenic cultures after 12 weeks 

  
 
Figure 4-2.Induction of embryogenic cultures in A. ‘Sunrise Solo’ (hypocotyl), B.‘Red 

Lady’ (hypocotyl) and C.‘Red Lady’ (immature zygotic embryos). 
Proliferating PEMs in D. ‘Sunrise Solo’ (hypocotyl) and E. ‘Red Lady’ 
(hypocotyl) F. Somatic embryos in ‘Red Lady’ (zygotic embryo). 
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Figure 4-3. Changes in packed cell volume (PCV) of PEMs in suspension cultures after 

12 weeks. 

Somatic embryo germination and plantlet development 

Somatic embryo germination occurred 10 to 21 days after transfer to germination 

medium (Figure 4-4). Germination percentage ranged from 68-75% regardless of explant 

source. A large number of germinating embryos were callused at the radical end. Transfer 

of germinating embryos to basal medium resulted in normal plantlet development (Figure 

4-4). Prolonged culture of plantlets on germination medium caused hyperhydric-

elongated shoots. 

 

Figure 4-4. Germinating somatic embryos (A, B) and plantlet (C). 
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Cryopreservation Studies 

Regrowth of embryogenic cell masses following cryopreservation 

No differences in weights were observed in the different treatments 60 days after 

cryopreservation. The maximum weight of cultures was recorded in the non frozen 

control (0.40g) followed by PGD treatment (0.25g) and glycerol + DMSO (10% each) 

treatment (0.25g). A similar trend was observed in weights of cultures 90 days after 

cryopreservation where the weights recorded were 0.54g for the non frozen control, 0.31g 

for the PGD treatment and 0.30g for the glycerol + DMSO (10% each) treatment (Figure 

4-5). 
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Figure 4-5. Changes in fresh weight of embryogenic cell masses after 90 days following 

cryopreservation 

CU- Control Non Frozen 5:5- Glycerol (5%) + DMSO (5%)  
0:5- Glycerol (0%) + DMSO (5%) 10:10- Glycerol (10%) + DMSO (10%) 
0:10- Glycerol (0%) + DMSO (5%)  PGD- Polyethlylene glycol +Glycerol+ DMSO (10% each) 
PVS-2- Plant Vitrification Solution-2 5:0- Glycerol (5%) + DMSO (0%) 
(Glycerol- 30% + Ethylene glycol- 15% + DMSO- 15%) 10:0- Glycerol (10%) + DMSO (0%) 
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Development of PEMs was affected by cryopreservation treatment and no proliferation 

was observed compared to the non frozen control. None of the cryoprotectant treatments 

seemed to have a positive effect on recovery and regrowth of cultures. 

Recovery of proembryonic masses following cryopreservation 

A significant difference was observed among the different treatments after 60 days 

following cryopreservation (Figure 4-6, 4-7). The non frozen control recorded the 

maximum number of proliferating PEMs (58.12), which were followed by cultures 

treated with PVS-2 solution (47.12) and cultures treated with PGD solution (33.62). The 

frozen control recorded the lowest number of PEMs (30.12). A similar pattern was 

observed in the increase in fresh weight of PEMs over a 90 day period. (Figure 4-7, 

Figure 4-8).  
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Figure 4-6. Actively growing PEMs in different treatments 60 days after cryopreservation 

 1.- Control non frozen; 2.- Control frozen; 3.- Glycerol (5%) + DMSO (5%); 4.- Glycerol (10%) + 
DMSO (10%); 5.- Polyethylene glycol + Glycerol + DMSO (10% each); 6- Plant Vitrification Solution- 2 
(Glycerol -30% + Ethylene glycol- 15% + DMS,O- 15%) 
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The maximum increase of embryogenic cultures was recorded in the non frozen control 

after 30 (0.26g), 60 (0.40g) and 90 days (0.54g) of culture. This was followed by the 

vitrification treatment where the fresh weights were 0.24g (30 days), 0.38g (60 days) and 

0.50g (90 days). There were no significant differences in fresh weight between 

vitrification treatment and the non frozen control after 90 days of regrowth following 

cryopreservation. 

Other treatments using the slow cooling method showed significantly lower fresh 

weights over the same period of time.  

Somatic embryo development following cryopreservation 

Somatic embryos began to develop on induction medium. Following transfer to 

maturation medium without any growth regulators, proliferation of somatic embryos was 

observed. 
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Figure 4-7. Changes in fresh weights of PEMs in different treatments following 

cryopreservation 

 NC- Non frozen control; FC- Frozen control; 5:5- Glycerol (5%) + DMSO (5%); 10:10- Glycerol 
(10%) + DMSO (10%); PGD- Polyethylene glycol + Glycerol + DMSO (10% each); PVS 2- Plant 
Vitrification Solution 2 (Glycerol- 30% + Ethylene glycol- 15% + DMSO-15%) 
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Primary somatic embryos produced secondary embryos, namely, repetitive 

embryogenesis. Different stages of somatic embryos were observed developing at the 

same time. Since the data showed a wide variability and did not follow a normal 

distribution they were subjected to arcsine transformation (Table 4-2).  

 
Figure 4-8. Proliferation of PEMs in vitrification treatment (A, B, D) and frozen control 

(C, E) following cryopreservation. 

Both morphologically normal and abnormal somatic embryos were observed on the 

maturation medium. Morphologically normal somatic embryos included embryos which 

were in one of the following stages on culture medium: globular, heart, torpedo or 

cotyledonary stage (Figure 4-9). 

 
Figure 4-9. Different stages of morphologically normal (A) and abnormal (B) somatic 

embryos 
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Abnormal somatic embryos included those embryos which showed deviation from 

the normal stages of development and showed abnormal morphology including fused 

radical end, multiple cotyledons and misshaped embryos (Figure 4-9). The maximum 

number of morphologically normal somatic embryos per Petri plate (Figure 4-9) was 

recorded in the non frozen control (256.00 ±19.37), followed by the vitrification 

treatment (225.20 ±16.93) and polyethylene glycol +glycerol + DMSO- 10% each 

(103.00 ±12.43), while the numbers of somatic embryos recorded in the frozen control 

were 50.80 (±11.64). Morphologically abnormal somatic embryos were also observed on 

maturation medium in all treatments. The maximum number were recorded with the non 

frozen control (63.20 ±6.06) while the minimum number were observed with the 

vitrification treatment (36.40 ±5.30) followed by the PGD treatment (21.20 ±2.02). Thus, 

the maximum percentage of normal somatic embryos was recorded in the vitrification 

treatment (86.18%) followed by PGD (82.42%), compared to the non frozen control 

(79.86%). 

Table 4-2. Number of normal, abnormal somatic embryos and percentage normal somatic 
embryos in different treatments.  

 
CU- Non frozen control; CF- Control Frozen; 5:5- Glycerol (5%) + DMSO (5%); 
10:10-Glycerol (10%) + DMSO (10%); PGD- Polyethylene glycol + Glycerol + 
DMSO (10% each); PVS 2- Plant Vitrification Solution 2 (Glycerol- 30% + Ethylene 
glycol- 15% + DMSO-15%) 

 

No Treatments Normal somatic 
embryos per Petri 

plate 

Abnormal 
somatic embryos 

per Petri plate 

Total somatic 
embryos per 
Petri plate 

% normal 
somatic 

embryos(SE) 
1 CU 256.00 (±19.37) 63.20 (±6.06) 319.20 (±17.15) 79.86 (±0.02) 
2 CF 50.80 (±11.63) 23.00 (±5.59) 73.80 (±16.46) 67.72 (±0.04) 
3 (5:5) 72.60 (±14.18) 31.00 (±5.90) 103.60 (±18.29) 68.88 (±0.04) 
4 (10:10) 59.80 (±11.55) 18.40 (±3.54) 78.20 (±14.70) 78.20 (±0.01) 
5 PGD 103.00 (±12.43) 21.20 (±2.059) 124.20 (±13.39) 82.42 (±0.01) 
6 PVS-2 225.20 (±16.93) 36.40 (±5.30) 261.60 (±20.30) 86.18 (±0.01) 
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Somatic embryo germination and plantlet development 

No differences in germination were observed among the different treatments 

(Figure 4-11). The maximum germination percentage was recorded in the PGD treatment 

(74.66%) followed by the non frozen control (72.66%) and the vitrification treatment 

(71.32%). Callusing was observed at the radical end of the germinating embryos (Figure 

4-10) but was not attributed to cryopreservation as this phenomenon was also observed in 

the non frozen control. Germinating embryos developed into normal plantlets when 

transferred to Magenta boxes containing basal medium. 

 

Figure 4-10. Germinating somatic embryos (A) and plantlet development (B) following 
cryopreservation 
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Figure 4-11. Germination percentages of somatic embryos in different treatments 

following cryopreservation 

 1 - Non frozen control; 2 - Control frozen; 3 - Glycerol (5%) + DMSO (5%);  
 4 - Glycerol (5%) + DMSO (5%); 5 - Polyethylene glycol + Glycerol + DMSO (10% each); 6 - 
Plant Vitrification Solution 2 (Glycerol- 30% + Ethylene glycol- 15% + DMSO-15%) 

Germination of somatic embryos following cryopreservation using encapsulation-
dehydration procedure 

Four treatments including two cryoprotectants, glycerol and DMSO, were used to 

study whether the encapsulation–dehydration procedure could be applied to papaya 

somatic embryos. Among the different treatments, no treatments resulted in germination 

of a single somatic embryo following cryopreservation. In contrast, the positive control 

which included encapsulation-dehydration but no cryopreservation resulted in 78% 

germination of somatic embryos (Figure 4-12) within 3 weeks of treatment, indicating 

that encapsulation dehydration did not inhibit germination. 
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Figure 4-12. Germination of somatic embryos (B and C) following encapsulation (A). 

Discussion 

Somatic Embryogenesis Studies 

Two papaya cultivars ‘Sunrise Solo’ and ‘Red Lady’ were used to study the 

response of different explant types to induction and maintenance of embryogenic 

cultures, and somatic embryo development and plantlet conversion. Hypocotyls from 

germinated seedlings and immature zygotic embryos from fruits developed 75-80 days 

after pollination were studied for the embryogenesis response.  

The time required for induction of embryogenic cultures differed for the two kinds 

of explants and was earlier in cultures induced from immature zygotic embryos than from 

hypocotyls. A difference in the pattern of induction was also observed with respect to the 

two explant types. Cultures initiated from zygotic embryos showed proliferation of 

somatic embryos from the embryo axis as early as 3 weeks following explanting. This 

pattern was not observed with cultures derived from hypocotyls. Culture of hypocotyls on 

induction medium gave rise to PEMs after 9-12 weeks. Thus the induction pathway 

appeared to be indirect in hypocotyls. The term Induced Embryogenic Determined Cells 

(IEDC) was coined by Sharp et al. (1980) and Evans et al. (1983) to describe the 

induction of embryogenic cells. The induction process in this case involved termination 

of an existing gene expression program and its replacement with an embryogenic gene 
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expression program in those cells of the explant tissues which produced somatic embryos 

(Merkle et al., 1995). These changes are usually triggered by an auxin and 2,4-D, which 

caused the alteration of gene expression in hypocotyls. Similar results were obtained by 

Fitch (1993) when hypocotyls were used as explants for induction of embryogenic 

cultures. Embryogenic cultures were obtained in 6-8 weeks following induction as 

compared to 9-12 weeks in the current study. This difference can be attributed to 

genotype as a differential response to embryogenesis among cultivars was also observed 

by Fitch (1993). In contrast, the induction pathway in cultures derived from zygotic 

embryos appeared to be direct where already existing embryogenic cells produced 

somatic embryos with appropriate manipulations in culture medium. These cell types 

were described as Pre-embryogenic Determined Cells (PEDC) to indicate that the origin 

of somatic embryos was directly from cells that already possessed an embryo gene 

expression program (Sharp et al., 1980). Similar results were obtained by Fitch and 

Manshardt (1990) when immature zygotic embryos were cultured on induction medium 

and somatic embryos were observed as early as 20 days following explanting. Induction 

of embryogenic cultures has also been reported from other maternal tissue like 

integuments of immature seeds (Monmarsen et al., 1995), ovaries and ovules (Litz and 

Conover, 1981b; 1982; 1983; Moore and Litz, 1984).  

Proliferation of embryogenic cultures occurred as PEMs, which were maintained as 

suspension cultures in liquid induction medium. Proliferation was higher in cultures 

induced from immature zygotic embryos compared to those induced from hypocotyls. 

PEMs were successfully maintained in suspension cultures which proliferated by 

repetitive budding of PEMs. In liquid medium, rapidly dividing proembryonic cells are 
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constantly shed from larger PEMs, which can then repeat the process. When globular 

embryogenic masses are maintained on medium containing auxin, differentiation of 

embryogenic organs is inhibited and globular embryos enlarge, producing secondary 

embryos from the epidermal layer (Button et al., 1974). A loss of integrated control, thus 

results in secondary somatic embryogenesis (Williams and Maheswaran, 1986). A degree 

of synchrony can be obtained by sieving of cultures and retaining the smallest proembryo 

fraction which retains the potential to produce somatic embryos after subculture to auxin 

free medium (Ammirato, 1987). The proliferation rate of PEMs is higher in suspension 

cultures and the cultures become more synchronized (Von Arnold et al., 2002). Castillo 

et al. (1998) obtained a greater proliferation rate of embryogenic cultures of papaya 

maintained in suspension. Similarly in other tropical and subtropical fruit crops species, 

for example, mango (Litz et al., 1993) and avocado (Witjaksono and Litz, 1999), 

embryogenic cultures can be maintained in suspension for prolonged periods. Greater 

proliferation and synchrony of cultures was observed with these species.  

Embryogenic cultures were transferred to semi solid maturation medium for 

somatic embryo development. Maturation medium was composed of induction medium 

without any growth regulators. After transfer to somatic embryo development medium, 

repetitive embryogenesis was observed, which was of the direct type with secondary 

embryos developing directly from primary embryos. This kind of embryogenesis has 

been described by Sharp et al., (1980) as being permissive or direct. 

Asynchrony in development was observed and can be attributed to polarity of cells 

within the culture. Embryogenic cells when grown in the induction medium in absence of 

auxin can develop into somatic embryos (Ammirato, 1987). When embryogenic cultures 
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are maintained on semi-solid medium containing 2,4-D, maturation of somatic embryos 

occurs, usually from the PEMs distal to the medium surface. It can be attributed to a 

gradient in the availability of auxin within the tissue culture. Another factor leading to 

asynchrony has been the difference in initiation period and fluctuating regimes of 

nutrition during periods of subculture (Conger et al., 1989). Abnormal embryo 

development, namely, embryos with fused cotyledons, multiple cotyledons, misshaped 

embryos and embryos with fused basal ends were observed in the culture medium. 

Developmental abnormalities such as fasciation and fusion of two or more somatic 

embryos can occur when cell divisions in meristematic areas occur prior to differentiation 

of the shoot apex and cotyledons (Litz and Gray, 1992). Abnormalities are frequently 

associated with somatic embryogenesis (Gray 1995; Gray and Purohit 1991). Such 

abnormalities have been observed in several embryogenic systems including alfalfa (Xu 

and Bowley, 1992), mango (Litz et al., 1993) and grape (Gray and Compton, 1993). The 

presence of plant growth regulators in the culture medium is often considered to be a 

major factor contributing to abnormal embryo development (Ammirato, 1987). Other 

factors that contribute to abnormalities are absence of the seed coat in somatic embryos 

which has an effect on embryo respiration and gas exchange (Norstog, 1965).  

Somatic embryos germinated when they were transferred to germination medium. 

Germination percentage was relatively high ranging from 68-75%. Callusing at the 

radical end was frequently observed in germinating somatic embryos. Somatic embryos 

have the ability to conjugate auxins which are subsequently excreted into the medium 

during histodifferentiation (Michalczuk et al., 1992), and this may explain the cause of 

the phenomenon. Hence, treatments, including inclusion of activated charcoal in the 
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medium, may lead to recovery of somatic embryos with more normal morphology and 

increased germination ability (Buchheim et al., 1989), presumably because charcoal 

adsorbs auxins released from developing tissue (Ebert and Taylor, 1990).  

Somatic embryogenesis has been demonstrated from both types of papaya tissues, 

namely, hypocotyls and immature zygotic embryos (Fitch and Manshardt, 1990; Fitch, 

1993). Somatic embryos were produced earlier from zygotic embryos than from somatic 

tissue. The shorter period of time that cultures are exposed to 2,4-D may help reduce the 

abnormalities that arise from the use of 2,4-D (Larkin and Scowcroft, 1981). Although 

somatic embryogenesis from immature zygotic embryos may be more prolific, they are 

more tedious to isolate and may be more difficult to obtain than seedlings outside the area 

of production.  

Cryopreservation Studies 

In an effort to standardize a cryopreservation protocol, different cryoprotectants 

were treated in combination with different stages of embryogenic cultures. Embryogenic 

cell masses, PEMs and somatic embryos were used for cryopreservation using different 

cryoprotectants and cooling methods. 

Treatment of embryogenic cell masses with cryoprotectants did not result in 

significant recovery and regrowth of cultures following cryopreservation. The growth of 

cultures following cryopreservation was extremely slow compared to the non frozen 

control, which recorded an increase in weight over time. Similarly, treated cultures 

showed no development of PEMs which occurred in non frozen controls. Early stage 

embryogenic cell masses consist of a group of heterogeneous cells. Anatomical and 

histological studies with papaya embryogenic cultures (Fernando et al., 2001) showed the 

presence of two distinct sectors in early stage embryogenic cultures, one with elongated 
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and highly vacuolated cells and the other with compactly arranged small meristematic 

cells having a dense cytoplasm. Thus, differences in the rate of cooling and transfer of 

temperature among the cells can cause cooling gradients leading to low survival during 

freezing. High water content among early stage embryogenic cell masses also accounts 

for low survival and lack of proliferation of PEMs following cryopreservation. 

Maximum survival of PEMs was recorded following treatment with cryoprotectants 

and cryopreservation, in comparison with other materials. Among the different 

combinations, the PVS-2 solution followed by the fast cooling method (vitrification) 

resulted in the best recovery and regrowth of cultures. Regrowth was slower than the non 

frozen control, but was significantly higher than other tissues and treatment 

combinations. This result could be attributed to the morphology of PEMs. PEMs contain 

small dense cytoplasmic cells with starch grains and are devoid of vacuoles, whereas non 

embryogenic cells are large and highly vacuolated (Yeung, 1995). Proembryonic cells 

have the smallest volume in culture and contain relatively less water, which is 

advantageous for survival during freezing and thawing (Engelmann, 1991). Thus, 

complete dehydration in the presence of cryoprotectants and relatively low ice crystal 

formation during the freezing and thawing process could lead to better recovery 

following cryopreservation. Efendi (2003) reported that among the two types of 

embryogenic cultures in avocado, the PEM-type cultures responded better to 

cryopreservation than the somatic embryo (SE)-type cultures. PEM-type cultures mainly 

proliferate as PEMs while SE-types develop as heart and globular stage somatic embryos 

in maturation medium. Lu and Takagi (2000) obtained greater than 70% recovery of 

somatic embryos in papaya following cryopreservation with PVS-2 solution. In mango, 
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Wu et al. (2003) obtained 91 to 94.3% recovery of cryopreserved PEMs using PVS-3 as a 

cryoprotectant. Jain et al. (1996) reported successful cryopreservation of rice 

embryogenic cultures using DMSO and glycerol by following the slow cooling method. 

In asparagus, embryogenic suspensions were cryopreserved using the vitrification 

solution with modified concentrations of cryoprotectants (Nishizawa et al., 1993) with a 

survival rate of 80%. 

Among the different cooling methods, fast cooling resulted in better recovery of 

cultures compared to slow cooling. For cryopreservation of plant cell cultures that are 

sensitive to chilling, vitrification has been the preferred method and higher survival rates 

have been obtained compared to the slow cooling method (Reinhoud et al., 1995; Van 

Iren et al., 1995). Cell cultures of a tropical species like papaya may therefore be 

susceptible to the two step freezing procedure; rapid cooling on the other hand may have 

minimized the damage, resulting in better regrowth and development following 

cryopreservation.  

The maximum number of somatic embryos was recorded in the non-frozen control; 

however, the quality of somatic embryos was enhanced with vitrification. The percentage 

of morphologically normal somatic embryos was higher in the cryopreservation 

treatments compared to the non-frozen control. This can be attributed to the selection 

pressure imposed on the material during cryopreservation. During cryopreservation, the 

freeze-thawing cycle can result in selection being imposed on cells. A cell suspension 

culture generally consists of heterogeneous cell population. Highly cytoplasmic cells may 

be more tolerant of cryopreservation than other types of cells. By freezing and thawing a 

cell culture, the more tolerant types of cells may be selected above other cells and result 
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in a higher proportion of good quality somatic embryos (Aguilar et al., 1993). Thus, 

although basic properties of a cell line may not change, there is a chance of selection as a 

result of cryopreservation. Similar results were obtained by Gnanapragasam and Vasil 

(1992), where the protoplast yield and plating efficiencies from cryopreserved cells were 

higher than the non-frozen ones. Furthermore, several freeze thaw cycles can result in the 

isolation of a culture with enhanced cryotolerance (Kendall et al., 1990; Watanabe et al., 

1992). Thus, cryopreservation can serve as a tool for germplasm conservation and can 

improve the quality and recovery of embryogenic cultures. No significant difference in 

germination percentages was observed between the non frozen control and cryoprotectant 

treatments. Thus, cryopreservation clearly does not seem to have any deleterious effects 

on development of cultures.  

When somatic embryos at the cotyledonary stage were used for cryopreservation 

using the encapsulation-dehydration procedure, no germination and plant recovery was 

obtained following cryopreservation. Germination and recovery was normal in somatic 

embryos that were encapsulated but not cryopreserved, indicating that there were no 

inhibitory substances in the encapsulation mixture. The lack of regrowth was solely due 

to damage caused  to encapsulated embryos during cryopreservation. A study of the 

somatic embryo ultrastructure shows that the cells in the somatic embryos usually have a 

full complement of organelles. The ground meristem of the oblong embryo begins to 

vacoulate and the process continues throughout embryo maturation (Schiavone and 

Cooke, 1985). Storage proteins and lipids accumulate during the maturation phase of 

somatic embryos. Storage lipid accumulation often coincides with storage protein 

deposition (Aung et al., 1982). During cryopreservation, proteins and lipids undergo 
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phase transition from liquid crystalline to the gel phase (Engelman, 1991). Coexistence of 

liquid-crystalline and gel phases in a membrane can cause leakage and therefore cell 

damage (Hammoudah et al., 1981). Since not every lipid has the same phase transition 

temperature, phase separation may occur, resulting in the formation of gel phase rich 

domains. With warming these domains may result in the formation of non-lamellar 

structures which will cause leakage and cell damage (Quinn, 1985). In Papaver 

somniferum, Gazeau et al. (1998) reported negative results with the encapsulation-

dehydration method for cryopreservation and attributed it to insufficient dehydration 

which did not endow cells with liquid nitrogen resistance. Therefore, papaya somatic 

embryos may not be an appropriate tissue stage for cryopreservation. Cryopreservation of 

somatic embryos using encapsulation-dehydration may be species-dependent. Although 

cryopreservation of somatic embryos has not been possible with citrus (Marin et al., 

1993) and Papaver (Gazeau et al., 1998), cryopreservation of somatic embryos has been 

achieved in gymnosperm species like Picea glauca (Kartha et al., 1988) and P. abies 

(Gupta et al., 1987). Differences in storage proteins and lipids of temperate and tropical 

plant species may be decisive factors for the successful cryopreservation of somatic 

embryos. Exposure to low temperature may cause inactivation of proteins that are 

sensitive to cold apart from lipid damage (Usami et al., 1995) and this may result in 

unsuccessful cryopreservation.  

Conclusions 

Embryogenic cultures were induced from papaya hypocotyls as well as immature 

zygotic embryos. Immature zygotic embryos have better embryogenic potential compared 

to hypocotyls, with earlier and greater proliferation of PEMs. Cryopreservation studies to 

optimize the stage and method of cryopreservation demonstrated that PEMs represent the 
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best stage for cryopreservation using vitrification and fast cooling method. This 

combination resulted in maximum recovery and regrowth of cultures and normal 

development and recovery of plantlets. 
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CHAPTER 5 
TRANSFORMATION OF EMBRYOGENIC PAPAYA CULTURES WITH CBF 

CONSTRUCTS AND RECOVERY OF PLANTS 

Introduction 

Cold can limit crop productivity in the tropics and subtropics and accounts for 

significant crop losses. Different plant species have various threshold levels of stress 

tolerance. Some species can tolerate stress and complete their life cycle; however, many 

cultivated species are highly sensitive to stress and either die or suffer from loss of yield. 

It has been estimated that two-thirds of the yield potential of major crops is lost due to 

unfavorable growing conditions. Chilling sensitivity is common in plants that originated 

in tropical and subtropical regions and the injury is a result of destabilization of cell 

membranes (Levitt, 1980). Freezing temperatures are a major factor determining the 

geographical locations suitable for growing horticultural plant species and periodically 

account for a decrease in production (Thomashow, 1999).  

Many environmental stresses, namely, heat, salinity, low temperature and drought, 

and developmental processes, namely, seed maturation, cause water deficit in plants 

(Ingram and Bartels, 1996). Many plants show increased freezing tolerance in response to 

low temperature, a phenomenon known as cold acclimation (Sakai and Larcher, 1987). 

The genes associated with freezing tolerance can be classified accordingly: 1) groups that 

actually confer cold tolerance through the synthesis of cryoprotective proteins and 2) 

groups that are induced in response to cold which in turn activate the other class of genes. 

A major achievement in the field of cold acclimation research has been the discovery of 

CBF (C repeat Binding Factor) genes (Thomashow, 1999).These genes are transcriptional 
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activators that bind to the promoter regions of the cold tolerance genes (Gilmour et al., 

1998). These transcriptional activators are cold regulated (Gilmour et al., 1998). Within 

15 min of transfer to low temperature, CBF/DREB1 transcripts begin to accumulate 

followed 1 to 2 hours later by accumulation of CRT/DRE regulated genes in A. thaliana. 

Overexpression of CBF genes in Arabidopsis (Jaglo-Ottosen et al., 1998; Kasuga et al., 

1999) results in the expression of CRT/DRE-controlled COR genes without a 

temperature stimulus. Heterologous expression of the CBF 1 gene in tomato (Heish et al., 

2002) resulted in improved chilling tolerance in transformed plants compared to wild 

type plants. Thus, genetic transformation with CBF genes seems to be promising for 

improving stress tolerance in plant species with limited freezing tolerance. 

The area under papaya production is currently limited to tropical and subtropical 

regions. The crop requires a warm climate for growth and development and the species is 

extremely sensitive to frost. Ogden et al. (1981) ranked papaya as having poor cold 

tolerance. A temperature of -0.6oC for a brief period can cause freezing damage 

(Maxwell et al., 1984). The fruit flavor tends to be insipid if fruit maturation occurs 

during periods when temperatures are above freezing but below optimum (Wolfe and 

Lynch, 1940). Chilling temperatures cause photoinhibitory damage and the level of 

damage is dependent on the degree of exposure to temperature and sunlight (Smillie et 

al., 1979; 1988).  

Genetic transformation has been used in papaya for improvement of traits which 

are difficult to incorporate through conventional breeding. Genetic transformation 

protocols have been standardized for papaya using both particle bombardment (Fitch et 

al., 1990) and Agrobacterium mediated transformation (Fitch et al., 1993). Somatic 
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embryogenesis has been the principle pathway for obtaining regenerants following 

transformation (Fitch et al., 1990, 1993; Yang et al., 1996; Ying et al., 1999).  

Papaya is susceptible to several virus diseases (Litz, 1986), and papaya ring spot 

virus (PRSV) is the major virus affecting cultivation. Fitch et al. (1993) obtained 

resistance to PRSV by transforming embryogenic cultures with a coat protein (cp) gene 

from the virus conferring resistance to the virus. Plants were successfully regenerated and 

field trials confirmed the resistance under field conditions (Gonsalves, 1998). Similar 

studies have been conducted with different strains of the virus in Taiwan (Yeh et al., 

1998) and Florida (Ying et al., 1999). Genetic transformation has been used to develop 

transgenic papaya with antisense ACC synthase genes to confer ethylene insensitivity 

(Magdalita et al., 2002) and for insect resistance (McCafferty et al., 2003). 

Genetic transformation of papaya with CBF genes seems to be an interesting 

prospect to study changes in response of the transgenic plants to chilling temperatures. 

Transgenic plants encoding the CBF genes would demonstrate whether any pathway for 

cold acclimation exists in tropical crop species and whether heterologous expression of 

these activators would improve chilling or freezing tolerance. Genetic transformation of 

embryogenic papaya cultures was carried out with the above objectives in mind. 

Materials and Methods 

Preparation of E coli. Cultures and Plasmid Isolation 

The binary vector pGA 643 harboring the gene constructs for CBF 1, CBF 2 and 

CBF 3 were isolated from transformed E. coli strain DH5α. The binary vector consists of 

the CBF gene sequence along with the neomycin phosphotransferase II (nptII) gene 

which confers resistance to the antibiotic kanamycin sulfate. The gene of interest (CBF 

genes) and the npt II genes were cloned within the restriction sites in the polylinker. The 
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whole gene cassette is driven by the Cauliflower Mosaic Virus (CaMV) 35S promoter, a 

constitutive promoter. The restriction map of the binary vector is shown in Figure 5-1. 

 

 
Figure 5-1. Restriction map of pGA 643 harboring CBF 1, CBF 2 and CBF 3 together 

with the npt II gene 

The bacteria were streaked on Petri plates containing semi solid LB (Luria Broth) 

medium containing 50 mg L-1 kanamycin sulfate. The Petri plates were incubated at 370C 

for 12 h. A single colony was used to inoculate 5ml liquid LB medium with the same 

concentration of kanamycin sulfate. The culture was grown at 370C on an orbital shaker 

at 225 rpm for 12 h. One ml of this culture was used to inoculate 35 ml liquid LB 

medium containing 50 mg L-1 kanamycin sulfate. After 12 h the bacterial cultures were 

used for isolation of plasmid DNA. The Wizzard® Plus SV Minipreps DNA purification 
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system (Promega) kit was used to isolate the plasmid from E. coli. One ml of the bacterial 

culture was centrifuged in a microcentrifuge at 10,000 rpm for 5 min. The supernatant 

was discarded and the tube was inverted on a paper towel to remove excess medium. A 

volume of 250µl of cell resuspension solution was added to the microcentrifuge tube and 

the pellet was resuspended by vortexing.  This was followed by addition of 250 µL of cell 

lysis solution and the mixture was inverted three to four times to mix the solutions. The 

cells were then incubated in the solution at room temperature for 5 min. A volume of 350 

µL of neutralization solution was added and thoroughly mixed by inverting the tube for 

three to four times. The bacterial lysate was then centrifuged in a table top centrifuge at 

14,000 rpm for 10 min. A spin column was attached to the port of a Vacuum Manifold 

(Vac Man® Laboratory Vacuum Manifold, Promega) into the vacuum adapter and fitted 

snugly. The lysate was transferred to the spin column carefully, taking care not to transfer 

the white precipitate. A vacuum of 15 inches of mercury (Hg) was applied to pull the 

liquid through the spin column. When all the liquid had passed through the column the 

vacuum was released. 750 µL of column wash solution which was previously diluted 

with 95% ethanol was added to the spin column and a vacuum was applied again to pull 

the liquid through the column. The vacuum was released when all the liquid passed 

through the spin column. The procedure was repeated using 250µL of column wash 

solution. The column was then dried by applying a vacuum for 10 min. The spin column 

was then transferred to a 2 ml collection tube and was spun in a table top centrifuge at 

14,000 rpm for 2 min to remove the residual column wash solution. The spin column was 

then transferred to a new 1.5 ml microcentrifuge tube. The plasmid was eluted by adding 

100µL of nuclease-free water to the spin column and centrifuging it at 14,000 rpm for 2 

min. The plasmid was stored at -20oC for further use. 
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Evaluation of Plasmid DNA using Agarose Gel Electrophoresis 

Three µL of plasmid DNA was mixed with 2 µL of 6X loading dye and 10 µL of 

distilled water. The mixture was spun at 2,000 rpm for 30 sec and loaded on a 0.8% 

agarose gel along with a 1kb marker. The gel was run at 70V for 1 h, and then stained in 

50 ml TAE buffer containing 3µL ethidium bromide for 10 min. The gel was 

photographed using a transilluminator and the quality of the plasmid DNA was 

confirmed. 

Electroporation of Purified Plasmid DNA into Agrobacterium 

The purified plasmid was used for transforming A. tumeficiens competent cells GV 

3101. The competent cells were removed from a -80oC freezer and thawed on ice. One µg 

of the isolated plasmids (binary vectors) harboring the CBF 1, CBF 2 and CBF 3 inserts 

were mixed with the competent cells and incubated on ice for 3 min. The contents were 

then transferred to a cold electroporation cuvette with a 0.2 cm electrode gap (BioRad). 

The Agrobacterium cells and the plasmid DNA were mixed thoroughly. The Gene Pulser 

(BioRad) was set at a 25mF and the voltage was set at 2.54 kV. The pulse resistance 

controller was set at 200.50 for electroporation. After the cuvette was removed from the 

chamber, 1ml of YM medium was added to the chamber. The entire volume of the 

cuvette was transferred to 15 ml Falcon tubes containing 3 ml YM medium and the tubes 

were rotated in a drum roller at 225 rpm for 3h. Fifty µl of the medium was then 

transferred to plates containing semi solid YM medium with 50mg L-1 kanamycin sulfate 

and 50 mg L-1 gentamycin. The plates were incubated in the dark at 28oC for three days. 

Single isolated colonies growing on the plates were transferred with a sterile disposable 

inoculating loop and used to inoculate 5 ml liquid YM medium with the same antibiotic 

concentrations. The medium was shaken at 225 rpm for 12 h at 28oC. One ml of this 
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culture was used to initiate 35 ml liquid YM medium in 125 ml Erlenmeyer flasks with 

the same concentration of antibiotics. The flasks were placed on a shaker at 225 rpm for 

12 h. at 28oC. After 12 h., 700 µL of the bacterial culture was transferred to a 1.5ml 

microcentrifuge tube and was mixed with 200uL of filter-sterilized glycerol. The contents 

of the tube were mixed thoroughly. The entire 35 ml of culture was thus transferred to 

microcentrifuge tubes with glycerol and stored at -80oC for future use.  

Preparation of Agrobacterium Stocks 

A single transformed colony of Agrobacterium harboring the constructs was used 

to inoculate 5 ml liquid YM medium containing 50 mg L-1 kanamycin sulfate and 50mg 

L-1 gentamycin. The culture was grown on a rotary shaker at 27oC and 225rpm for 15 h. 

One ml of this culture was used to inoculate 35 ml YM medium in 125 ml flasks having 

the same composition of antibiotics. The flasks were placed on a rotary shaker at 225 rpm 

and 27oC for 15h. After 15 h, 100µL of 100µM acetosyringone was added to the flasks 

and were shaken on a rotary shaker for another 4h. Three ml of the liquid medium was 

centrifuged at 14,000 rpm for 2 min using a table top centrifuge. The pellet was 

resuspended in 2 ml MS basal medium containing 100µM acetosyringone and was used 

for co cultivation. 

Confirmation of Binary Construct in Agrobacterium by Agarose Gel Electrophoresis 

The plasmid was isolated from a 2ml Agrobacterium culture as described earlier to 

confirm the presence of the binary vector in the Agrobacterium. The plasmid isolated 

from E. coli was used as a positive control. The isolated plasmid and the control were run 

on a 0.8% agarose gel at 70V for 1h. The gel was then stained with ethidium bromide and 

photographed.  
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Induction of Embryogenic Cultures 

Seeds of ‘Sunrise Solo’ were surface sterilized in 20% (v/v) Clorox® for 30 min. 

Excess sterilant was removed by 3 washes of sterile deionized water. The seeds were then 

placed in Petri plates containing semi solid water agar medium and incubated in the dark 

at 25oC. Germination occurred after 10-15 days. The hypocotyls of the seedlings were 

excised and used as explants. Explants were cultured in the dark on semi solid induction 

medium in sterile plastic disposable Petri dishes (100mmX15mm) and sealed with 

Parafilm®. The induction medium consisted of MS medium with half strength major and 

minor salts (Murashige and Skoog, 1962), 400mg L-1 glutamine, 50 mg L-1 myoinositol, 

0.5mg L-1 nicotinic acid, 0.5 mg L -1 pyridoxine, 0.1mg L-1 thiamine HCl, 60g L-1 

sucrose, 9.5µM 2,4-D and 7 g L-1 of agar. The pH was adjusted to 5.8 with KOH and 

sterilized at 121oC at 1.1 kg cm-1 for 20 min. 

Maintenance of Embryogenic Cultures 

Cultures were transferred to fresh medium every 3 weeks and were maintained on 

semi solid induction medium for 12 weeks. Following the induction of PEMs they were 

transferred to 40 ml liquid medium of the same composition in 125ml Erlenmeyer flasks. 

Flasks were sealed with aluminum foil and Parafilm®. Cultures were maintained for 8 

weeks at 125 rpm.  

Co-cultivation of Embryogenic cultures with Agrobacterium tumefaciens 

Embryogenic cultures maintained as suspension in liquid induction medium were 

used for co cultivation. Fifteen mg of autoclaved carborundum was added to each flask 

and the flasks were vortexed for 30 sec to wound the tissue. Two ml of the concentrated 

Agrobacterium culture was added to the flasks and was co-cultivated with the 

embryogenic cultures in the dark for three days at 25oC.  
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Growth and Development of Transformed Embryogenic Cultures 

Following three days of co- cultivation, the embryogenic cultures were washed 

with liquid MS basal medium containing 600mg L-1 carbenicillin and 100 mg L-1 

cefotaxime to remove the bacteria. Embryogenic cultures were then transferred to a glass 

Petri plate containing autoclaved Kimwipes® for 30 min and then transferred to 125 ml 

Erlenmeyer flasks containing 35 ml liquid induction medium with 600mg L-1 

carbenicillin and 100 mg L-1 cefotaxime for two weeks. Embryogenic cultures were 

periodically tested for the presence of the bacteria by removing 1ml of the liquid culture 

medium and plating it on nutrient agar medium. The plates were observed for regrowth of 

bacteria after 24 h. The medium was replaced at weekly intervals. Following two weeks, 

the cultures were transferred to semi solid induction medium containing 600 mg L-1 

carbenicillin, 100 mg L-1 cefotaxime and 300mg L-1 kanamycin sulfate. The cultures were 

grown on the medium for four weeks and then transferred to semi solid induction media 

containing the same concentration of antibiotics. After four weeks the cultures were 

transferred to somatic embryo development medium. The development medium consisted 

of induction medium without growth regulators and containing 600 mg L-1 carbenicillin, 

100 mg L-1 cefotaxime and 150mg L-1 kanamycin sulfate.  

Germination and Plantlet Development 

After three weeks well developed cotyledonary stage embryos were transferred to 

germination medium. The germination medium consisted of MS major and minor salts, 

MS organics 30g L-1 sucrose, 100mg L-1 myoinositol, 28.9 µM giberellic acid (GA3) and 

4.41µM benzyladenine (BA). Germinating somatic embryos were transferred to baby 

food jars containing germination medium without growth regulators and 50mgL-1 

kanamycin sulfate for plantlet development. Each plantlet showing normal rooting in the 
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selection medium was considered as an individual line. The plantlets that failed to root in 

the selection medium were discarded. The plantlets were then transferred to Magenta G-7 

boxes containing MS basal medium with 200mg L-1 activated charcoal for further 

development. 

DNA Extraction 

The germinated seedlings from putatively transformed cultures for CBF 1 and CBF 

3 were used for extraction of genomic DNA using the cetyltrimethylammonium bromide 

(CTAB) method (Clark et al., 1989). Five g of plant tissue was ground to a fine powder 

in a mortar and pestle using liquid nitrogen (LN). The contents were then transferred to 

50 ml falcon tubes to which 12 ml of CTAB buffer was added. The buffer consisted of 

3% CTAB, 1.4 M NaCl, 0.2% β-mercaptoethanol, 100mM EDTA, 100mM Tris HCl, 2% 

polyvinylpyrrolidone (PVP) and 3% polyvinylpolypyrrolidone (PVPP). The tubes were 

incubated at 65oC in a water bath for 30 min with occasional inversion. The contents of 

the Falcon tubes were then distributed equally to microcentrifuge tubes. Following 30 

min incubation, 1.2ml of phenol: chloroform (1:1 v/v) mixture was added to the tubes and 

was mixed by gentle inversion of the tubes. The tubes were then centrifuged at 12,000 

rpm (16,000g) at room temperature for 10 min in an Eppendorf 5417R centrifuge 

(Brinkmann). The aqueous phase was transferred to new 3ml microcentrifuge tubes using 

a wide bore pipette tip. An equal volume of chloroform:isoamyl alcohol (24:1 v:v) 

mixture was added to the tubes with gentle swirling. The tubes were then centrifuged at 

12,000 rpm for 10 min. The aqueous phase was then transferred to new microcentrifuge 

tubes. Two-third volume of cold isopropanol was then added to the tubes and mixed 

gently to precipitate the nucleic acids. The tubes were centrifuged again at 12,000 rpm for 

10 min. The supernatant was discarded and the pellet was suspended in 1.0 ml wash 
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buffer. The wash buffer consisted of 7.5M ammonium acetate with 76ml of ethanol with 

the final volume made to 100 ml with sterile deionized water. The tube was then 

centrifuged at 12,000rpm for 10 min and the supernatant was removed to dry the DNA 

pellet. The pellets for all the tubes were pooled and were resuspended in 100µL water. 

The same procedure was followed for extraction of DNA from A. thaliana which was 

used as a positive control.  

RNAse Treatment and DNA Purification 

A volume of 2µL DNA was taken for all three samples and dissolved in 13µL of 

deionized sterile water, and the sample was run on a 0.8% agarose gel at 70V for 1h to 

determine the purity of the DNA extracted. A volume of 3M sodium acetate equal to 10% 

of the total DNA volume was added to microcentrifuge tubes containing the extracted 

DNA. An equal volume of 95% ethanol (Molecular Biology grade, Sigma Chemicals, St 

Louis, MO) was added to the tubes. This was followed by addition of 4µL of RNAse A 

enzyme to the tubes. The tubes were then centrifuged at 10,000rpm for 15 min. 

Following centrifugation, the microcentrifuge tubes were incubated at 4oC for 30 min. 

The supernatant solution was discarded and the precipitate was washed with 70% chilled 

ethanol. The ethanol was carefully removed and the pellet was allowed to dry.  This was 

followed by another wash of 95% chilled ethanol and the procedure was repeated. After 

complete evaporation of the ethanol the pellet was resuspended in 50µL deionized sterile 

water. A sample of 2µL was dissolved in 13 µL water and the sample was run on a 0.8% 

agarose gel at 70V for 1 h to verify purity after RNAse treatment. 

Restriction Enzyme Digestion for Designing Probe 

The pBluescript SK- harboring the CBF 1, CBF 2 and CBF 3 (Figure 5-2) was 

isolated from E. coli and treated with restriction enzymes (Fisher Scientific) to confirm 
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the presence of the gene inserts. The enzymes used for restriction digestion depended on 

the restriction sites in which the inserts were cloned and have been described in Table 5-1 

Table 5-1. Restriction enzymes and digestion conditions for CBF 1, CBF 2 and CBF 3  
No Insert Restriction sites Buffer used Digestion 

conditions 
1 CBF 1 Xba I and Xho I Buffer D 37oC for 3h 

2 CBF 2 ECoR I Buffer H 37oC for 1h 

3 CBF 3 Eco R I Buffer H 37oC for 1h 

 
Five µL of plasmid DNA was mixed with 1µL of the respective restriction enzymes 

and buffer, 1µL of bovine serum albumin (BSA), 3µL of 6X loading dye and the final 

volume was made to 15µL with nuclease-free water in a microcentrifuge tube. The 

contents were briefly spun in a table top centrifuge at 2,000 rpm for 30 sec and incubated 

in a water bath at the appropriate temperature and time for digestion. The contents were 

then loaded on a 0.8% agarose gel. The gel was run at 70V for 1h and then photographed. 

The quality of the plasmids and the cutting efficiency of the restriction enzymes were 

analyzed from the gel picture.  

Synthesizing the Probe for Southern Blot Hybridization 

The digested products from the above reaction were used as templates to synthesize 

a probe. The digoxigenin (DIG) labeling kit (Roche Diagnostics) was used to label the 

probe. The labeling procedure was carried out using PCR. An alkali- labile digoxygenin 

molecule was incorporated into the dUTP (uracil triphosphate) molecule of the nucleotide 

triphosphates (dNTP) mixture and was supplied with the kit. The labeled dNTPs were 

mixed with the unlabeled dNTPs in a proportion of 1:3. This mixture was used to label 

the probe while the unlabeled dNTPs were used to amplify the template DNA as a 

negative control. The template DNA was diluted to a concentration of 20pg µL-1 and used 
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in the PCR reactions. The final volume used for the reactions was 50µL. All the reactions 

were run in an Eppendorf thermal cycler (Sakai et al., 1988). The PCR components and 

reaction conditions for the reactions have been described in Table 5-2. The primers for 

the CBF 1 and CBF 3 template DNA were synthesized (Integrated DNA Technologies, 

Coralville IA) and cycle conditions were determined for each set of primers from the 

Tm(melting temperature) and the GC(Guanosine Cytosine) content of the primers. The 

cycle conditions have been described in Table 5-3 and Table 5-4. 

Restriction Enzyme Digestion of Genomic DNA 

The genomic DNA from the putatively transformed tissue was digested with 

restriction enzymes for the purpose of Southern blot analysis. The restriction enzymes 

were selected after studying a simulation restriction enzyme analysis using Gene Tools 

software. All commercial restriction enzymes were selected to run the simulation gel 

analysis and restriction maps of the sequences were obtained. The enzymes which did not 

digest the sequences anywhere along the length of the sequence were selected to allow 

binding of the probe to an undigested target. The restriction maps for the CBF 1 and CBF 

3 sequences are presented in Figure 5-3. Three restriction enzymes EcoRI, Sau3AI and 

BamHI (Promega) did not cut the sequence anywhere along its length and were further 

tested to determine the cutting efficiency of the enzymes on the genomic DNA. TwoµL 

of genomic DNA was mixed with 1µL of enzyme, 1µL of buffer and 1µL of BSA and the 

final volume was made to 15 µL with nuclease free water in a microcentrifuge tube. The 

contents of the tube were briefly spun at 2,000 rpm for 30 sec in a table top centrifuge 

and then incubated for 4h in a water bath at 37oC. 
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 Figure 5-2. Restriction map of CBF 1 in pBluescript SK- 

Table 5-2. PCR components and concentrations used for probe labeling.  
No Reagent Volume(µL) 

Labeled product 
Volume(µL) 
unlabeled product 

Final 
concentration 

1 PCR buffer 5 5  

2 dNTP+DIGdNTP 5 - 200uM 

3 dNTP - 5 200uM 

4 Forward primer 5 5 1uM 

5 Reverse primer 5 5 1uM 

6 Taq enzyme 0.75 0.75 0.04units µL-1 

7 Template DNA 2µL 2µL 20 pg µL-1 

8 Water 27.25 27.25 - 

 Total 50 50 - 
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Table 5-3. Primer sequences for selective amplification of CBF 1 and CBF 3.template 
DNA 

No Template 
DNA 

Primer sequence 

1. CBF 1 (F)5`-CCTTATCCAGTTTCTTGAAACAGAC-3` 
(R)5`-CGAATATTAGTAACTCCAAAGCGAC-3 

2 CBF 3 (F)5`-CCTTATCCAGTTTCTTGAAACAGAC-3 
(R) 5’- GACCATGAGCATCCGTCGTCATATGAC-3’ 

 
Table 5-4. Cycle conditions for selective amplification of CBF 1 and CBF 3 template 

DNA 
No Denaturation 

time and temp 
Denaturation Annealig Primer extension Final extension Number of 

cycles 
CBF 1 2mins@95oC 1min@94oC 45sec@ 

50.5oC 
45 secs@72oC 5mins@72oC 50 

CBF 3 5 mins@95oC 1min@94oC 1min@50oC 1min@72oC 5mins@72oC 50 
 
Analysis of Digested Products 

 The digestion products were analyzed on a 0.8% agarose gel. 5µL of the digested 

sample was mixed with 3µL of 6X loading dye and the final volume was made to 15µL 

in a microcentrifuge tube. The contents were briefly spun and loaded on the gel. The gel 

was run at 55V for 2h to ensure total separation of digested DNA fragments. The gel was 

then photographed. The digestion reactions were analyzed visually. 

 
A 

Figure 5-3. A. Restriction enzyme analysis for CBF 1 sequence using Gene Tools B. 
Restriction enzyme analysis for CBF 3 sequence using Gene Tools (Biotools, 
2003) 
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B 

Figure 5-3. Continued 

Restriction Digestion of Genomic DNA for Southern Blot 

Based on the above reaction, Sau3AI showed uniform cutting of genomic DNA and 

was used for the Southern blot reaction. The concentration of genomic DNA was 

estimated from the gel picture (after extraction of genomic DNA) by comparing the 

bands of genomic DNA with the standard λ markers. An amount of DNA equivalent to 

1µg was mixed with 1µL of the restriction enzyme, 2µL buffer and 2µL BSA and the 

final volume was made to 19µL with nuclease-free water. The contents were briefly spun 

at 2,000 rpm for 30 sec and then incubated at 37oC for 4h. After 4h an additional 1µL of 

enzyme was added and the contents were incubated overnight at 37oC. After the digestion 

period, 2µL of the sample of digested products was mixed with 3µL of 6X loading dye. 

The final volume was made to 15µL with nuclease-free water and the samples were run 

on a 0.8% agarose gel at 60 V for 2 h. The gel was photographed in a gel documenting 

unit and the efficiency of the enzyme was determined by visual observation. The entire 

remaining volumes of digested products were run on a 0.8% agarose gel at 35V for 4h to 

ensure uniform separation of digested fragments. 



115 

 

Depurination and Denaturation of Genomic DNA on the Agarose Gel 

The gel was transferred to a plastic container and soaked in 100ml of 0.1N HCl for 

10 min. The gel was transferred to another container and 100 ml 0.5N NaOH/ 1.5M NaCl 

was added to the container. The gel was then gently shaken in the solution for 10 min at 

room temperature. The solution was discarded and the procedure was repeated for 10 

min. The gel was washed with 100ml distilled water for 30 sec. The water was discarded 

and the gel was washed two times for 10 min with 100 ml of 1M Tris (pH 7.4) 1.5M 

NaCl mixture. The gel was shaken gently during the whole process.  

Capillary Transfer of Genomic DNA to Nylon Membrane 

A set of eight blotting pads and two wicking pads were used for the capillary 

transfer process. A blotting pad was placed at the bottom of a plastic box and was 

saturated with 20 mL of 20X SSC buffer. Any air bubbles trapped between the base of 

the box and the pad were removed by gently massaging the pad. A piece of wicking 

paper was placed squarely over the saturated blotting pad and air bubbles were removed. 

The gel was placed on the wicking paper, with the DNA side up. Any air bubbles trapped 

between the wicking paper and the gel were removed. A positively charged nylon 

membrane was selected for transfer of DNA and the upper end of the membrane was 

marked with a ball point pen to indicate the orientation of the membrane. The membrane 

was handled using forceps to avoid development of background noise. The membrane 

was placed on the gel carefully and all the air bubbles trapped between the membrane and 

the gel were carefully removed to ensure complete contact of the gel with the membrane. 

A piece of wicking paper was placed on the nylon membrane and seven blotting pads 

were placed on the wicking paper. The lid of the plastic box was inverted and was placed 

on the blotting pads. Approximately 200 g (60 ml water in a 100 ml bottle) was placed in 
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the middle of the lid and transfer of DNA from the gel to the membrane was allowed 

overnight. 

Cross Linking of DNA with Nylon Membrane 

The blotting pads and wicking paper was carefully removed and the nylon 

membrane was transferred to a clean plastic container. 100 ml of 5X SSC buffer was 

added to the container and the container was shaken gently on a rotatory shaker for 5 min 

at room temperature. The membrane was removed and placed on clean Whatman 3MM 

paper. The membrane was left on the paper to allow the excess SSC to be absorbed. The 

paper was placed in a Biorad UV cross linker. The membrane was then subjected to 

ultraviolet light for 150 sec to allow covalent bond formation between the membrane and 

the DNA.  

Checking Transfer Efficiency of the Gel 

The blotted gel was stained with ethidium bromide for 10 min. The gel was 

photographed in a gel documentation unit and the picture was used for checking transfer 

efficiency of DNA from the gel to the nylon membrane. 

Prehybridization and Hybridization of the Nylon membrane: 

The labeled probe was added to the hybridization solution at a concentration of 2µL 

per ml of hybridization solution. The temperature for the hybridization reaction was 

calculated from the properties of the probe. The properties of the probe were determined 

by importing the sequence of the probe from PubMed website (Accession number 

AF074603). The sequence was analyzed with Gene Tools software (Biotools, 2003) for 

its chemical properties. The sequence had a length of 902 base pairs (bp), a GC density of 

43.9% and an AT density of 56.1%. The temperature for the hybridization reaction was 

calculated from the following equation: 
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Tm= 49.82+ 0.41 (% G+ C) - (600/L) = 49.82 + 041 (43.9) – (600/902) 

Where Tm= Melting temperature of the sequence 

L= length of the sequence 

The hybridization temperature was calculated using the equation: 

Topt = Tm- 20 to -25oC. 

Where Topt= optimum temperature. 

The hybridization temperature for the probe was calculated as 41oC from the above 

equation. The nylon membrane was carefully rolled and transferred to a 50 ml Falcon 

tube. Ten ml of hybridization solution (Roche Diagnostics) was added to the Falcon tube. 

The tube was placed in a hybridization oven and was rotated at 30 rpm for 15 min at a 

temperature of 41oC. Twenty µl of the probe was added to the tube and hybridization was 

carried out overnight at 41oC.  

Detection of the DIG Labeled Probe 

The hybridization solution was discarded from the Falcon tube and the nylon 

membrane was washed using a DIG Wash and Block Buffer Set (Roche Diagnostics). 

Fifteen ml Wash A solution was added to the tube and was rotated in a hybridization 

oven at 30 rpm for 5 min at room temperature. The procedure was repeated with a second 

wash for 5 min. The Wash A solution was then discarded and 15 ml Wash B was added 

to the tube. The tube was then rotated in a hybridization oven at 30 rpm at 55oC for 15 

min. The solution was discarded and the procedure was repeated 2X. The membrane was 

then removed from the Falcon tube with a pair of forceps and was transferred to a clean 

plastic container. Twenty ml Buffer I was added to the container and was incubated at 

room temperature for 1 min. The Buffer I solution was then discarded and 20 ml 

Blocking solution was added. The container was shaken for 30 min at room temperature. 
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An antibody solution was prepared by mixing 1.5µL of the DIG antibody in 15 ml 

Blocking solution. The Blocking solution was discarded and the antibody solution was 

added to the container. The container was shaken for 30 min at room temperature. The 

antibody solution was discarded and the membrane was washed three times with 20 ml 

Buffer 1 at room temperature for 15 min each time with gentle agitation. After three 

washes the Buffer I solution was removed and the membrane was washed with 20 ml 

Detection Buffer for 2 min. The chemilluminescent substrate (CDP Star) provided with 

the kit was diluted to a ratio of 1:3 (v/v) with distilled water and transferred to a spray 

bottle. The membrane was then transferred to a clean Whatman Filter Paper (3MM) and 

was sprayed with the diluted substrate at the rate of 0.25 ml/ 100 cm2. 

Exposing and Developing the Membrane on a Film 

The membrane was then transferred to a plastic wrap and sealed on all four sides. 

The membrane was transferred to an autoradiography cassette and taken to the dark 

room. An X- ray film was placed on top of the membrane and the cassette was sealed 

tight to allow for development of the film. The film was allowed to develop for 20 min 

and then processed in a Kodak film processor. The processed film was analyzed by visual 

observation. 

Results 

Embryogenic cultures of papaya cultivar ‘Sunrise Solo’ were co-cultivated with 

Agrobacterium cultures harboring the binary vector pGA 643. The binary vector had the 

CBF 1, CBF 2 and CBF 3 inserts cloned into it along with the npt II gene as a selectable 

marker for kanamycin sulfate resistance. The embryogenic cultures were grown on 

induction medium containing kanamycin sulfate for selection of transformed cells. 

Somatic embryo development occurred on maturation medium which consisted of 
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induction medium without growth regulators. Cotyledonary stage somatic embryos were 

transferred to germination media for germination of somatic embryos and plantlets were 

obtained. The plantlets were rooted in MS basal medium containing 50mg L-1 kanamycin 

sulfate. Tissue from the putatively transformed seedlings was used for DNA extraction 

and further molecular analysis of transformants was done by Southern blot hybridization. 

Isolation and Evaluation of Plasmid DNA harboring the CBF 1, 2 and 3 Sequences 

A very high yield of pure plasmid DNA was obtained (Figure 5-4). The size of the 

plasmid DNA and the insert was confirmed and it was greater than the 10kb molecular 

maker used in the run along with the constructs. The purity of the DNA made it suitable 

for use in the electroporation protocol. 

     

Figure 5-4. Agarose gel electrophoresis analysis of plasmid pGA 643 harboring the 
sequences CBF 1, CBF 2 and CBF 3. 

Lane 1- 1kb molecular marker 
Lane 2- pGA 643 harboring CBF 1 sequence 
Lane 3 pGA 643 harboring CBF 2 sequence 
Lane 4- pGA 643 harboring CBF 3 sequence 
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Confirmation of Binary Construct into Agrobacterium by Agarose Gel 
Electrophoresis 

The pGA 643 binary vector harboring the CBF sequences was transferred into 

Agrobacterium and the success of the electroporation procedure was confirmed by re-

isolating the plasmid from Agrobacterium and analyzing it on a gel. Agarose gel 

electrophoresis analysis indicated that the electroporation protocol was successful and 

that the plasmid was integrated into Agrobacterium cells without any plasmid 

rearrangements or deletions. This was confirmed by the size of the plasmid DNA which 

corresponded to a size beyond the 10kb marker (Figure 5-5). Thus the transformed 

Agrobacterium cells were found to be suitable for use in co-cultivation experiment.  

    

Figure 5-5. Isolation of plasmid pGA 643 harboring CBF sequences as a positive control 
before use for co-cultivation 

Lane 1- pGA 643 harboring CBF 1 sequence 
Lane 2- pGA 643 harboring CBF 2 sequence 
Lane 3- pGA 643 harboring CBF 3 sequence 
Lane 4- 1kb marker 
(The smear in front of each lane indicates the RNA from Agrobacterium) 
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Co-cultivation and Growth of Embryogenic Cultures 

Embryogenic cultures were co-cultivated in suspension with Agrobacterium for 

three days and then transferred to liquid selection medium containing antibiotics. The 

growth of cultures in the induction medium was extremely slow compared to the control 

cultures and bleaching of PEMs was observed which was followed by browning of dead 

cells. Growth of the bacteria was however, inhibited at 600 mg L-1 carbenicillin and 

100mgL-1 cefotaxime and clean cultures could be obtained in the presence of these 

antibiotics (Figure 5-6). Embryogenic cultures resistant to kanamycin sulfate in the 

selection medium were observed in cultures co-cultivated with CBF 1 and CBF 3. No 

growth of cultures was observed in those co-cultivated with CBF 2 and browning of 

cultures was observed which was similar to the control non transformed embryogenic 

cultures grown on selection medium. The growth of embryogenic cultures appeared to be 

faster when they were transferred from medium containing 300 mg L-1 kanamycin sulfate 

to 150 mg L-1 kanamycin sulfate. Asynchronous development was observed when the 

PEMs were transferred to maturation medium. Somatic embryos germinated normally 

when transferred to semi solid germination medium.  

 

Figure 5-6. Growth (A) and development (B) of embryogenic cultures on selection 
medium following co-cultivation with Agrobacterium harboring CBF 1, 2 and 
3 constructs. Germination of somatic embryos (C) on germination medium 
containing 150mgL-1 kanamycin sulfate 
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Plantlet Development 

The putatively transformed shoots were transferred to test tubes containing MS 

basal medium containing MS major and minor salts, MS organics, 100mg L-1 

myoinositol, 30g L-1 sucrose with 50 mg L-1 kanamycin sulfate for rooting and later 

transferred to glass bottles containing the same media. A low percentage of rooting was 

observed among the shoots transferred to the selection medium for rooting (Table 5-5). A 

total of 43 shoots were obtained from cultures transformed with CBF 1 while 51 shoots 

were obtained from cultures transformed with CBF 3. Each plantlet was considered to be 

an individual transgenic line (Figure 5-7). 

Table 5-5. Total number of shoots, plantlets and plantlet conversion in cultures 
transformed with CBF 1, CBF 2 and CBF 3 constructs. 

No Construct Total number of 

shoots 

Total number of 

plantlets 

Conversion 

percentage 

1 CBF 1 43 9 20.00 

2 CBF 2 0 0 00.00 

3 CBF 3 51 11 21.56 

 

   

Figure 5-7. Developing shoot (A) and rooted plantlet (B) in MS basal medium containing 
50 mg L-1 kanamycin sulfate 
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Restriction Enzyme Digestion for ProbeSynthesis 

The quality of the plasmid DNA harboring the CBF inserts and the cutting 

efficiency of the restriction enzymes was analyzed visually. The size of the plasmid was 

confirmed by the size of the corresponding molecular marker (Figure 5-8). The restriction 

enzymes gave a clean cut of the inserts and were suitable for use in synthesizing the 

probe. The plasmid concentration of the CBF 2 construct and the subsequent 

concentration of the insert was found to be extremely low and could not be used for probe 

synthesis. 

    

Figure 5-8. Restriction enzyme digestion of pBluescript SK- harboring CBF inserts 

Lane 1- 1 kb marker 
Lane 2- CBF 1 digested with restriction enzymes Xba I and Xho I 
Lane 3- CBF 2 digested with restriction enzyme EcoR I 
Lane 4- CBF 3 digested with restriction enzyme Eco R I 

 
Analysis of Labeled Probe using Agarose Gel Electrophoresis 

The CBF 1 and CBF 3 inserts obtained by restriction enzyme digestion were used 

in the PCR reaction for obtaining a labeled probe. To confirm the incorporation of the 

DIG-UTP label into the amplified sequence, the amplification products were run on a 
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0.8% agarose gel at 70V for 1h and the gel was photographed (Figure 5-9). No PCR 

amplification product was obtained when the CBF 1 sequence was used as a template 

DNA in the labeling reaction as well as in the negative control where unlabeled dNTPs 

were used for the reaction. Thus, the purity of the template DNA was not high enough to 

allow amplification of the sequence. In the reaction where CBF 3 was used as a template 

for PCR reaction, amplification products were observed in both the labeling reaction and 

the control reaction. The labeled and unlabeled products migrated as separate bands on 

the electrophoresis gel. A slight difference in size of the bands was observed between the 

labeled and unlabeled products. This shift in the size of the labeled product was attributed 

to the incorporation of the DIG-dUTP into the amplified product. The DIG molecule is 

reported to be a non-polar molecule with a high molecular weight (Roche Diagnostics, 

2002) and incorporation of this molecule into the amplified product led to change in 

molecular weight and a subsequent shift in the size of the labeled product. An additional 

confirmation of the success of the labeling reaction was noted by observing a change in 

yield of the amplified products. The labeled probe had a slightly lower yield compared to 

the control amplification product and was attributed to the incorporation of the labeled 

dUTP into the amplified sequence. 

 
Figure 5-9. Analysis of labeled probe using agarose gel electrophoresis 
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 Lane 1- 1 kb molecular marker 
 Lane 2- CBF 1 sequence amplification using labeled dNTP’s 
 Lane 3- CBF 1 sequence amplification using non labeled (control) dNTP’s 
 Labe 4- CBF 3 sequence amplification using labeled dNTP’s 
 Lane 4- CBF 3 amplification using non labeled (control) dNTP’s 
 
Restriction Enzyme Digestion of Genomic DNA 

Based on the simulated restriction enzyme analysis of the probes using Gene Tools, 

three enzymes were used for preliminary analysis of genomic DNA digestion. The 

enzymes Sau3AI, Eco RI and BamHI did not cut the probe anywhere along its length and 

hence were selected for digestion of genomic DNA of the transformed shoots. The 

digestion products were analyzed on a 0.8% agarose gel. (Figure 5-10). Among the 

different enzymes, the most uniform cutting was obtained when Sau 3AI was used as the 

enzyme for digestion and a uniform smear of DNA was obtained following digestion.  

     

Figure 5-10. Analysis of digested genomic DNA from CBF 1 and CBF 3 transformed 
tissue using restriction enzymes Sau 3AI, Eco RI and Bam HI. 

 Lane 1- CBF 1 transformed genomic DNA digested with Sau 3AI 
 Lane 2- CBF 3 transformed genomic DNA digested with Sau 3AI 
 Lane 3- CBF 1 transformed genomic DNA digested with Eco RI 
 Lane 4- CBF 3 transformed genomic DNA digested with Eco RI 
 Lane 5- CBF 1 transformed genomic DNA digested with Bam HI 
 Lane 6- CBF 3 transformed genomic DNA digested with Bam HI 
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In the case of the other two enzymes, clean cutting was not obtained and high 

molecular weight DNA was still observed at the base of the wells where the samples 

were initially loaded. In contrast, no high molecular weight DNA was observed in the 

lanes in which Sau 3AI was used and this enzyme was chosen for digestion during the 

Southern blot reaction. 

Checking Transfer Efficiency of Gel following Blotting with Nylon Membrane 

Following the digestion of genomic DNA from putatively transformed tissue, the 

gel was blotted with a nylon membrane overnight for capillary transfer of the digested 

DNA to the nylon membrane. The gel was then photographed to check the transfer 

efficiency (Figure 5-11). A comparison of the gel pictures before and after capillary 

transfer indicated that the DNA was completed transferred to the nylon membrane. No 

DNA fragments were observed on the gel following capillary transfer except for very 

high molecular weight DNA, thus confirming successful transfer. 

  

Figure 5-11. Checking transfer efficiency of DNA from gel to nylon membrane (B) 
following digestion of genomic DNA with restriction enzyme Sau 3AI (A) 



127 

 

Confirmation of Southern Blot 

The nylon membrane was exposed to X- ray film and developed in a Kodak film 

processor. The different washes were found to be efficient as evinced by the lack of any 

background signal following film developing (Figure 5-12). 

    

Figure 5-12. Analysis of the probed DNA on the nylon membrane after exposure to X- 
ray film 

Lane 1- Genomic DNA from tissue transformed with CBF 3 
Lane 2- Genomic DNA from tissue transformed with CBF 1 
Lane 3- Genomic DNA from Arabidopsis thaliana  as a positive control 
 

Among the genomic DNAs used from the putatively transformed tissue, a single band 

was observed in the A. thaliana genomic DNA which was used as a positive control. 

Similarly, a single band of approximately 900 bp corresponding to the positive control 

was observed in the tissue obtained from seedlings transformed with CBF 1. With tissues 

transformed with CBF 3, three bands were observed with sizes varying from 500 bp to 

900 bp, thus indicating that multiple copies of the gene were present in this tissue. The 

amount of template DNA loaded was extremely high as very dense bands were observed 

in the film. The picture confirmed the integration of the CBF 1 and the CBF 3 transgene 
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into the genome of the papaya tissue. Additional bands were observed in the positive 

control. These bands were presumed to be the probe binding to the endogenous CBF 1 

and CBF 2 sequences which may be present at some other position on a different 

chromosome in Arabidopsis. The CBF 3 probe was used to detect the presence of CBF 1 

transgene in genomic DNA obtained from CBF 1 transformed seedlings and it 

successfully detected the presence of the CBF 1 transgene. 

Discussion 

Embryogenic cultures induced from hypocotyls sections of papaya ‘Sunrise Solo 

were transformed with CBF 1, CBF 2 and CBF 3 gene constructs using Agrobacterium 

tumeficiens. The embryogenic cultures were grown on induction medium containing 

kanamycin sulfate for selection of transformed cells. Somatic embryos developed from 

the cultures and plants were regenerated. The molecular analysis of plantlets by Southern 

blot hybridization confirmed the presence of the transgene. 

Embryogenic cultures were resistant to 300 mg L-1 kanamycin sulfate and 

proliferation of PEMs occurred at this level of antibiotic. However, compared to the 

proliferation of tissue, the final number of shoots that were resistant to kanamycin sulfate 

was extremely low. The differential exposure of the tissue to selection agent may have 

caused proliferation of non transformed cells. Mathews et al. (1992) indicated that the 

initial presence of few transformed sectors in mango PEM appeared to alter the overall 

tolerance of cultures to kanamycin sulfate, resulting in the continued growth of non 

transformed cells in selection medium containing inhibitory levels of kanamycin sulfate. 

As a result, a mixture of transformed and non-transformed, and chimeral proembryos 

were formed at 200mg L-1 kanamycin sulfate sulfate on semi solid medium. Similar 

results were observed in Vitis (Mullins et al., 1990), where non transformed buds were 
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found to grow on high levels of kanamycin sulfate sulfate. In avocado, Cruz-Hernandez 

et al, (1998) reported transformed, non transformed and partially transformed (chimeral) 

avocado proembryonal masses in the presence of 50mg L-1 kanamycin sulfate sulfate. In 

citrus, a high number of escapes was obtained when kanamycin sulfate sulfate at 

100mgL-1 was used as a selection agent (Moore et al., 1992) and it was suggested that 

kanamycin sulfate sulfate was not a reliable selective agent for transformation. Pena et al. 

(1995) reported 91.2 % escapes in cultures maintained on 100 mg L-1 kanamycin sulfate 

in citrus transformation studies. It was suggested that such escapes arise from non 

transformed cells that are protected from the selective agent by transformed cells in the 

culture (Dandekar et al., 1988). Another factor that could lead to more escapes is the 

inherent capacity of the tissues to resist kanamycin sulfate. This has been reported in 

walnut (Dandekar et al., 1988) and walnut in contrast to other crops which show extreme 

sensitivity (Yepes and Aldwinckle, 1994) where embryo tissues were resistant to 

kanamycin sulfate, possibly due to the presence of endogenous non-specific neomycin 

phosphotransferase activity. A solution to this problem could be to expose the tissue to 

higher levels of kanamycin sulfate immediately following co-cultivation with 

Agrobacterium. However, such a step might drastically reduce the number of transformed 

events recovered since only those with a high proportion of transformed cells would 

withstand selection pressure (Mathews et al., 1998). In earlier genetic transformation 

studies with papaya, Fitch et al. (1990) obtained transgenic plantlets after culturing 

embryogenic cultures on induction media containing 150mg L-1 kanamycin sulfate for 

one year; however abnormal plantlets were obtained due to long exposure of the cultures 

to 2,4-D. The inclusion of kanamycin sulfate sulfate in the rooting medium appears to 

effectively eliminate escapes and can thus be considered quite reliable. Another 
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alternative would be to use antibiotics like parmomycin and genticin which are more 

effective and have the same mode of action as kanamycin sulfate (Seabra and Pais, 1999).  

There were few transgenic lines (9 in case of CBF 1 and 11 in case of CBF 3) 

compared to the amount of embryogenic tissue that was co- cultivated. This could be 

attributed to low transformation efficiency and loss in embryogenic potential of the tissue 

due to prolonged exposure to 2,4-D in the induction/selection medium. Fitch et al. (1993) 

obtained only two putatively transgenic lines from 13 g fresh weight of embryogenic 

cultures. In other transformation studies, Cheng et al. (1996) obtained 15 transgenic lines 

following Agrobacterium-mediated transformation; however Cai et al (1999) obtained 83 

transgenic lines using Agrobacterium-mediated transformation. These differences might 

also be attributed to a cultivar-specific embryogenesis response. 

No transformed cultures were obtained with constructs harboring the CBF 2 insert. 

A change in sequence of the gene or arrangement during plasmid isolation or 

electroporation could have caused non functionality of the construct following co- 

cultivation. The deletion of a single base pair from the sequence at any time during the 

construct manipulation might have caused a change in sequence, thereby leading to non 

functionality of the construct. Thus, it is always desirable to sequence the insert after each 

manipulation during the isolation and transformation process. 

The CBF 3 sequence was used as a probe to detect the presence of the CBF 1 and 

CBF 3 transgene. The CBF 2 and CBF 3 sequences are known to share a homology of 

88% and 90% with the CBF 1 sequence (Gilmour, personal communication) and hence a 

single probe was recommended for use. The probe detected a single copy of the transgene 

in tissues obtained from cultures transformed with the CBF 1 construct while three copies 

of the transgene were detected in tissues obtained from cultures transformed with the 
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CBF 3 construct. The number of copies of the transgene in the genome could have an 

effect on the subsequent synthesis of transcript and protein by the transgene. The 

presence of multiple copies of transgenes is known to cause transcriptional and post 

transcriptional gene silencing (Matzke et al., 1994). Genetic transformation events have 

been known to involve the integration of multiple copies (Jorgensen et al., 1996). It has 

long been known that T-DNA does not always integrate into the plant genome as a 

simple unique copy event (Jorgensen et al., 1996). In Citrus, Cervera et al. (2000) 

analyzed transgenic plants for transgene copy number and reported 35% of the 

transformants had more than one copy of the transgene and the number varied from one 

to six copies. They also reported that copy number of the transgene was negatively 

correlated with the amount of transgenic protein produced by the plants. Miguel and 

Oliveira (1999) observed the integration of two copies of transgenes in transformation 

studies with almond; however, the transgenic plants were consistent in the production of 

the GUS protein. Similarly Fitch et al. (1993) obtained transgenic papaya plants with two 

copies of the transgene which showed a weak npt II activity. In grapefruit transformation 

studies, Luth and Moore (1999) detected one to three copies of the GUS transgene and 

attributed the loss of staining ability in some transformants to gene silencing. This type of 

gene silencing has been termed as cis-inactivation silencing (Matzke and Matzke, 1994). 

The presence of multiple copies of transgenes is widely believed to trigger gene silencing 

(Matzke et al., 1994) and in some cases a transgene homologous to an endogenous gene 

may suppress expression of both genes through co-suppression (Napoli et al., 1990). It 

would thus be interesting to see whether the primary papaya transformants with multiple 

copy insertions produce a transcript or are silenced due to multiple copies of the 

transgene. 
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Southern blot hybridization demonstrated the incorporation of the CBF 1 and CBF 

3 transgene into the papaya genome. An important factor to be considered is whether the 

transgenic plants produce any CBF proteins or not. The CBF proteins are synthesized in 

response to low temperatures (Jaglo-Ottosen et al., 1998). CBF polypeptides bind to the 

C repeat/ DRE DNA regulatory element in the promoter region of the COR genes and 

activate these genes. (Stockinger et al., 1997). CBF1 overexpression induced COR gene 

expression without a low temperature stimulus. Thus, the actual increase in freezing 

tolerance is brought about by expressing the battery of COR genes and the CBF genes 

simply activate the transcription of these COR genes. The CBF3 gene is known to 

activate multiple components of the cold acclimation process in response to low 

temperatures (Gilmour et al., 2000). Thus, for the CBF genes to be functional in papaya 

there must be a cold acclimation signaling mechanism and the down stream genes in the 

signaling pathway which are activated in response to the CBF protein. We know from 

earlier studies that papaya does not possess any CBF orthologs and so it would be 

interesting to study which genes if at all would be activated in response to the transgenic 

protein. Fowler and Thomashow (2002) showed in microarray studies that a total of 306 

genes were regulated in response to low temperatures along with the CBF genes. It is 

possible that the CBF protein might regulate other genes that are present in papaya. A 

similar response was obtained by Heish et al. (2002) who observed that the CBF 1 

transgene activated the transcription of the CAT 1 gene encoding for catalase synthesis. 

Kasuga et al. (1999) in over expression studies with CBF 1 in Arabidopsis, reported that 

transgenic plants showed severe retardation in growth and a reduction in the number of 

seeds produced. Such results were not observed by Jaglo- Ottosen et al., (1998) who 

described similar studies with Arabidopsis or by Heish et al, (2002) who over expressed 
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CBF 1 in tomato. The transgenic papaya plantlets do not show any retarded or abnormal 

growth patterns at the time of writing. A clear idea regarding the growth habit of the 

plants would be obtained when further molecular analysis like Northern and Western 

blotting are performed to check for transcript and protein levels. If regenerants are found 

to be positive for production of the transcripts and proteins they could be tested for their 

response to low temperatures under laboratory and field conditions. 

Conclusions 

Transgenic papaya plantlets were regenerated by the embryogenic pathway 

following transformation of embryogenic cultures with gene constructs harboring a CBF 

1, and CBF 3 gene sequence together with the npt II gene as a selectable marker. The 

primary transformants were confirmed for the presence of the transgene in the genome by 

Southern blot hybridization. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

Summary 

In this study, presence and mechanism of cold acclimation pathway in Carica and 

Vasconcella genomes was studied. Studies were also conducted with genetic 

transformation and cryopreservation of embryogenic papaya cultures. 

Carica and Vasconcella genomic DNA was probed for the presence of any cold 

inducible sequences similar to those found in Arabidopsis thaliana. Gene specific and 

degenerate primers were designed based on the sequences of the CBF genes cloned from 

Arabidopsis. The CBF gene family is known to induce the cold acclimation pathway in 

Arabidopsis and they function as transcriptional factors for activation of cold tolerance 

genes. PCR was used to amplify DNA sequences. The amplification results indicated the 

possibility of some cold-inducible sequences in genomic DNA of Vasconcella but not in 

Carica genomic DNA. Sequence analysis results with BLAST showed a homology of the 

amplified sequences with genomic DNA of Arabidopsis and with the CBF genes; 

however, the translated protein sequence did not show homology indicating the 

possibility of a different functional pathway in Vasconcella.  

Papaya embryogenic cultures were transformed with CBF constructs. The plasmid 

pGA 643 harbored the CBF 1, 2 and 3 sequences along with a npt II gene for kanamycin 

resistance under the control of the CaMV 35S promoter. Transformed embryogenic 

cultures were maintained and selected in liquid and on semi solid medium supplemented 
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with 300mg L-1 kanamycin sulfate. Plantlets were regenerated from embryogenic cultures 

and the integration of the transgene was confirmed by Southern blot hybridization. 

Cryopreservation of embryogenic cultures at different stages, i.e., embryogenic cell 

masses, proembryonic masses (PEMs) and somatic embryos was studied using slow and 

fast cooling methods along with different cryoprotectant combinations. Glycerol, DMSO 

and polyethylene glycol were used in different combinations. In the slow cooling method, 

cryoprotectants were mixed with 200mg embryogenic cultures in 1.2 ml cryo vials. The 

vials were then inserted in a Nalgene Mr. Frosty® containing 250 ml isopropanaol and 

placed in a-80oC freezer for 2 h. for slow cooling, where the temperature decreased to -

1oC min-1. The vials were then removed and plunged into liquid nitrogen (-196oC). 

The fast cooling method involves the use of loading and vitrification solutions, and 

direct immersion into liquid nitrogen. 200 mg embryogenic cultures were transferred to a 

1.2 ml cryo vial and 1.0 ml sterile loading solution was added. Following an incubation 

period of 20 min, the loading solution was discarded and replaced with the PVS 2 

solution. The vials were incubated on ice and then plunged into liquid nitrogen.  

The vials were removed from liquid nitrogen after 48 h and thawed in a water bath 

for 2 min at 37oC. Following thawing, the cultures were plated on semi solid induction 

medium. Growth of embryogenic cultures, somatic embryo development and plantlet 

regeneration were studied. PEMs used in combination with vitrification and fast cooling 

resulted in excellent regrowth and regeneration of plantlets. 

Conclusions 

PCR was used to detect the presence of cold-inducible sequences in Carica and 

Vasconcella genomic DNA using gene specific and degenerate primers. Amplification 
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results indicated the possibility of the presences of such sequences in Vasconcella but not 

in Carica. 

Embryogenic papaya cultures were used for genetic transformation with CBF gene 

constructs using Agrobacterium. Kanamycin sulfate resistant embryogenic cultures were 

obtained and plantlets were regenerated following somatic embryo development. 

Presence of the transgene was demonstrated using Southern blot hybridization. 

Different cryoprotectants and tissue stages were used in combination with slow and 

fast cooling to determine the optimum time, cryoprotectants and method of cooling. 

PEMs in combination with vitrification and fast cooling produced maximum regrowth 

and recovery of plantlets following cryopreservation. No differences were observed 

between non frozen control and vitrification treatment with respect to somatic embryo 

development and plantlet recovery. 
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APPENDIX A 
SEQUENCE INFORMATION 

Sequence information for PCR amplification products using primer pair P1 

A. Forward primer: 

TGCTATTCCATCACAAGCACAGCGCCATATATTGGCAGGATTGGCCTCGGCTGTGGGTGGATT
GAGTGCACCATATGAAAAGGTTTCTCATGTGCATGAGAGGCCTGTTATGAATTGGCTCTGGGC
AACAGGTTGTCATCCGTTTGGACCATTTTCTAATGCTTCTCTGATCAGTCAAATGCTTCAGGAT
GTCNCTTTGGAGTTACTAATATTC. 
  
B. Reverse primer: 

CATGCTATTCCATCACAAGCACAGCGCCATATATTGGCAGGATTGGCCTCGGCTGTGGGTGGA
TTGAGTGCACCATATGAAAAGGTTTCTCATGTGCATGAGAGGCCTGTTATGAATTGGCTCTGG
GCAACAGGTTGTCATCCGTTTGGACCATTTTCTAATGCTTCTCTGATCAGTCAAATGCTTCAGG
ATGTCGCTTTGGAGTTACTAATATTCGA 
 
Sequence information for PCR amplification products using degenerate  

A. Forward primer: 

CATTTGACTGATCAGAGAAGCATTAGAAAATGGTCCAAACGGATGACAACCTGTTGCCCAGA
GCCAATTCATAACAGGCCTCTCATGCACATGAGAAACCTTTTCATATGGTGCACTCAATCCAC
CCACAGCCGAGGCCAATCCTGCCAATATATGGCGCTGTGCTTGTGATGGAATAGCATGCCTTC
TCTCTGTTTCAAGAAACTGGATAAGG 
 
B. Reverse primer 

TTTGACTGATCAGAGAAGCATTAGAAAATGGTCCAAACGGATGACAACCTGTTGCCCAGAGC
CAATTCATAACAGGCCTCTCATGCACATGAGAAACCTTTTCATATGGTGCACTCAATCCACCC
ACAGCCGAGGCCAATCCTGCCAATATATGGCGCTGTGCTTGTGATGGAATAGCATGCCTTCTC
TC TGTTTCAAGAAACTGGATAA GGATGTGGCTCTTTGG 
 
Sequence information obtained for PCR amplification products with primer P4 

A Forward primer: 

TATCAACTTTCGATGGTAGGATAGTGGCCTACCATGGTGGTGACGGGTGACGGAGAATTAGG
GTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCG
CAAATTACCCAATCCTGACACGGGGAGGTAGCGACAATAAATAACAATACCGGGCTCTTCGA
GTCTGGTAATTGGAA 
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B. Reverse Primer: 

GCGCATCGCCGACAGTAGGGACGAACCGACCGGTGCACACCATAGGCGGACCGGCCGACCCA
ACCCAAGGTCCAACTACGAGCTTTTTAACTGCAACAACTTAAATATACGCTATTGGAGCTGGA
ATTACCGCGGCTGCTGGCACCAGACTTGCCCTCCAATGGATGCTCGTTAAGGGATTTAGATTG
TACTCATTCCAATTACCAGACTCGAAGAGCCCGGTATTGTTATTTATTGTCGCTACCTCCCCGT
GTCAGGATTGGGTAATTTGCGCGCCTGCTGCCTTCCTTGGATGTGGT 
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APPENDIX B 
RESPONSE OF EMBRYOGENIC CULTURES TO KANAMYCIN SULFATE  

Induction and Maintenance of embryogenic cultures: 

Embryogenic cultures of papaya cultivar ‘Sunrise Solo’ were induced from 

hypocotyls and maintained as suspension cultures as described earlier.  

Testing embryogenic cultures for kanamycin sulfate sensitivity: 

Early stage embryogenic cultures 60 days after induction from hypocotyls were 

selected for the studies. Five different levels of kanamycin sulfate, 100, 200, 300, 400 

and 500mg L -1, were used along with a positive control with no kanamycin sulfate in the 

media. The stock solutions were prepared by dissolving kanamycin sulfate in deionized 

water followed by filter sterilization through a 0.2µm Multipore® filter. The induction 

medium was autoclaved and the kanamycin sulfate solution was added to the medium 

after cooling to 55oC. The medium (300mg plate-1) was then poured into 60 X 15 mm 

Petri plates. Each Petri plate was considered a replication and each treatment had ten 

replications. Embryogenic cultures were transferred to fresh medium containing 

kanamycin sulfate every two weeks. Changes in fresh weights of cultures were recorded 

at two week interval. The number of cultures showing PEMs for each treatment was also 

recorded. The data was analyzed at 5% confidence levels using SAS.  

Testing of PEM Sensitivity to Different levels of Kanamycin Sulfate: 

 The concentration at which the embryogenic culture proliferation was completely 

inhibited was used as the highest treatment level in suspension cultures. Liquid induction 

medium was autoclaved at 121oC and 1.1kg cm-2 and poured into sterile autoclaved 50 ml 
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conical flasks. 300 mg of PEMs were added to the 15 ml medium and the antibiotic 

solution was mixed with the medium. The cultures were transferred to fresh medium after 

every two weeks and changes in fresh weights of cultures were recorded. The level at 

which growth of embryogenic cultures was inhibited was standardized from the 

observations. 

Results 

Growth of embryogenic Cultures on Kanamycin Sulfate 60 days after induction 
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Figure B-1. Changes in fresh weights of embryogenic cultures at 30, 60, 90 and 120 days 
on varying levels of kanamycin sulfate 

1 - Positive control with no kanamycin; 2 - 100 mg L-1; 3 - 200 mg L-1; 4 -. 300 mg 

 L-1; 5 - 400 mg L-1; 6 - 500mg L-1 

Proliferation of PEMs 

The maximum proliferation in PEMs was observed in the positive control (100%) 

followed by 70% at 100mg L-1 and 20% at 200mgL-1 of kanamycin sulfate. No 

proliferation was observed in cultures containing kanamycin sulfate at concentrations of 
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300 mg L-1 and higher. Kanamycin sulfate at 300mg L-1 was the level that inhibited the 

growth and proliferation of PEMs. 
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