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Introduction



Mulberry is an indispensable crop for the sericulture industry as it serves as the

exclusive source of feed for silkworms (Bombyx mori L.). Conventionally, mulberry is

propagated through cuttings, seed and grafting. Mulberry cultivation by cuttings is

widely used and popular method for raising saplings. Only 30-40% of the stem cuttings

survive the time period between pruning, transportation and final transplantation.

Moreover, successful rooting from stem cuttings depends on the favourable

environmental conditions and is genotype dependent (Ohyama and Oka, 1987; Jain et

al., 1990). Many elite varieties have poor rooting ability and propagation through

cuttings is restricted to only certain months of the year (Narayan et al., 1989). Since

cross-pollination is the rule in mulberry (Das, 1983; Hossain et al, 1992), propagation

through seeds does not conserve true-to-typeness because of its heterozygous nature.

Methods of conventional vegetative propagation through grafting are not economically

viable since it involves skilled manpower, expensive nursery facilities and a minimum

time period of 4-5 years to obtain plants ready for harvest (Bhau, 1999). Also the

success through grafting depends on internal factors like compatibility, nutrient and

water content of the scion, activity of the cambium, as well as external factors like

atmospheric temperature and soil moisture.

The problems faced by the plant breeders in propagating this plant by

conventional methods can be overcome by using the applications of tissue culture

technology. In vitro plant propagation through culture of meristems and axillary buds has

been used for plant multiplication in a -number of timber species, woody fruit and

ornamental crops. Micropropagation provides a valuable tool for rapid multiplication of

mulberry plants, as large number of genetically identical plants can be produced in a

relatively short time and space. Axillary buds are widely used for micropropagation as
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they have entire rudimentary vegetative shoot and can be induced to develop into plants

easily, which are similar to the parental type. Meristems are also extensively used for

rapid multiplication of shoots, since the constituent cells are genetically identical to the

donor plants (Skirvin, 1981). With recent developments in the field of molecular biology

and gene manipulations, the meristem tip culture has also been adopted as a tool for gene

transfer in higher plants (Ulian et al., 1988; Gould et ed., 1991). In vitro plant

regeneration from the apical/axillary shoot buds and nodal explants has been reported in a

number of species of mulberry (Mhatre et al., 1985; Ohyama and Oka, 1987; Sharma and

Thorpe 1990; Chattopadhayay et al., 1990; Hossain et al., 1992; Tewari et al., 1995;

Partnaik and Chand, 1997; Chitra and Padmaja, 1999). However, most of these protocols

are largely genotype specific and may not be applicable to valuable genotypes (Bhojwani,

1992). Thus the present study was undertaken with an aim to evaluate the regeneration

potential of four elite cultivars and to establish an efficient in vitro system for their rapid

propagation by culture of nodal explants. In addition, our study was extended to compare

the influence of season on axillary bud sprouting and regeneration from nodal cuttings in

field and in vitro conditions.

The application of biotechnological tools for genetic improvement of mulberry

attains greater significance, which in turn depends upon the availability of efficient

regeneration system. For woody species like mulberry, however de novo organogenesis

from differentiated tissues is often regarded difficult and is still limited to a few species.

Regeneration in mulberry has been attempted from the axillary buds, hypocotyls,

cotyledon, leaf and stem explants (Mhatre et al., 1985; Oka and Ohyama, 1986;

Chattopadhyay et al., 1990; Jain and Datta, 1992). Only few authors have reported the in

vitro regeneration of plantlets from the adventitious buds formed on the leaf explants
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derived from aseptically grown shoots (Oka and Ohyama, 1981; Mhatre et al., 1985),

cultured embryos (Kim et al., 1985) and from the axillary buds (Yamanouchi et al., 1999;

Vijayan et al., 2000) in some of the species of Morus. Most of the regeneration work

from leaf explants dealt with temperate varieties that are non-adaptive in tropical

environments and also there is limited information available on regeneration from leaf

explants of tropical varieties (Vijayan et al., 2000). Thus in the present study, an attempt

has been made to develop a highly efficient method of plant regeneration from the leaves

of economically important cultivars of mulberry.

An important requirement for plants propagated in vitro is that the plants should

be genetically identical to the source plants since genetic variation was frequently

observed in plants regenerated from the tissue culture (Larkin and Scowcroft, 1981). The

real applicability of micropropagated plants would ultimately depend on the comparative

field performance with those of cutting grown plants. Thus the present investigation was

extended to assess the field performance of micropropagated plants in comparison to

cutting derived plants for growth characteristics and vegetative morphology for 3

consecutive years.

A better knowledge of understanding of biochemical and molecular aspects of

differentiation will have useful applications in tissue culture methods and more

importantly in mulberry biotechnology. Proteins are valuable indicators of differentiation

and have been used in taxonomy, as genetic markers and could be useful to identify

specific stages of development during the in vitro studies (Yuffa et al., 1994). There are

relatively few studies, which revealed the biochemical changes during the process of

differentiation and this type of characterization is necessary for the study of differential

gene expression during the developmental program that accompanies plant regeneration
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from plant tissue cultures. For studying protein changes associated with in vitro

organogenesis, an experimental system is required in which the developmental events

associated with organogenesis can be defined (Christianson and Warnick, 1988). In the

present study, protein differences associated with leaf tissues during different stages of

callogenesis and shoot organogenesis have been studied.

Protein phosphorylation is ubiquitous in biology (Gilroy and Trewavas, 1990).

Protein phosphorylation and dephosphorylation are considered important regulatory

mechanisms by which the activity of key enzymes and_ receptor molecules is altered in

response to a wide variety of external stimuli (Cohen, 1982). In plants, the responses of

cells or tissues to external stimuli, such as light (Raymond and Douglas, 1990),

phytohormones (Raz and Fluchr, 1993; Mizoguchi et al., 1994), polyamines (Chang and

Kang, 1999) and environmental stress (Kyo and Harada, 1990; Yupsanis et al., 1994;

Suzuki and Shinshi, 1995; Reddy and Prasad, 1995) are mediated in part by the

expression of genes whose products contribute to a given physiological effect. Various

genes involved in protein phosphorylation during the development of living cells have

been isolated and characterized (Stafstrom et al., 1993; Wilson et al., 1993; Kieber et al.,

1993; Mizoguchi et al., 1993, 1994; Lynn and Walker-Simmons, 1995). No attempt has

been made to investigate the changes in protein phosphorylation during the process of

differentiation in mulberry. Hence, protein phosphorylation patterns during different

stages of callus proliferation and shoot organogenesis from the leaves of mulberry

cultivars have been studied.

Mulberry cultivation is fraught with many problems in the form of biotic and

abiotic stresses. Among the various biotic stresses, fungal diseases cause a major damage

to this crop (Philip et al., 1996). Mulberry is improved qualitatively and quantitatively
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by conventional genetic approaches. However, the perennial and highly heterozygous

nature of the plant coupled with prolonged juvenile period limits the speed of

improvement using conventional methods (Ravindran and Lakshmi Sita, 1994). Further,

the dioecious nature of the taxon and the genetic linkage of desirable and weak traits limit

the success of genetic improvement. Genetic engineering offers a suitable alternative as

it facilitates the introduction of desirable genes from different sources for developing

resistance to various abiotic and biotic stresses. However, this approach demands the

development of genetic transformation technology for integration of desirable genes.

Among the various genetic transformation techniques, Agrobacterium mediated

transformation is preferred because of its simplicity, efficiency and relatively neat

packaging, and stable integration of transferred DNA into the plant genome (Gasser and

Fraley, 1989). Despite the importance of mulberry in sericulture, there is only one report

available on genetic transformation. Machii (1990) succeeded in transferring kanamycin

resistant gene and p-glucuronidase (GUS) gene via Agrobacterium transformation of leaf

discs and confirmed the expression of Kan R and GUS genes in regenerated plantlets. In

the present study, an attempt has been made to genetically transform mulberry through

Agrobacterium transformation of shoot meristems.

Keeping the above background in view, the present investigation was undertaken with the

following objectives:

> To establish an efficient protocol for micropropagation of four elite cultivars of

mulberry using nodal explants.

y To study the seasonal influence on axillary bud sprouting in field and in vitro

conditions.
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> To develop an efficient method for plant regeneration from leaves of four elite

cultivars of mulberry.

y To study the field performances of the micropropagated plants in comparison to

the plants derived through cuttings for three consecutive years.

> To analyze the changes in protein patterns during callogenesis and shoot

organogenesis from the leaves using SDS-PAGE and two-dimensional gel

analysis.

V To study the changes in protein phosphorylation associated with different stages

of callogenesis and shoot organogenesis from leaves.

> To establish a transformation system for mulberry using Agrobacterium mediated

transformation of shoot meristems.
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Review of literature



Mulberry plant is the major factor determining productivity and the profitability

in the sericulture industry. The leaves of mulberry are a major economic component in

sericulture industry since the quality and the quantity of leaf produced per unit area has a

direct bearing on cocoon harvest. Thus, maximization of mulberry leaf yield per unit

area will lead to the realization of two most important objectives namely increased

cocoon production per hectare and reduced cost of production (Krishnaswamy 1990).

Mulberry cultivation is an applied science, which involves a detailed study of

morphological, physiological and ecological features of mulberry. The study

encompasses cultivation techniques suited for the production of best mulberry leaves

suited for the rearing of silkworms and to obtain rich harvest of such leaves from a

constant cultivation area in a reasonably inexpensive manner.

Sericulture provides subsistence to approximately 6 million people in India

(Anuradha and Pullaiah, 1992). Textile industry is heavily dependent on natural silk, as

the world market requires about 25 million Kg of silk every year. Over 90% of Indian

silk is mori silk, since mulberry foliage constitutes the chief feed for the silkworm (Datta,

1994). The precise origin of sericulture in India is not very clear. However, the

historians believe that sericulture industry was brought to India from China through

Khotan in 140 B. C. Indian scholars believe that sericulture was practiced in the foot

hills of Himalayas much earlier to that and originated in the Ganga and Brahmaputra

river basins. Modern day sericulture was started during 1875, during the regime of Tippu

Sultan ruler of Mysore kingdom, who brought mulberry from Bengal to the south and

planted it in Kollegal and adjoining areas, while the silkworm Bombyx mori races were

brought by him from China (Mundkar and Muniraju, 2002).

7



In India, most states have taken up sericulture as an important agro-industry with

excellent results. The total acreage of mulberry in India is around 282,244 ha (Table 1).

The genus Morus consists of trees and shrubs and is distributed in the temperate and sub-

tropical regions of the northern hemisphere (Rao and Bapat, 1993). There are about 68

species of the genus Morus, the majority of them occur in Asia, especially in China (24

species) and Japan (19 species). Continental America is also rich in its Morus species.

The genus is poorly represented in Africa, Europe and Middle East and is not present in

Australia. In India there are many species of Morus, of which Morus alba, M. indica, M.

serrata and M. leavigata grow wild in the Himalayas. Several varieties have been

introduced belonging to M. multicaulis, M. nigra, M. sinensis and M. phillippinensis.

Though mulberry cultivation is practiced in various climates, the major area is in tropical

zone covering Karnataka, Andhra Pradesh and Tamil Nadu states, constituting

approximately 90% of total area. In the sub-tropical zone, West Bengal, Himachal

Pradesh and north-eastern states have major areas under mulberry cultivation.

The most important factor in the management of sericulture is the improvement of

mulberry cultivation for achieving higher leaf yields. Mulberry leaves are essential for

the survival of silkworms, since silkworms are monophagus insects, which grow only by

feeding on mulberry leaves. It will also not be possible for the silkworms to complete the

growth in the absence of mulberry. Thus the cultivation of mulberry is the most

important factor in the production of silkworm eggs, rearing of silkworm cocoons and on

the whole in the entire operation of sericulture. The presence of volatile alcohols, (3, y-

hexanol in the leaves of mulberry serve as the attractant for the silkworm strains and

cultures. Besides being an important host plant, mulberry is also one of the important

multipurpose trees and referred to as kalpaviruksha (Dandin and Ramesh, 1987) as all the
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parts of the plant have many uses. Some species of mulberry are grown for their edible

fruits and timber (Patel et al., 1983).

The diploid (2n) chromosome number of the Morns alba L. is 28, but highly

polyploid number, up to 308 is also found in this plant (Ho-Rak Kim et al.. 1985).

Among the polyploids, the triploids have many desirable traits, including better shoot and

leaf growth, higher nutritional quality and resistance to cold and diseases. But, the

production and multiplication of the triploids are time-consuming (Das, 1983).

Mulberry plant regenerates itself naturally by seeds or propagated through

cuttings or graftings. Propagation through seeds is undesirable as enormous

heterozygosity prevails in mulberry plant owing to its cross-pollination (Das, 1983). The

mass clonal propagation of mulberry through cuttings is a potentially valuable method to

accelerate the improvement programmes of this important woody species (Yadav et al.,

1990). However, most of the protocols are genotype specific and may not be applicable

to valuable genotypes (Bhojwani, 1992). Moreover, seasonal response in rooting of

cuttings and low survival frequency of rooted cuttings limits the application of

conventional modes of vegetative propagation for large-scale multiplication of selected

strains and cultivars (Tewari et al, 1990). Propagation through grafting is generally not

followed due to the various internal factors such as moisture and physiological state of

the scion (Rajan and Ravindran, 1989). In vegetatively propagated plants like mulberry it

will take many years to evolve a desirable clone from economic and commercial point of

view by conventional hybridization methods (Rao et al., 1989).

In vitro techniques particularly those concerning regeneration of the whole plants

from adult tissues, permitting the alteration of a few characters through exploitation of

somaclonal variation or application of gene transfer, can accelerate the recovery of
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improved genotypes (Caboni et al, 1999). Though conventional breeding has helped in

developing some elite cultivars, its successful application depends largely on a reliable

plant regeneration system. Tissue culture techniques such as micropropagation provide

an alternative to the routine vegetative propagation of woody species with desirable traits

(Biondi and Thorpe, 1982; Thorpe, 1983). Clonal selection and propagation of tree

species by tissue and organ culture techniques have considerable potential in breeding

and improvement (Mhatre et al., 1985). Tissue culture methods are used by nearly 600

companies throughout the world to produce more than 500 million units annually from

almost 50,000 varieties of plants (Vasil, 1994). Plant regeneration from variety of

explants has been successfully achieved in many species. In general, three modes of in

vitro plant regeneration, namely axillary shoot proliferation, organogenesis and

embryogenesis have been recognized (Murashige, 1977; George and Sherrington, 1984).

Although the rate of plant regeneration is usually higher through organogenesis or

embryogenesis, the meristem and shoot tip culture, which allows shoot proliferation

through axillary branching, is still considered a method of choice for in vitro mass

propagation because the method is less prone to the risk of genetic instability (Vasil and

Thorpe, 1994).

Micropropagation has many advantages over conventional methods of plant

propagation with application in horticulture, agronomy and forestry (Debergh and

Zimmermann, 1991; Jeon et al, 1995; Hartmann et al, 1997). The advantage of

micropropagation over conventional seed propagation is that it is possible to rapidly

propagate the desirable genotypes (Jones et al, 1982) and also result in production of

both non-chimeric and true-to-type plants (Vasil, 1994). The origin of micropropagation

can be traced to the early and the pioneering studies of Morel (1960) on the development
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of virus free plants from cultured shoot meristems, and the elucidation of the role of

cytokinins in shoot morphogenesis in plant tissue cultures by Skoog and Miller (1957).

During the past four decades, these observations have prompted many scientists to

exploit in vitro techniques for the rapid clonal propagation of a wide variety of

herbaceous dicotyledonous species as well as many species of evergreen deciduous trees

(Zimmerman et al, 1986; Vasil 1986, 1991; Debergh and Zimmerman, 1991; Ahuja,

1993; Vasil and Thorpe, 1994). Micropropagation involves the abolition of apical

dominance resulting in the derepression and multiplication of the axillary buds.

In mulberry, a highly heterozygous plant, in vitro propagation using axillary buds

or through culture of tissues having resident meristem is a powerful option to multiply

species that are difficult to propagate via conventional means (Skirvin, 1981). For

successful micropropagation, the buds (axillary buds) or shoot tip cultures (meristems)

are preferred as buds have entire rudimentary vegetative shoot and offers no risk of

obtaining cuttings different from mother plant than does the classical propagation in the

green house (Anuradha and Pullaiah, 1992). Although micropropagation as a means of

regeneration is quite popular in mulberry, varietal variations are immense (Bhatnagar et

al, 2001). Tewary et al. (1996) observed significant variation in the sprouting

frequencies in 10 genotypes of mulberry in response to cytokinin and auxin. Oka and

Ohyama (1975) performed experiments in order to know the suitability of type of

material for in vitro propagation of two varieties of mulberry. They inferred that young

greenish buds with long or short stems grew into leafy shoots whereas in another variety

brownish buds did not show any growth. The growth and proliferation of nodal explants

was greatly influenced by the time of explant collection in three Morus species (Pattnaik

et al, 1996). In Morus cathayana and M. ihou, high frequency bud break coupled with
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maximum number of shoots was recorded with nodal explants collected between July and

October. In Morus serrata, the explants collected between November and February

yielded the best result. In Morus australis, most explants collected during November to

February produced inflorescences during shoot elongation. Barve and Mehta (1994)

reported high frequency of sprouting from the axillary buds of Commiphora wighlii

collected in the months of April to June then collected between July to August.

Nutritional and hormonal factors play a very crucial role in the growth and

development of plants in vitro (George, 1996). Interspecific as well as intraspecific

variation in culture response of Morus has already been reported by earlier workers

(Tewari et al, 1995, Pattnaik et al, 1996, Pattnaik and Chand, 1997). Anuradha and

Pullaiah (1992) achieved a high frequency of axillary bud sprouting from nodal explants

on medium supplemented with low concentration of 2,4-D. Jain et al. (1990) observed

sprouting in Shiminochi and Minozuwa varieties of mulberry in the presence of 2,4-D.

Gamborg et al. (1976) stated that 2,4-D was a powerful suppressant of organogenesis and

it was not used in experiments involving root and shoot initiation. The presence of

cytokinin was essential for inducing high frequency bud break in some species of Morus.

Yadav et al. (1990) demonstrated that BAP is a better cytokinin than K for growth and

multiplication of shoots of M. nigra. In contrast, Tewari et al. (1999) reported that TDZ

at 0.1 mg/1 was found to be more effective than BAP for bud break and shoot

proliferation in M. indica cvs. RFS-175 and K-2, whereas 0.5 mg/1 TDZ was better than

BAP in M. indica cv. SI. Incorporation of TDZ not only significantly reduced the days

required for bud break but also increased the percentage of bud breaks and the number of

shoots per explant in M. indica. In Morus laevigata, the maximum production of shoots

from the explants and the greatest length of shoots were obtained using 1.0 mg/1 BAP.
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Regeneration of plants via de novo shoot formation is necessary for application of

gene transfer technology and for screening plants for somaclonal variation. Plant

regeneration via adventitious shoot formation has been reported from hypocotyls,

cotyledons (Kim et al, 1985), stem segments (Narayan et al, 1989; Jain and Datta, 1992)

and leaf explants (Oka and Ohyama, 1981; Mhatre et al., 1985; Machii, 1992). Oka and

Ohyama (1981) reported that leaf explants of mulberry derived either from subcultured

shoots or primary leaves of seedlings had regenerative capacity. They observed that the

entire leaf and the basal half of the leaf produced buds in the transitional zone but not at

any other region. The apical half of a leaf that was free of the transitional zone did not

exhibit any capacity to initiate buds. This result suggested the existence of some specific

potency of producing buds in the transitional zone. Kim et al. (1985) reported

adventitious shoot formation from cotyledonary, leaf, hypocotyls and shoot tip explants

on medium containing high levels of BAP with or without a low concentration of NAA.

High frequency of buds were induced from the leaves with petioles in Morus indica

(Mhatre et al, 1985) in contrast to Morus alba (Oka and Ohyama, 1981) where sessile

leaves yielded more number of buds. Cytokinins are known to induce axillary as well as

adventitous shoot formation from meristematic explants (George, 1993). TDZ has been

employed for the induction of callus, shoot regeneration, somatic embryogenesis in

cultured explants and on intact seedlings, protoplast culture and in vivo formation of

outgrowths from roots and at the crown, in many herbs, shrubs and trees (Huetteman and

Preece, 1993; Lu, 1993; Murthy et al, 1998). Thidiaztiron is known to mimic the effects

of both cytokinins and auxins on growth and differentiation of cultured explants. TDZ

was found to be the best for multiple shoot proliferation from embryos axes while BAP

promoted the maximum number of shoots from shoot apices in Ricinus communis L. The
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differential response of cytokinins in both the explant types could be due to differences in

uptake, recognition by the cells, or in the mechanisms of action of the cytokinins

(Sujatha and Reddy, 1998). Yamanouchi et al. (1999) observed the highest frequency of

adventitious bud formation from immature mulberry leaves on medium containing l|a.M

TDZ and 1 uM abscisic acid. Vijayan et al. (2000) observed a distinct genotypic effect

for shoot differentiation from the leaf explants of tropical mulberry varieties. Genotypes

S-799 and Sujanpur-5 having thinner cuticle and leaf blade showed a very high frequency

of shoot differentiation compared to the other genotypes. From these results it was

suggested that cuticle plays a role in the regeneration ability of leaves in mulberry and a

heavier leaf cuticle may act as a barrier to the expansion of epidermal cells as evidenced

from the poor leaf expansion and nodulation noticed in the cuticular leaves. Kapur et al.

(2001) cultured leaf explants of two elite cultivars of mulberry obtained from field-grown

plants, in vitro raised seedlings and in vitro maintained axillary shoot cultures on various

media for regeneration. The regeneration percentage was maximum from the in vitro leaf

explants on MS with 1.1 mg/1 TDZ followed by the in vitro raised explants. Bhatnagar et

al. (2001) studied the effect of various growth regulators especially of TDZ on seed

germination and subsequent differentiation capabilities of hypocotyls, cotyledon, leaf,

internode, root and petiole explants of M. indica cultivars K-2 and DD. TDZ at a

concentration of 5.0 uM gave the highest percentage of adventitious bud formation in

both the hypocotyls and cotyledon explants obtained from the seedlings germinated on

0.5 uM TDZ. The leaf explants produced adventitious buds after 30 days of culture on

2.5 uM TDZ. Elongation of the shoots from the regenerated shoot buds was achieved by

subculture on MS medium containing 0.5 mg/1 BAP and 0.5 mg/1 GA3 and 2.0 mg/1

AgNo3.
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Shoot multiplication is an important factor for suitability of tissue culture

method for mass propagation of tree species. Mhatre et al. (1985) reported induction of

multiple shoots on BAP supplemented medium in contrast to induction of a single

plantlet per axillary bud on MS with KN or MS with Z supplemented medium in Morus

indica L. Culture medium containing both auxins and cytokinins produced the best

response of multiple shoot formation in Morus alba L. (Chattopadhyay et al, 1990). A

single axillary bud of Morus alba produced more than 20 plants pointing to the

possibility of rapid clonal multiplication for commercial exploitation (Chattopadhyay et

al., 1990). Pattnaik et al. (1995) reported high frequency of sprouting and multiple shoot

formation from the nodal segments of three indigenous varieties namely Kanva-2, S-1635

and S-36 and two Japanese varieties namely Goshoerami and Kenmochi on MS medium

with 0.1 mg/1 BAP whereas higher concentration had suppressive effect on the

morphogenetic potential of the shoot buds. Tewari et al. (1999) also observed a strong

monopodial growth habit in Morus cultures when low concentrations of BAP were used

and multiple shoots were induced by higher concentration. However, these shoots failed

to elongate at the later stage of culture in Morus indica. The inhibitory effect of BAP on

shoot proliferation at concentrations higher than 1.0 mg/1 was noticed in Morus species

(Ohyama and Oka, 1987). In Morus laevigata, multiple shoots were induced in the

presence of BAP at 5.0 mg/1 but these shoots failed to elongate thereby resulting in

rosette shoot clumps (Pattnaik et al, 1996). Kim et al. (1985) achieved elongation of the

shoots induced from hypocotyls segments of mulberry by gradual reduction rather than

abrupt removal. Mhatre et al. (1985) reported that presoaking of explants in cytokinins

prior to culture was beneficial for shoot bud induction in axillary bud and leaf explants

whereas stem segments proved recalcitrant. They inferred that pre-treatment confers a
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physiological status on the explant that is favourable for shoot bud initiation. Yadav et

al. (1990) reported that BAP was better than K for growth and multiplication of shoots of

M. nigra. The shoots multiplied at a rate of 50 to 80 shoots every 4 weeks in the

presence of 1.0 mg/1 BAP. Hossain et al. (1992) reported induction of multiple shoots

from nodal explants of 10-year-old tree of M. laevigata on MS medium with different

concentrations (0.5-5.0 mg/1) of BAP. Shoot proliferation increased with the increase of

BAP up to 2.5 mg/1 but further increase of the BAP level suppressed shoot proliferation.

It was also reported that the shoot multiplication rate increased with the increasing

number of subcultures but then declined after 7-8 subcultures.

The type of carbon source supplemented in the medium has been found to affect

the plant regeneration with fructose being more effective than sucrose for in vitro plant

production from bud culture of Morus alba L. (Oka and Ohyama, 1982). Tewari et al.

(̂ 1999) observed an increase in the shoot number in each passage with increase in callus

from the base when transferred to fresh medium in the V-l and S-34 cultivars of Morus.

The advantage of micropropagation over other type of propagation is that shoot

apex is priori present and does not have to be induced, only root induction being required

(Anuradha and Pullaiah, 1992). The stimulatory effect of auxins in the root formation

depends partly on the type of auxin employed. Oka and Ohyama (1981) achieved root

induction from shoots regenerated from leaf explants of M. alba on medium containing

0.1 mg/1 IBA. Narayan et al. (1989) successfully rooted 95% of mulberry shoots within 3

weeks by supplementing MS medium with 0.5 mg/1 NAA. Anuradha and Pulhiah (1992)

observed vigorous rooting of 35% in Mysore local and 45% in Kanva-2 varieties of

Morus alba L. on a medium fortified with 1.0 mg/1 NAA. They considered NAA to be

more efficient rooting agent than the other auxins like 1AA and 2,4-D. Rao and Bapat
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(1993) observed abundant rooting from primary axillary bud cultures of Morus indica L.

on MS medium with IAA, which has sparse on NAA and 2,4-D. On the contrary, IBA

was an effective auxin for induction of rooting from the regenerated shoots in Morus alba

L. (Kathiravan et al, 1997; Bhau and Whaklu, 2000) and Morus bombycis Koidz (Jain

andDatta, 1992).

The information on regeneration from callus cultures in the genus Morus has

lagged behind. Media manipulation and explant choice are still among the key factors for

the successful plant regeneration from different cultivars (Ohyama and Oka, 1987). The

morphogenetic potential is dependent upon a number of factors, but the reduced

regeneration potential due to callus ageing may be because of the accumulation of

inhibitory substances (Halperin, 1986) or may be due to decreased metabolism, transport

and interactions between growth regulators (Hansen et al., 1987; Van staden and

Mooney, 1987; Palni et al., 1988). Jain and Dutta (1992) presented a method for de

novo induction and development of multiple shoot buds from callus of internodal

segments and the regeneration of complete plants of Morus bombycis cultivar

Schimanochi. Callus was induced from different explants viz. stem segments (Oka and

Ohyama, 1973), leaf explants (Ogurtsov et al., 1986; Tewari et al., 1989) and hypocotyls

segments (Ohnishi and Kobayashi, 1991a and b)) of mulberry genotypes on 2,4-D

supplemented medium while proliferation of the callus was found to be better on a

medium containing KN, IAA or NAA (Ohnishi et al., 1986). Oshigane (1989, 1990)

reported plant regeneration from callus obtained from different strains of M. bombycis,

M. alba, M. multicaulis on MS medium supplemented with auxins and cytokinins.

Narayan et al. (1989) and Rao and Raghunath (1983) obtained shoot regeneration from

callus of internodal segments on MS medium supplemented with BAP (2.0-3.0 mg/1),
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while Jain and Datta (1992) reported shoot bud induction on LS medium supplemented

with BAP in M. bombycis. The LS medium was found to be superior over MS medium

for adventitious bud formation in the presence of NAA and KN from hypocotyls derived

callus (Oshigane, 1989, 1990). Rhizogenesis was reported from hypocotyl derived callus

cultures of mulberry on medium containing auxins viz., IAA, NAA (Seki et ai, 1971).

and IB A, IP A (Ghugle et ai, 1971). Ohnishi and Kobayashi (1991c) achieved rooting

from suspension cells of callus cultures induced from hypocotyls of mulberry. Islam et

al. (1992) observed rhizogenesis from callus derived from internodal segments and leaf

explants of M laevigata on MS medium supplemented with NAA (Islam et al, 1992).

In vitro plantlets with profuse rooting are best adaptable for the field conditions

(Ohyama, 1970). Jain et al. (1990) transferred a minimum of 50 plantlets of different

genotypes of mulberry to the soil with a survival rate of 83-92%. The regenerants of

Morus laevigata transferred to the field after acclimatization survived with frequency of

80% (Hossain et al., 1992). Mhatre et al. (1985) reported 90% of survival of the tissue

cultured plants upon transfer to soil. Anuradha and Pullaiah (1992) also successfully

transferred 50% plantlets of Morus alba, var. Kanva-2 to the pots for acclimatization.

Genetic variation has been frequently observed in plants regenerated from tissue

culture (Larkin and Scowcroft, 1981). Environmental conditions imposed during tissue

culture typically include an artificial support medium containing minerals, plant growth

regulators and carbohydrates as a source of carbon for growing the explants, low light

regimes and high relative humidity. These particular conditions during in vitro culture

induce anatomical, morphological and physiological changes in the explants (Kozai.

1991; Preece and Sutter, 1991). Morphological changes undergone by micropropagated
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plantlets during acclimatization have been reported in 'Pixy' plum (Brainerd et al., 1981),

red raspberry (Donnelly and Vidaver, 1984) and Liquid stryraciflua L. (Lee et al, 1985).

Very less information is available regarding the field performance of

micropropagated tree plants both in terms of morphology and nutritional aspects (Pandey

and Singh, 1989). The applicability of micropropagated plants would ultimately depend

on the comparative field performance with those of cutting raised plants (Zaman et al.,

1997). Jain and Dutta (1992) demonstrated that it is possible to produce a large number

of stable true-to-type plants of Moms by comparing the in vitro grown plants with

vegetatively grown saplings for their morphological characters such as leaf shape

(lobation), petiole length, area of leaf lamina and internodal length. The field

performance of plants raised in vitro showed certain characteristics which could be useful

for obtaining more yield of leaves per plant, such as more branching, short internodes and

variation in phyllotaxy in mulberry (Rao and Bapat, 1993).

The use of the in vitro technology has made significant contribution to our

understanding of the processes of organized development namely de novo organogenesis

and somatic embryogenesis (Thorpe, 1993). Though regeneration has been reported in a

number of plant species in cultures (Flick et al., 1983), the regulatory mechanism(s)

underlying morphogenesis still remains one of the most mysterious and challenging

problems of biology (Sunkukar et al., 1986). Proteins are valuable indicators of

differentiation and have been used in taxonomy, as genetic markers and for identifying

specific stages of plant development. Variation in protein patterns in differentiating and

non-differentiating tissues has been reported in Oryza saliva L. (Chen and Luthe, 1987)

in barley and sugarcane (Ramagopal, 1989, 1994) and in Nicotiana tabacum (Garcia et

al., 1992). Protein changes have been used as markers to delineate stages in axillary bud
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development in pea (Stafstrom and Sussex, 1988) and to identify the time of bud

regeneration in detached pine cotyledons (Villalabos et al., 1984). Aitken-Christie et al.

(1985) found that cotyledon explants of radiata pine that were predisposed to form shoots

in culture, contained depleted protein reserves and unhydrolyzed storage lipids. The

ability of conifer cotyledons to form shoots in the presence of BAP was distinguished

based on their protein profiles (Elles and Judd, 1987). Hahne et al. (1988) studied the

changes in protein composition accompanying embryogenesis in cell suspension cultures

of Dactylis glomerata L. and identified several proteins that were specific for embryos or

callus under various culture conditions. Leshem and Sussex (1990) employed SDS-

PAGE to analyze changes in the protein profiles of melon {Cucumis melo L.) seedlings or

of detached cotyledons cultured on media that induced the formation of either roots or

shoots in order to identify any biochemical events that could serve as markers for organ

regeneration. They observed that when polypeptides having molecular weights of 20-25

kDa were expressed for more than 3 days and cotyledons were cultured on an auxin

containing medium, roots were regenerated. When these polypeptides were present for 3

days only or less and cotyledons were cultured on a cytokinin containing medium, shoots

were regenerated. Kalea and Bhatla (1999) investigated the polypeptides patterns in

hypocotyls and cotyledon explants of Helianthus annuus L. during induction of callus

and rooting in response to NAA treatment. They reported that two proteins of MW 20

and 30 kDa were suppressed in the explants raised on auxin medium for 10 days whereas

a new polypeptide of MW 23 kDa appeared in the tissue extracts of 10 day-old

hypocotyls explants, accompanying callus and root initiation.

Analysis of proteins of cultured cotyledons of Pseudotsuge menziesii (Mirb.)

Franco (Hasegawa et al., 1979; Yasuda et al., 1980) and Pinus ponderosa Laws. (Ellis
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and Judd, 1987) by SDS-PAGE demonstrated that protein differences exist between

cotyledons that are or are not competent for in vitro shoot regeneration. Wezniak and

Partridge (1988) reported that a specific protein (27 kDa) was found to be associated with

sorghum callus growth and was more abundant in callus in which regeneration potential

was lost. Rajyalakshmi et al. (1991) analyzed soluble protein content as well as

polypeptide profiles from morphogenic and non-morphogenic calli in wheat {Triticum

aestivum L.). Several polypeptides were accumulated in the range around 20 kDa only in

morphogenic calli whereas 23 kDa polypeptide was exclusively present in the non-

morphogenic calli. Dodeman and Ducreux (1996) reported that protein pattern in cell

suspension cultures was closer to that of somatic plantlets than to earlier stages of

embryogenesis in carrot. Furthermore, the cell suspension pattern was closer to that of

roots, which are auxin inducible, than to the other organ of the plantlets suggesting a

direct control of auxins on protein gene expression. Blanco et al. (1997) analyzed the

protein changes associated with plant regeneration in embryogenic calli of sugarcane

(Saccharum sp.). The results pointed out the association of soluble protein content and

callus regenerative ability and suggested the presence of a marker protein (between 55-70

kDa) for embryogenic callus regenerative ability in CP 5243 cultivar.

Protein phosphorylation is ubiquitous in biology (Cohen, 1982; Gilroy and

Trewavas, 1990; Hunter, 1987; Ranjeva and Boudet, 1987). Phosphorylation is a form of

post translational modification of proteins that provides a mechanism by which

organisms can respond rapidly to changes in their internal and external environments

over time scales that would preclude a transcriptional response (Reddy and Prasad, 1995).

The post-translational phosphorylation of serine, threonine or tyrosine residues of cellular

protein has an important role in mediating the action of various hormones and growth
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factors (Weinstein, 1983). Protein phosphorylation in plants has been demonstrated in

response to light, auxin and heat shock treatment (Scharf and Nover, 1982; Morre et al.,

1984; Budde and Randall, 1990). Protein phosphorylation and protein kinases have also

been implicated in phytoalexin elicitation and synthesis (Kurosaki et al., 1987; Dietrich et

al., 1990), in the action of phytotoxins of phytopathogens (Bidwai and Takemoto, 1987),

plant pathogenesis (Crum et al., 1988, Vera and Conejero, 1990), pollen embryogenesis

(Kyo and Harada, 1990) and in the systemic induction of protein inhibitors (Farmer et al.,

1989).

Calcium (Ca +) is a universal second messenger that regulates a variey of cellular

and physiological processes in eukaryotic cells (Poovaiah and Reddy, 1993). In analogy

to animal system, stimulus-induced elevations in cytosolic Ca2+ are believed to be

perceived by a group of calcium binding proteins including Ca2+ dependent protein

kinases and calmodulin (Roberts and Harman, 1992). Ca and calmodulin-dependent

protein kinases have been described in a variety of plants. These activities were

associated with plasma membranes (Blowers el al., 1988), chloroplasts (Bennett et al.,

1980), soluble fractions (Veluthumbi and Poovaiah, 1984; Bogre et al., 1988) and

chromatin (Davis and Polya, 1983). Hetherington and Trewavas (1982) showed a

stimulation by calmodulin of endogenous protein phosphorylation in a membrane fraction

from pea shoots. Polya and Davies (1982) reported on the partial purification of a histone

protein kinase from wheat germ, which could be stimulated by calmodulin.

The pioneer work of Murray and Key (1978) has shown the predominant effect of

2,4-D in the increase of the phosphorylation of nuclear proteins from soybean. There was

a striking increase in the phosphorylation of a 48 kD protein after 24 hr treatment.

Characteristic changes in the amount of a major phosphoproteins (CDPK 52-54 kDa)
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were detected in alfalfa protoplasts grown in the presence of 2,4-D (Dudits et al., 1993).

As the number of the dividing cells increased in culture, the Ca2+ dependent

phosphorylation of the 52-54 kDa protein doublet also showed elevated signals. After

partial purification of these proteins it turned out that the 52-54 kDa protein was a Ca2+

dependent protein kinase (CDPK) with autophosphorylation capability. Tan and Kamada

(2000) examined the patterns of protein phosphorylation in embryogenic cells (EC) and

non-embryogenic cells (NC) that had lost the ability to form somatic embryos. Two-

dimensional polyacrylamide gel electrophoresis and subsequent autoradiography revealed

the presence of 31 phosphoproteins in EC but not in NC. Kyo and Harada (1990)

examined the electrophoretic patterns of the entire complement of phosphorylated

proteins from cultured pollen grains of Nicoliana rustica and observed remarkable

differences between the patterns during normal development and embryogenic de-

differentiation. Two dimensional gel electrophoresis and autoradiography revealed a

pattern of protein phosphorylated in vivo, which consisted of six spots and was specific to

embryogenic pollen grains. This characteristic pattern of phosphorylation was observed

neither with pollen grains engaged in normal development (maturation) nor with non-

embryogenic pollen derived from pollen grains younger or older than those at the mid-

bicellular stage. Cordewener et al. (2000) investigated the changes in protein synthesis

and phosphorylation during microspore embryogenesis in Brassica napus by two-

dimensional (2-D) gel electrophoresis. Comparison of 2-D patterns of phosphorylated

protein revealed minor differences between embryogenic and non-embryogenic cultures,

except for the level of phosphorylation of hsp 70. Chang and Kung (1999) reported that

the phosphorylation level of a 30 kDa nuclear protein was decreased by the growth-

promoting hormones, 1AA and ethylene, while it was increased by a growth inhibitor,
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spermine. These results suggested that there is a correlation between

phosphorylation/dephosphorylation of the 30 kDa nuclear protein and the control of cell

growth in Ranunculus petioles.

Mulberry is affected by several diseases caused by fungi, bacteria, mycoplasma,

viruses and nematodes (Minamizawa, 1997). These diseases affect the growth of

mulberry and cause considerable damage to the plant and loss in leaf yield. Feeding of

diseased leaves has also been found to affect adversely the growth and development of

the silkworms, cocoon yield and silk quality. Among the various biotic stresses, fungal

diseases cause a major damage to the crop. Notable among them is the leaf spot, which is

commonly caused by a pathogen Cercospora moricola (Cooke) Sacc. (Ullal and

Narasimhanna, 1994) and reduces the leaf yield by 10-20% (Philip et al, 1996). In

vegetatively propagated plant like mulberry it takes many years to evolve a desirable

clone by conventional hybridization (Rao et al, 1989). In addition due to the cross-

pollinating and perennial nature of crop, improvement of specific characters through

conventional breeding is slow and cumbersome. Transformation approaches offer an

attractive alternative to the conventional techniques for transfer of desirable genes

without affecting the genetic makeup of the plant. Success in the generation of

transgenic plants depends on efficient DNA delivery system, a method of regeneration

and selection of fertile plants from plants derived from a single transformed cell (Chang

et al, 1996). Of all the transformation techniques, Agrobacterium tumefaciens provides

a reliable and well-documented means for introducing foreign DNA into plant cells. A.

tumefaciens mediated delivery of foreign genes into numerous plant species has been

extensively described since Horch et al. (1985) first demonstrated the utility of the

system with subsequent documentation by other workers (Wordragen and Dons, 1992;
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Fisk and Dandekar, 1993; Ishida et al, 1996; Hiei et al, 1994). The leaf disc

transformation method established by Horsch et al. (1985) has been used for plant species

that are susceptible to Agrobacterium tumefaciens infection and can be regenerated from

leaf explants. Although shoot regeneration from leaf disks has been possible in some

species (Nehra et al., 1989), such systems are highly genotype specific limiting their use

in genetic transformation of only few genotypes (Nehra et al., 1990). Das et al. (2002)

reported on the development of a very efficient regeneration and transformation protocol

via somatic embryogenesis from leaf disc culture in four important genotypes of grapes.

The leaf discs were subcultured on a double-layered medium after 3 days of coeulture to

overcome the problem of necrosis or cell death. Putative transformed calli growing on

kanamycin were found to be positive for GUS and npt II genes.

Trujillo et al. (2001) optimized a transformation system for leaf explants of two of

the Andean potato cultivars using Agrobacterium tumefaciens strain LBA 4404

containing pBI 121. Calli and shoot formation occurred after 5-8 weeks on a selection

medium containing 3 mg/1 Z and 1 mg/1 IAA. Of the kanamycin resistant plantlets

obtained, 51 % of diacol capiro cultivar and 13 % of parda pastusa cultivar were

confirmed to be transformants by histochemical assays, polymerase chain reaction

analyses and Southern blotting techniques. Zhan et al. (1997) developed a new protocol

for increasing the efficiency of production of transgenic aspen plants. The new protocol

was based on the leaf disc method but extended its power by inducing transformed roots

on medium containing IB A (1.5 mg/1) and high concentration of kanamycin and then

regenerating plants from transformed roots on medium containing zeatin (0.6 mg/1) and

kanamycin (100 mg/1). This protocol greatly improved recovery of transformed shoots.
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almost eliminated the occurrence of escapes and reduced the occurrence of chimeric

shoots.

Since in most cases the totipotent meristematic cells are capable of developing

into a fertile plant without an intermediate callus phase and the system is generally

applicable to arrange of cultivars within a single species, the use of meristem and shoot

tip culture has been recently proposed as an alternative to leaf disk system for

Agrohacterium mediated genetic transformation (Ulian et al., 1988). The use of the shoot

apex as the explant for transformation has been reported in Zea mays (Gould et al. 1991)

and cotton (Gould and Magallanes-Codeno, 1998). Machii (1990) has reported the

genetic transformation of mulberry by incorporating foreign genes into mulberry system

using Agrobacterium tumefaciens LBA 4404 as vector and succeeded in transferring

kanamycin resistant gene and P-glucuronidase (GUS) gene through Ti plasmid PBl 121

to mulberry leaf discs and confirmed the expression of Kan r and GUS gene in

regenerated plantlets.
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Table-1: Area under mulberry cultivation in different states

State

Andhra Pradesh

Assam

Jammu & Kashmir

Karnataka

Kerala

Madhya Pradesh

Manipur

Tamil Nadu

Uttar Pradesh

West Bengal

Other

Total

Area (ha)

38,084

2813

4717

166,000

1164

2043

25, 957

9491

5665

21,358

4934

282,244
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Materials and Methods



Mulberry cultivars M-5, S-36, S-13 (Moms indica L.) and China White (Moms

alba L.) were procured from Department of Sericulture, P2, L. R. Seed Farm,

Kammadanam, Mahboobnagar, Andhra Pradesh, India. Protein molecular weight marker

for SDS-PAGE (Phosporylase b 97.4 kDa, Bovine Serum Albumin 66 kDa, Ovalbumin

43 kDa, Carbonic anhydrase 29 kDa, Soybean Trypsin Inhibitor 20 kDa and Lysozyme

14.3 kDa) and DNA molecular weight marker (Lambda UHAJEcoRI + Hind III) for PCR

were purchased from Bangalore Genei, India. Growth regulators such as 2,4-D, BAP,

NAA, IAA, IBA, TDZ, KN and Z were purchased from Sigma Chemical Company, St.

Louise, U.S.A. Calmodulin, X-Gluc and antibiotics such as Carbenicillin, Cefotaxime,

Kanamycin monosulfate and Rifampicin were purchased from Sigma Chemical

Company, U. S. A. [y-32P] ATP (Specific activity >100 TB q/m mol) was purchased

from BRIT (Board for Radioactive and Isotope Technology), Hyderabad. X-ray films and

intensifying screens were purchased from Kodak, USA. Nonidiet P-40 and Freund's

adjuvants (complete and incomplete) were purchased from Sigma Chemical Company.

All other Chemicals /Reagents used were of extra pure and analytical grade manufactured

from India by different firms.

Establishment of mulberry nodal cuttings in field:

Nodal cuttings of 20-22 cm containing at least 4-5 axillary buds were collected

from two-year-old field grown plants of Moms indica L. cultivars M-5, S-36, S-13 and

Morns alba L. cv. China White at different stages of growth viz., developing,

assimilation, storing and winter resting stage. The characteristic features of the above

cultivars are given in Table 2. The leaves of China White cultivar were dark green and

larger in size (Fig. 2) but had difficulty in rooting through cuttings compared to other

cultivars. The nodal cuttings excised from different cultivars were immediately planted
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Table 2: Characteristic features of mulberry cultivars used in the present study

Species

Morus indica L.

Morns indica L.

Morus indica L.

Morus alba L.

Cultivar

M-5

S-36

S-13

China

White

Sex

Predominantly

female

Female

Male

Female

Attributes

Resistant to powdery mildew, leaf spot and

bacterial blight. High rooting ability and

wide adaptability.

Tolerant to leaf spot and powdery mildew,

moderately susceptible to leaf rust and

tukra infestation. Most suitable to young

age silkworm rearing. Moderate rooting

ability.

Resistant to leaf spot and powdery mildew,

moderately resistant to leaf rust and tukra

infestation. Deep rooting system, profuse

branching with short internodes and

superior leaf quality. Moderate rooting

ability.

Large leaf size with thick, dark green

foliage. Weight of single leaf very high.

Low rooting ability.



Fig. 1: Different cultivars of mulberry established from nodal cuttings in the field.



M-5 S-36

S-13 China White
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Fig. 2: Comparison of the leaf sizes of four cultivars of mulberry.
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in the pots containing soil and manure in a ratio of 3:1 and kept out in the field for

studying the influence of different seasons on axillary bud sprouting and regeneration

from nodal cuttings. The environmental conditions in different seasons are mentioned

in the Table 3. The pots were watered on alternate days in all the seasons. The

appearance of the shoot meristems from the axillary buds was taken into consideration

for calculating the sprouting frequency. The data on axillary bud sprouting was scored

after 30 days and plant establishment frequency (PEF) from nodal cuttings was

determined after 60 days. Twenty nodal cuttings were used for each experiment and all

the experiments were repeated thrice.

Induction of axillary bud sprouting in vitro:

For in vitro studies, nodal explants of 3-4 cm in length were collected from the

same plants as described above. The nodal explants were kept under running tap water

for Vi hr and surface sterilized in 70% alcohol for 1 min followed by 0.1% mercuric

chloride (HgCl2) for 15 min under sterile conditions. The explants were then rinsed 4-5

times in sterile distilled water with a duration of 5 min each. The sterilized explants

were placed on MS (Murashige and Skoog, 1962) medium containing 3% sucrose and

0.8% agar. The culture medium was supplemented individually with 2,4-D, KN and

BAP in varied concentrations for inducing sprouting and shoot differentiation. All the

experiments were repeated thrice at different times and ten explants were used for each

treatment.

Induction of shoot organogenesis from leaves:

Leaves with or without petiole derived from sprouted axillary buds, in vitro

multiplied shoots or the shoots that have rooted were used for induction of shoot

organogenesis. They were taken from different positions of the shoots and cultured with
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either abaxial or adaxial side in contact with the medium. The culture medium was

supplemented with BAP, TDZ, Z and KN individually in varied concentrations and also

in combination with auxins such as NAA, IAA and IBA. To determine the influence of

container type on shoot organogenesis from leaf explants, the cultures were established in

culture bottles (11.5 X 5.5 cm), plastic petridishes (diameter 90 mm) and test-tubes (15 X

2.5 cm) containing 30 ml, 30 ml and 15 ml of medium, respectively. The petridishes

were sealed with parafilm. Studies were also conducted to observe the effect of

presoaking of leaves in MS liquid medium with BAP (0.5-2.0 mg/1) for different

durations (24-72 hr) on induction of shoot organogenesis after culture on MS medium

with 2.0 mg/1 BAP. The influence of sugars such as sucrose, fructose, maltose and

glucose at 3% in the presence of 4.0 mg/1 TDZ on induction of shoot organogenesis from

leaves of four cultivars was studied. The appearance of adventitious buds from the leaf

was taken into consideration for calculating the shoot organogenesis from the leaves.

Induction of callus from the leaf explants:

Leaves of 1.0-4.0 cm in length were cultured on MS medium supplemented with

2.0 mg/1 2,4-D for induction of callus from the explants.

Multiplication of shoots:

Shoot tips of 2-3 cm derived from sprouted axillary buds, leaf regenerated shoots

or multiplied shoots were cultured on MS medium supplemented individually with

cytokinins such as BAP, TDZ, KN and Z at 0.5-2.0 mg/1 for induction of multiple shoots.

The effect of sucrose, maltose, glucose and fructose at 3% on induction of multiple

shoots of 4 cultivars was studied by culturing shoot tips on MS medium with 0.5 mg/1

BAP. The multiplication potential of shoots was studied during repeated subculture of

shoot tips on MS medium supplemented with 0.5 mg/1 BAP for 10 months at 30 days
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intervals. The appearance of the shoot buds from the base of the explant and also from

the axils of leaves was taken into consideration for calculating the multiplication

frequencies. The average number of shoots induced per explant was recorded after 30

days of culture.

Root induction from shoots:

Healthy shoots derived from the sprouted axillary buds, leaves or from the

multiple shoots were transferred to MS medium supplemented individually with 2,4-D,

IAA, IBA and NAA at 0.1-2.0 mg/1 for root induction. The observations on the duration

for root induction, nature of roots induced and the frequency of root induction were

recorded.

For all the experiments on induction of axillary bud sprouting, shoot

multiplication and root induction from shoots, the cultures were maintained at 25± 2° C

under a 16 hr photoperiod with a photosynthetic photon flux density (PPFD) of 83.6 (aE

m" s'1 provided by white fluorescent tubes.

Acclimatization of regenerated plants:

Regenerated plants having well developed roots were removed from culture

bottles and washed free of agar. They were transferred to plastic pots containing soil and

organic manure (3:1) and kept in a net house under shade for 15-20 days. In the first

week of transfer, the plantlets were covered with polythene covers to maintain humidity.

After 15-20 days of acclimatization, the plantlets were transferred to earthen pots and

planted out in field. The percentage survival was recorded after 6 weeks of transfer to

field.
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Comparative study of field performance of micropropagated plants and cutting

derived plants:

Plants derived from nodal cuttings and micropropagated plants (rooted after three

subcultures on shoot proliferation medium) were grown in field plots in rows at a spacing

of 60 cm with blocks of 24 plants in each plot. The field was mulched with field manure

(soil and organic manure in 3:1 ratio) after planting and irrigated every 3 days. The

cutting propagated and micropropagated plants were then picked up randomly from the

rows and sacrificed ten each for 3 consecutive years lo study the various morphological

parameters such as height of the plant, thickness of the main shoot, total number of

branches per plant, total number of leaves per plant, length of the internodes, weight of

100 leaves and leaf yield per plant.

SAMPLES FOR SDS-PAGE:

Samples for studying the protein profiles during callus proliferation from the

leaves:

Leaves of 1-4 cm derived from the in vitro multiplied shoots were cultured on MS

medium with 2.0 mg/1 2,4-D for induction of callus. Protein profiles were analyzed from

the samples collected at explant stage (lsl sample), swelling of the explant (2nd sample),

slight initiation of callus (3rd sample) and complete proliferation of callus (4th sample).

Samples for studying the protein profiles during shoot organogenesis from leaves:

For studying the changes in protein profiles associated with shoot organogenesis,

leaves of 1-4 cm derived from the in vitro multiplied shoots were cultured on MS

medium with 2.0 mg/1 BAP and the samples were collected at explant stage ( l" sample),

swelling of the explant (2nd sample), induction of shoot buds (3rd sample) and induction

of shoots of 0.5-1.0 cm (4th sample). The basal region of the leaves eliminating the apical
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portion (lsl sample) or the basal region with the differentiated shoots was used for

sampling.

SAMPLES FOR TWO-DIMENSJONAL GEL ELECTROPHORESIS:

Protein was extracted from the leaves cultured on MS medium with 2 .0 mg/1 2,4-

D or medium with 2.0 mg/1 BAP for detecting the proteins expressed during callus

proliferation and shoot organogenesis, respectively. The samples used consisted of leaf

explants, callus proliferated from leaf explants and induction of shoots of 0.5-1.0 cm

from leaf explants.

SAMPLES FOR PROTEIN PHOSPHORYLATION:

Total protein was extracted from the leaf samples collected at different stages (as

described in SDS-PAGE analysis) after culture on MS medium with 2.0 mg/1 2,4-D thai

stimulated callus proliferation or from those cultured on MS medium with 2.0 mg/1 BAP

that triggered shoot organogenesis. The protein was subjected to in vitro phosphorylation

for analyzing the changes in protein phosphorylation during de-differentiation and shoot

differentiation.

PROTEIN EXTRACTION:

All the samples mentioned above were weighed 100 mg each and ground in a pre-

chilled motor and pestle in lml of 50 mM Tris HC1 buffer (pH 5.7) containing 5 mM

MgCl2, 2mM K2HPO4, lmM EDTA, 5 mM DTT, 2 mM KH2PO4, 5 mM DTT, 2% PVP,

20% glycerol, lOmM NaF, lOmM |3-mercaptoethanol and 2mM PMSF. After

homogenization, the samples were centrifuged at 4°C centigrade for 20 min at 12,000

rpm. The supernatant was taken and soluble protein content was estimated by Lowry's

(1951) method with minor modifications as given below.
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Protein estimation by Lowry's method:

Solution A consisted of 4% Sodium carbonate in 0.2 N Sodium potassium

tartrate, Solution B consisted of 1% Cupric sulphate, and Solution C was 2% Sodium

potassium tartrate and Solution D was IN Folin's reagent (commercial). The working

solution was obtained by mixing solutions A, B, C in a ratio of 23:1:1 and this solution

was used within 24 hr of preparation. One ml of the working solution was added to one

ml of protein sample, mixed well and allowed to stand for 10 minute. Then 0.2 ml of

solution D was added rapidly while vortexing the sample. After 30 minutes, absorbance

of the sample was recorded at 750 run. Bovine serum albumin (BSA Fraction V) was

used as a standard protein (5-50 ug/ml).

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE):

Sodium dodecyl sulphate polyacrylamide gel electrophoresis was performed

following the method of Laemmli (1970) with minor modifications. The separation of

proteins was performed in 5% stacking gel and 10% resolving gel. Both the resolving

and stacking gel contained 2.4% bisacrylamide as a cross linker and 0.1% SDS. The final

buffer concentrations were 0.45 M Tris HC1 pH (8.9) in resolving gel and 0.2 M Tris HC1

(pH 6.7) in stacking gel. Ammonium persulphate and N,N,N,N-tetra methylethylene

diamine (TEMED) were used as polymerizing reagents in final concentration of 0.05%

and 0.1%, respectively. The electrode buffer comprised of 0.0247 M Tris HC1 and 0.19

M glycine and 0.1% SDS in one liter of distilled water (pH 8.3). The samples were

mixed with sample buffer consisting of 0.5 M Tris HC1 (pH 6.8) and boiled at 90°C for 3

min. The samples (10-20 ul) having 50 |xg protein were loaded in slab gel wells of the

gel of 8 x 8 x 0.1cm dimension which was polymerized in plain glass plates and was

fixed to Broviga (India) vertical slab gel apparatus. Gels were run at room temperature at
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a voltage of 75 and 100 DC (direct current) for stacking and resolving gel, respectively.

Electrophoresis was carried out until the bromophenol blue dye marker reached about 3-4

mm from the bottom of the gel. Then the gels were removed, and stained overnight with

0.25% w/v Commassie Brilliant Blue R 250 in methanol: glacial acetic acid: water

(50:7:43) v/v. Medium range molecular weight marker (Bangalore Genei Pvt. Ltd.) was

used for calibration.

TWO-DIMENSIONAL POLYACRYLAMIDE GEL ELECTROPHORESIS:

Proteins were separated by isoelectro focusing in 0.3 x 10 cm long tubes,

according to the method of O'Farrel (1975). The second dimension slab gel for

molecular weight was performed by SDS-PAGE as described previously and the gels

were silver stained according to the method of Blum et al. (1987).

(a) Isoelectric Focusing (First dimension):

Polyacrylamide used was 30% (1.8% bis acrylamide as cross linker) in tube gels

(0.35 x 8 cm) in the presence of 9.5 M urea, 10% Nonidet P-40 and 2% ampholines (pH

4-6 range, 1.6% and pH 3.5-10 range, 0.4%) for the first dimension. The gels were pre-

run at 200 volts for 15 min, 300 volts for 30 min and 400 volts for 30 min with 0.03 M

Sodium hydroxide (NaOH) as cathodic solution and 0.01 M Phosphoric acid (H3PO4) as

anodic solution. After pre-run anodic and cathodic solutions were replaced with fresh

solutions. Approximately 50u.g of protein in the sample buffer (9.5M urea, 2%

ampholines, 10% w/v Nonidet P-40 and 5% p- mercaptoethanol) was loaded on the gels.

The protein samples were overlaid with 10 ul of 8 M urea followed by 0.03 M NaOH.

One tube gel was run without protein sample for measuring the pH. Electrophoresis was

carried out at 600 volts for 12 hr, 700 volts for 1 hr and finally for lhr at 800 volts. The

gels were extruded out of the tube and equilibrated in the equilibration buffer (0.0625
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Tris HC1, pH 6.7 with 10% glycerol, 0.005M DTT and 2.3% SDS) for 1 hr, thereafter the

gels were removed immediately and used for second dimension or for pH measurement.

The gels were stored at -70°C until further use.

(b) Second Dimension:

The second dimension was performed in a discontinuous SDS-PAGE as

previously described and silver stained. The IEF gels were placed on stacking gel and

sealed with 1% agarose made in equilibration buffer. The standard markers were loaded

in corner side of the gels. The gels were removed and silver stained.

(c) Measurement of pH:

The isoelectric focused gels were cut into 1 cm pieces and placed in individual

test tubes containing 1.0 ml of distilled water. The test tubes were vortexed and kept

overnight at room temperature. The pH was measured with pH meter.

(d) Silver Staining:

The proteins were detected in the gel by silver staining procedure according to

Blum et al. (1987). The gels were fixed for more than lhr in a fixative containing 50%

methanol, 7.5% acetic acid and 0.5 ml of 37% formaldehyde per litre. The gels were

washed with 50% ethanol for 3 times in 20 min interval. The washed gels were pretreated

with 0.002% Sodium thiosulphate solution for exactly one minute and rinsed 3 times

quickly with distilled water. The pretreated gels were impregnated for 20 min in 0.2%

silver nitrate solution containing 0.02775% formaldehyde. The gels were rinsed 2 times

with distilled water and developed for the proteins with the solution containing 6%

sodium carbonate, 0.0185% formaldehyde and 0.0004% Sodium thiosulphate. The gels

were placed in fixative solution for 10 min for the development of protein spots in

appropriate intensity and subsequently stored in 50% methanol at 4°C.
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IN VITRO PHOSPHORYLATION STUDIES:

Protein phosphorylation was carried out in 3 steps following the procedure of

Mann et al. (1991). Phosphorylation of the protein sample, separation of the protein

samples by SDS-PAGE as described previously and exposure of the gels to X-ray films,

(a) Phosphorylation of the sample:

(i) Ca2+ independent phosphorylation:

Calcium independent phosphorylation of endogenous substrate proteins extracted

from the leaves during different stages of callus proliferation and shoot differentiation

was carried out following standard methods (Babu et al., 1994; Ali et ed., 1998). Equal

amount of protein (100 \xg) was taken from different samples of callus proliferation and

shoot organogenesis. The reaction was carried out in 50 (0.1 of 10 mM Tris-HCl (pH 7.4),

10 mM MgCh and lmM DTT and 100 uM EGTA to chelate Calcium. The reaction was

initiated by the addition of 4 |oCi [y- ' P]ATP to the reaction mixture containing the

sample and incubated at room temperature for 1 min. The reaction was terminated by

Laemmli sample buffer (0.125 M Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 2% p-

mercaptoethanol and 0.01% bromo phenol blue) and the mixture was heat denatured for 2

min in boiling water. The proteins were separated by SDS-PAGE on 10 %

polyacrylamide gel as described by Laemmli (1970).

(ii) Calcium dependent phosphorylation:

The Calcium dependent phosphorylation was performed exactly as described

above, excepting that the EGTA in the reaction mixture was replaced with 0.4 mM

Calcium chloride.
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(iii) Calmodulin dependent phosphorylation:

The Calmodulin dependent phosphorylation was also performed as presented

above. The reaction was carried out in 50 ul of 50 mM Tris-HCl (pH 7.4), 10 mM

Magnesium acetate, lmM DTT, 0.4 mM CaCh, 2 |J.M calmodulin and 100 u.g of protein

for the different samples of callus proliferation and shoot organogenesis from the leaves.

(b) SDS-PAGE:

SDS-PAGE was performed as described previously and stained with commassie

Brilliant Blue R 250 in 0.25% w/v methanol, glacial acetic acid and water in ratio.s of

(50:7:43), and dried.

(c) Exposure of Gels to X-ray film:

The dried gels were exposed to the Kodak X-ray films by keeping them in the

cassettes with intensifying screens (Kodak) and stored at -70°C for 2 days. The exposed

films were developed and fixed with commercially available developer and fixer.

Autoradiograms obtained were compared with the dried gels for determination of

accurate molecular weights of the proteins.

AGROBACTERIUMMEDIATED GENETIC TRANSFORMATION:

Shoot meristems of 0.5 cm in length were excised from healthy shoots of S-36

cultivar at the end of 3rd stage of shoot proliferation (MS medium with 0.5 mg/1 BAP)

and used in transformation experiments. The work dealing with Agrobacterium mediated

transformation was done in strict observance of national safety regulations.

Agrobacterium construct:

A. tumefaciens strain GV2260 harbouring binary vector p'GUSINT" having gus

gene with intron, driven by CaMV 35S promoter and npt II gene driven by nos promoter

was used as vector system in genetic transformation of mulberry. The Agrobacterium
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strain was maintained on LB agar medium containing 100 mg/1 rifampicin, 100 mg/1

carbenicillin and 50 mg/1 kanamycin. A single colony of Agrobacterium was cultured in

25 ml of LB broth medium with the above antibiotics at 28°C on a rotary shaker (200

rpm) for about 18 h until an optical density (OD) 600 of approximately 0.5 was reached.

Aliquots of the culture were centrifuged at 3000 rpm for 5 min. The pellets were

suspended in MS medium containing 3% sucrose in 1:10 dilution and used for infecting

the explants.

Tissue culture selection and plant regeneration:

The medium used for inducing shoot proliferation and root induction from shoots

was MS medium with 3% sucrose and 0.8% agar. Initially, the shoot meristems and

leaves excised from healthy shoots were cultured on MS medium with 0.5 mg/1 BAP

supplemented with a range of concentration of kanamycin (10-100 mg/1) to evaluate its

effect on shoot bud differentiation. In addition, the sensitivity of the shoots to root

induction was tested by culturing healthy shoots on MS medium with 0.1 mg/1 IBA or 0.1

mg/1 2.4-D and 10-100 mg/1 kanamycin.

Healthy shoot meristems were infected with the Agrobacterium by exposing the

cut end of the shoot meristem to bacterial suspension for 10 min, blotted on sterile filter

paper and transferred to MS medium with 0.5 mg/1 BAP. After 2 days of co-cultivation

on MS medium with 0.5 mg/1 BAP at 22°C in the dark, the explants were placed on MS

medium with 0.5 mg/1 BAP and 250 mg/1 cefotaxime for 2 days for eliminating the

Agrobacterium. The shoot meristems were then transferred to MS medium with 0.5 mg/1

BAP, 250 mg/1 cefotaxime and 100 mg/1 kanamycin as the selection agent. The shoots

meristems that have responded for bud differentiation were subsequently transferred to

MS medium with 0.5 mg/1 BAP and 100.0 mg/1 kanamycin. The muliple shoots that
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were induced were subcultured on the same medium for five times to avoid the possible

escapes. Healthy shoots (2-3 cm) derived from the cultures at the end of 5th subculture on

selection medium were transferred to MS medium with 0.1 mg/1 IBA or 0.1 mg/1 2,4-D

with 50 mg/1 kanamycin for root induction. The shoots that developed healthy roots

were transferred to plastic pots containing soil and organic manure and the humidity was

maintained by covering with polythene cover for 10-15 days. Subsequently, the plants

were transferred to earthen pots and maintained in the greenhouse.

Extraction of genomic DNA from the leaves of the untransformed and putative

transformed plants:

Genomic DNA was isolated from leaf tissues by the procedure based on CTAB

(Cetyl trimethyl ammonium bromide) method of Saghai-Maroof et al. (1984). Leaves

were collected from the putative transformants and untransformed plants (controls)

established in the field. One gram of leaf tissue was quick frozen in liquid nitrogen and

ground to fine powder in a mortar and pestle. The fine powder was thoroughly extracted

with 5 ml of warm CTAB extraction buffer (1M Tris (pH 7.5), 5 M NaCl, 0.5 M EDTA

(pH 8.0), 14 M P-mercaptoethanol) containing 1% CTAB and incubated at 65° C for 60-

90 min. About 5 ml of Chloroform/isoamyl alcohol (24:1) was added to this solution and

rocked gently on a shaker for 5 min and centrifuged at 5000 rpm for 10 min at room

temperature.

To the supernatant, an equal volume of isopropanol was added and the

precipitated DNA was hooked or centrifuged at 5000 rpm for 10 min. The pellet

recovered was dissolved in lml of TE buffer and equal volume of phenolxhloroform was

added to the DNA sample. The aqueous phase was transferred to a fresh tube and

precipitated with 1/10 volume of 3M sodium acetate and 2.5 volumes of ice-cold absolute
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ethanol. The precipitated DNA was pelleted by spinning at 5000 rpm for 10 min, dried

and suspended in appropriate volume of TE. The concentration of DNA was determined

spectro-photometrically and its quality through gel analysis.

GUS analysis:

GUS gene expression in the leaves and callus cultures of the untransformed and

putative transformed plants was detected using the method of Jefferson (1987). Tissues

were incubated for 12 hr at 37 ° C in 50 mM Sodium phosphate buffer (pH 7.0)

containing lmM X-gluc. Following overnight incubation the tissues were rinsed in 70 %

ethanol and the development of blue colour was monitored.

Polymerase Chain reaction (PCR):

PCR was performed on a perkin thermal cycler, with DNA extracted from

putative transformants and untransformed control plants. Each reaction (50 |xl) contained

0.2 ug DNA, primers, 1.25 units of Taq polymerase (GIBCO BRL Life Technologies.

Burlington, Ontario), 1.5 mM MgC^, 10 mM dNTP mix and primers, covered with

mineral oil. The samples were heated to 94°C for 3 min, followed by 35 cycles of 94°C

(1 min), 55°C for 1 min and 72°C for 1 min, with a final 10 min extension at 72°C. The

amplified products were electrophoresed on 1% agarose gel and visualized by ethidium

bromide staining.

The primer sequences for npt 11 gene are:

npt II Left

5' GAG GCT ATT CGG CTA TGA CTG 3'

npt II Right

5' ATC GGG AGC GGC GAT ACC GTA 3'
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Seasonal effect on axillary bud sprouting in Held conditions:

The influence of season on axillary bud sprouting and plant establishment

frequency from the nodal cuttings placed in soil was studied in field conditions. A high

frequency of sprouting as well as a high plant establishment rate from cuttings was

observed in summer compared to the rainy and winter seasons in all four cultivars.

Adventitious roots were formed from the base of the nodal cuttings during shoot

development in all four cultivars (Fig. 3). Axillary buds of M-5, S-36, S-13 cultivars

sprouted in 10-12 days and plant establishment frequency from nodal cuttings varied

from 63.3-93.3% in different seasons (Fig. 4). In China White cultivar, asynchronous

sprouting was observed in all seasons and at the end of 60 days only 23.3% of the nodal

cuttings established into plants in summer indicating the difficult-to-root nature of the

cultivar (Table 3).

Sprouting of the axillary buds in vitro:

Nodal explants of 3-4 cm bearing axillary buds were cultured on MS medium

supplemented individually with 2,4-D, KN and BAP for inducing sprouting. Nodal

explants having greenish axillary buds enveloped by 2-3 whorls of scales on medium

tender shoots responded efficiently for sprouting. Axillary buds without scales from very

tender shoots turned brown upon sterilization treatment and buds from very old shoots

with more than 2-3 whorls of scales did not sprout even after 30 days of culture.

Contamination in the cultures was observed to be season dependent. The maximum

contamination of 40.0% occurred during winter followed by the rainy and summer

seasons with frequencies of 25.0% and 15.0%, respectively.

The sprouting frequency from axillary buds of four cultivars varied from 10.0-

83.3% in summer followed by rainy season (Fig. 5 and Table 4). A low frequency of
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Fig. 3: Comparison of rooting from the nodal cuttings of four cultivars after 45 days of
transfer to soil.
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Fig. 4: Establishment of plants from nodal cuttings of four cultivars after 45 days of
transfer to soil.
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Table 4: Seasonal effect on in vitro axillary bud sprouting of different cultivars of

mulberry

Treatments

(mg/l)

Basal

0.3 2.4-D

1.0 2,4-D

2.0 2,4-D

0.3 KN

1.0 KN

2.0 KN

0.3 BAP

1.0 IJAI'

2.0 BAP

Sprouting frequency (%) *

M-5

S

36.7

+ 3.3

80.0

+ 5.8

63.3

+ 3.3

56.7

+ 6.7

26.7

+ 6.7

13.3

•> .3.3

10.0

+ 5.8

23.3

+ 3.3

30.0

+ 5.8

40.0

+5.8

R

33.3

+ 3.3

76.7

+ 3.3

56.7

+ 3.3

46.7

+ 8.8

20.0

+ 5.8

10.0

+ 5.8

6.7

±3.3

10.0

+ 5.8

26.7

+ 3.3

30.0

+ 5.8

w
23.3

+ 8.8

56.7

±^•3

50.0

±5.7

36.7

+ 6.8

10.0

+ 5.8

6.7

+ 3.3

0.0

0.0

16.7

+ 3.3

20.0

+ 5.8

S-13

S

50.0

+ 5.8

73.3

+ 3.3

66.7

+ 6.7

53.3

+ 3.3

73.3

+ 3.3

60.0

+ 5.8

56.7

+ 3.3

56.7

+ 3.3

43.3

+ 3.3

40.0

+ ().()

R

43.3

+ 6.7

63.3

+ 3.3

46.7

+ 3.3

33.3

±6.7

60.0

+ 5.8

53.3

+ 8.8

36.7

+ 6.7

50.0

+ 5.8

36.7

+ 3.3

33.3

+3.3

W

30.0

+ 5.8

40.0

+ 5.8

23.3

+ 3.3

6.7

+ 3.3

43.3

+ 3.3

26.7

+ 6.7

16.7

+ 3.3

46.7

+ 6.7

26.7

+ 3.3

20.0

+ 5.8

S-36

s
56.7

4 6.7

83.3

+ 3.3

56.7

+ 3.3

36.7

+ 3.3

46.7

+ 3.3

43.3

+ 6.7

13.3

+ 3.3

40.0

+ 5.8

30.0

+ 5.8

16.7

+ 3.3

R

46.7

+ 6.7

76.7

+ 3.3

46.7

+ 3.3

26.7

+ 3.3

33.3

+ 3.3

26.7

+ 6.7

6.7

+ 3.3

33.3

+ 6.7

20.0

+ 5.8

0.0

w
40.0

+ 5.8

60.0

+ 5.8

33.3

+ 8.8

6.7

+ 3.3

30.0

+ 5.8

16.7

+ 3.3

0.0

23.3

+ 6.7

16.7

+ 8.8

0.0

China While

S

30.0

+ 5.8

50.0

+ 0.0

30.0

+ 5.8

23.3

+ 3.3

53.3

+ 3.3

70.0

+ 5.8

76.7

+ 3.3

40.0

+ 5.8

26.7

+ 3.3

16.7

+3.3

R

23.3

+ 3.3

43.3

+ 3.3

23.3

+ 6.7

0.0

33.3

+ 8.8

56.7

+ 6.7

60.0

+ 5.8

26.7

+ 3.3

16.7

+ 8.8

10.0

+ 5.8

\V

16.7

+ 8.8

33.3

+ 6.7

6.7

+ ?~.i

0.0

23.3

+ 3.3

43.3

+ 3.3

46.7

+ 3.3

16.7

+ 8.8

10.0

+ 5.8

6. /

+ 3.3

* The values represent the mean (± SE) of three independent experiments. Ten explants
were used for each experiment.

S - Summer (February- May)
R - Rainy (June-September)
W- Winter (October-January)



Fig. 5: Induction of sprouting from the axillary buds of four cultivars oj" mulberry.



M-5 S-36

S-13 China White
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sprouting (0.0-60.0%) was observed in winter indicating the strong influence of season

on axillary bud sprouting. A high frequency of axillary bud sprouting (56.7-83.3%) from

the nodal explants of M-5 and S-36 cultivars was induced on medium supplemented with

0.3 mg/1 of 2,4-D and sprouting occurred in 5-7 days. When the concentration of 2,4-D

was increased in the MS medium, the sprouting frequency decreased (0.0-66.7%) in all

the four cultivars of mulberry. Medium supplemented individually with KN (0.3-2.0

mg/1) and BAP (0.3-2.0 mg/1) induced axillary bud sprouting at frequencies ranging from

0.0-46.7% and 0.0-40.0% in M-5 and S-36 cultivars, respectively and the duration of"

sprouting was longer (18-20 days) compared to 2,4-D. Axillary buds of the S-13 cultivar

collected in summer exhibited sprouting with the same frequency of 73.3% on medium

supplemented individually with 2,4-D (0.3 mg/1) and KN (0.3 mg/1). However, axillary

buds cultured on 2,4-D medium sprouted in 9-10 days whereas those cultured on medium

with KN sprouted in 22-24 days. In the China White cultivar, MS medium with 2.0 mg/1

KN favoured a high frequency of sprouting (46.7-76.7%) compared to 2,4-D

supplemented medium with the buds sprouting at the same duration of 12-14 days.

Development of shoots as well as inflorescences was observed from sprouted

axillary buds of all four cultivars irrespective of the season during which nodal explants

were collected. The female inflorescences that were induced in M-5 and S-36 cultivars,

when allowed to grow along with the shoot, the growth of the shoot remained arrested

(Fig. 6a). Subsequently, when the shoot along with the inflorescence was transferred to

rooting medium containing 1.0 mg/1 2,4-D, the female inflorescence ripened with no seed

set resulting into parthenocarpic fruits (Fig. 6b). When the female inflorecences were

removed at an early stage of growth, the shoots resumed their growth with complete

vigour. The removal of the male inflorescence was however, not required in S-13
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Fig. 6a: Induction of shoot along with female inflorescence from the sprouted axillary
bud of S-36 cultivar on MS medium with 0.3 mg/1 2,4-D.

Fi«. 6b: A complete plantlet of S-36 cultivar with ripened fruit on MS medium with 1,0
mg/1 2,4-D.
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cultivar as the flowers withered away immediately after the pollen was shed from the

anthers without affecting the growth of the shoot.

Induction of direct shoot organogenesis from the leaves:

Plant regeneration via direct shoot organogenesis has been achieved from the

cultured leaf explants of all four cultivars. The age and the orientation of the leaves

remarkably influenced the response of leaves for direct organogenesis. The leaves from

very young (smaller than 1.0 cm) and very old leaves (more than 4 cm) did not respond

for shoot regeneration even after 60 days of culture on the media tested. Hence, leaves of

an intermediate size (1-4 cm length) were used for further studies on shoot

organogenesis. The leaves present at the apical region and very old leaves situated at the

lower position of the shoots failed to exhibit any response, whereas the leaves present at

the middle portion of the shoot responded efficiently for shoot organogenesis. Shoot bud

induction was observed from leaves cultured with the abaxial surface in contact with the

medium. The type of culture vessel that was used for culture of leaves influenced the

organogenic response. The response of shoot organogenesis was high when leaf explants

were cultured in the test tubes (2.5 x 15.0 cm) whereas those cultured in culture bottles

(11.5 x 5.5 cm) and petridishes (diameter 90 mm) responded with a low frequency.

Presoaking of the leaves for 24-72 hr in MS liquid medium containing BAP (0.5-

2.0 mg/1) had no significant effect on induction of shoot buds in all four cultivars. The

source from which the leaves were derived did not have any affect on shoot

organogenesis as the leaves derived from the various sources such as the sprouted

axillary buds, multiple shoots and from the shoots that have developed roots responded

similarly for shoot organogenesis. The leaves without petiole exhibited a high frequency

response for shoot bud induction in contrast to the leaves with the petiole, which failed to
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differentiate into shoots even when left on the medium for 60 days. There was no

induction of shoot buds from the leaves that were cultured on MS medium without

growth regulators and only increased in size at the end of 30 days of culture.

High frequency of shoot organogenesis (77.6-89.2%) was achieved from the

leaves that were cultured for a limited period of 8-10 days on 4.0 mg/1 TDZ

supplemented medium and subsequently transferred to MS medium with 2.0 mg/1 BAP

(Fig. 7). Low levels of TDZ (2.0-3.0 mg/1) promoted shoot bud differentiation at low

frequencies of 6.8-33.4% in different cultivars whereas medium with 4.0 mg/1 TDZ

favoured high frequency of shoot organogenesis. Distinct, 8-9 visible meristems were

produced from a single leaf besides, there were number of smaller, continuously

proliferating shoot buds on medium with 4.0 mg/1 TDZ. But, from a single leaf only 2-3

buds developed into shoots of 0.5-1.5 cm at the end of 30 days and growth of the rest of

the adventitious shoot buds remained arrested. These shoot buds resumed growth only

upon transfer to 2.0 mg/1 BAP supplemented medium and 16-18 shoots developed in all

four cultivars after 30 days of transfer. The frequency of adventitious shoot bud

induction as well as the number of shoot buds induced per explant decreased in all four

cultivars with the increase in concentration of TDZ (Table 5).

Direct shoot organogenesis was achieved with a frequency ranging from 0.0-

46.7% in different cultivars from the leaves that were cultured directly on medium with

BAP (2.0-5.0 mg/1) without preculturing on TDZ supplemented medium. Adventitious

shoot buds of 5-6 in number differentiated from the basal portion of the leaf after 30 days

of culture on medium with 2.0 mg/1 BAP. The leaves cultured on medium with 3.0 mg/1

and 4.0 mg/1 BAP responded for shoot organogenesis with a frequency of 13.6-32.5%

and 0.0-18.5%, respectively in different cultivars. A further increase in the concentration

45



Table 5: Effect of BAP and TDZ on direct shoot organogenesis from the leaves of

four cultivars of mulberry

Type of

eytokinin

BAP

TDZ

Concentration

(mg/1)

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

% of shoot regeneration

Cultivar

M-5

46.7 + 2.2 a

32.5 + 3.7 ab

18.5+ 1.0c

8.7 +.1.9 d

13.3 +3.4 cde

27.4 +4.7ab

84.9 +3.7 f

64.7 + 3.4 g

S-36

44.4 + 4.4 a

28.4 +3.0 b

8.3 +1.4 c

6.1 +0.8 ed

19.3 +1.9 e

33.4 + 3.4 b

89.2 +3.7 f

67.7 +3.4 g

S-13

43.7+ 1.9 a

22.7+ 1.6 be

14.3+ 2.8 ed

11.0+ 1.2 d

11.4 + 0.8 de

21.0 +2.8 bdf

80.6 + 5.2 g

48.1 +3.2 a

China White

30.1 + 1.5 a

13.6+ 1.8 b

0.0

0.0

6.8 + 3.5 be

17.3+ 2.8 be

77.6 + 3.5 d

43.9 +3.7 e

Means followed by the same letter in a column arc not significantly different (p < 0.05)
by Newman-KeuFs multiple range test.



Fig. 7: Direct shoot regeneration from leaf explants of different mulberry cultivars
exposed to 4.0 mg/i TDZ lor 8-10 days followed by subculture to medium with 2.0 mg/l
BAP.



M-5 S-36

S-13 China White

Fig:7



of BAP (5.0 mg/1) decreased the frequency of organogenesis by 0.0-11.0% in all four

cultivars with the thickening of the proximal and marginal portion of the leaves without

any induction of shoot buds.

The leaves cultured on MS medium supplemented individually with KN (2.0-5.0

mg/1) and Z (2.0-5.0 mg/1) did not exhibit any shoot organogenesis. Combination of BAP

(10.0 mg/1) and IBA (1.0 mg/1) induced shoot buds in 26-28 days at a low frequency of

10.0-13.5% from leaf explants of M-5, S-13 and S-36 cultivars, whereas in the China

White cultivar, no response was observed even after 60 days of culture. The addition of

fructose, glucose or maltose instead of sucrose did not have any effect on leaf

organogenesis and the leaves turned pale cream in colour within 30 days of culture on

glucose supplemented medium.

Multiplication of the shoots:

The response of shoot proliferation from the shoot tips derived from the axillary

buds and leaf regenerated shoots was studied by culturing on MS medium with BAP,

TDZ, KN and Z individually at 0.5-2.0 mg/1 and 3% sucrose. Multiple shoots were

induced from the shoot tips differentiated from the axillary buds (Fig. 8) and leaves (Fig.

9) at a high frequency of 80.0-90.3% and 78.7-93.3%, respectively on MS medium with

0.5 mg/1 BAP (Table 6 and 7). In all four cultivars, multiple shoots were induced in 9-10

days on MS medium with 0.5 mg/1 BAP with induction of shoots of 2.4-3.6 cm in 30

days from shoot tips derived from the axillary buds and leaves. Medium supplemented

with 1.0 mg/1 BAP triggered induction of 2.4-5.2 shoots with frequencies ranging from

67.8-73.4% and 70.5-82.6% from shoot tips derived from axillary bud and leaf

regenerated shoots, respectively in different cultivars (Fig. 10a and 10 b). The shoot tips

derived from both axillary buds and leaves when cultured on 2.0 mg/1 BAP also
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Fig. 8: Multiple shoot induction from the axillary bud derived shoots of different
cultivars of mulberry after 30 days of culture on MS medium with 0.5 mg/1 BAP.
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S-13 China White
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Fig. 9: Multiple shoot induction from the shoots regenerated from leaves of different
cultivars of mulberry after 20 days of culture on MS medium with 0.5 mg/1 BAP.
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Fig. 10a: Effect of different levels of cytokinins (0.5-2.0 mg/1) on frequency of multiple
shoot induction from the shoots differentiated from the axillary buds.

Fig. 10b: Effect of different levels of cytokinins (0.5-2.0 mg/1) on frequency of multiple
shoot induction from the shoots differentiated from the leaves.
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developed shoot buds from the base but the shoots failed to grow and appeared as clumps

(Fig. 11), which did not resume growth even when left for 60 days on the same medium.

Transfer of shoot clumps to medium with low levels of BAP (0.5 mg/I) facilitated further

growth of the shoots with induction of shoots of 1.5-2.0 cm after 30 days of culture.

Thidiazuron at 0.5 mg/1 supported induction of 1.3-1.7 shoots from the base of the

shoot tips derived from sprouted axillary buds and leaf regenerated shoots of all four

cultivars with a frequency of 47.5-66.8% and 72.0-76.0% and length of 1.4-1.5 cm and

1.3-1.6 cm, respectively. The leaves of the multiple shoots increased in size and turned

dark green with the thickening of the veins at the end of 30 days of culture. The shoot

buds that have appeared from the base became fused, and developed into shoots that were

(asciated with thickening of the leaves as the growth proceeded. Shoots cultured on

medium with TDZ (2.0 mg/1) developed callus from the base that was cream coloured

and had sectors of green patches (Fig. 11). Callus with green sectors was placed on

medium with 0.5-2.0 mg/1 BAP for promoting shoot differentiation. However, no shoot

bud differentiation was observed from the callus even after 30 days of culture. Following

the above observation, internodal segments without shoot meristems were cultured on

medium with 2.0 mg/1 TDZ for observing their response for callus induction and

subsequent plant regeneration. However, the internodal explants turned brown and did

not show any sign of callus initiation. This observation suggested that the presence of

meristematic region is essential for induction of callus from the internodal explants.

Shoot tips cultured on medium with KN and Z responded differently with no induction of

shoot buds from the base of the culture. However, axillary shoots were induced at a

frequency of 27.8-67.2% and 55.1-69.5% from the shoot lips derived from axillary bud

and leaf regenerated shoots, respectively in different cultivars. The main shoot increased
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Fig. 11: Comparison of multiple shoot induction from axillary bud derived shoots of S-36
cultivar on medium supplemented with different concentrations of cytokinin.

A&B) 0.5mg/l BAP and 2.0 mg/1 BAP

C&D) 0.5mg/l TDZ and 2.0 mg/1 TDZ
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D
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in length with induction of axillary shoots of 1.0-1.7 cm at the end of 30 days of culture

(Fig. 12). Shoot tips cultured on medium with high levels (1.0-2.0 mg/1) of KN and Z

developed dark brown callus with a retardation of shoot growth.

Attempts were also made to study the effect of various sugars such as sucrose,

fructose, maltose and glucose at 3% on shoot proliferation rates from shoot tips derived

from axillary buds (Table 8). The frequency of multiple shoot induction did not vary

significantly in the presence of sucrose (66.7-81.7%) and fructose (75.0-88.3%) and

decreased on medium containing maltose (31.7-53.3%) in different cultivars. However,

the shoot proliferation rate increased at a rate of 6.5 per culture in all 4 cultivars by the

incorporation of fructose (3%) instead of sucrose (3%) in the multiplication medium

containing 0.5 mg/1 BAP and the growth of the shoots was vigorous (Fig. 13). The

average length of shoots was 5.2 cm in the presence of fructose whereas on medium

containing sucrose, 3.8 cm long shoots were induced. Shoots cultured on MS medium

with glucose (3%) turned pale green and withered away whereas those cultured on

maltose (3%) supplemented medium developed shoot buds from the axils of the leaves

and there was no further growth of the buds. However, these buds resumed growth upon

transfer to medium supplemented with either sucrose or fructose and shoot multiplication

was achieved. Studies were also conducted to observe the multiplication rates of shoots

derived from sprouted axillary buds upon each subculture (Table 9). The rate of shoot

multiplication increased upon each subculture on medium with 0.5 mg/1 BAP. Dark

brown coloured callus developed from the base of the shoots from 5lh subculture onwards

in all four cultivars (Fig. 14). The development of the callus from the base had no effect

on the shoot multiplication rates of cultivars. Repeated subculturing of shoots triggered

induction of more number of shoots from the base and the mean number of shoots
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Fig. 12: Multiple shoot induction from axillary bud derived shoots of S-36 cultivar after
30 days of culture on MS medium with 0.5 mg/I of different cytokinins.
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Table 8: Effect of different sugars on multiple shoot induction in 4 cultivars of

mulberry

Type of sugar

(3%)

Sucrose

Fructose

Glucose

Maltose

M-5

81.7+ 4.4 a

88.3+ 3.3 a

16.7+ 1.7b

53.3 + 6.0 c

Frequency ol multiple shoot induction (%)

S-36

90.0 + 2.9 a

91.7 + 3.3 a

11.7 + 3.3 b

53.3+4.4 c

S-13

73.3+1.7 a

83.3+ 4.4 a

0.0

45.0 + 2.9 b

China White

66.7+ 6.0 a

75.0+ 5.8 a

0.0

31.7 +3.3 b

Means followed by the same letter in a column are not significantly different (p < 0.05)
by Newman-Keul's multiple range test.



Fi«. 13: Multiple shoot induction from axillary bud derived shoots of S-36 cultivar on
MS medium with sucrose/fructose

a) 3 % sucrose
b) 3 % fructose



Fig : 13
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Table 9: Mean number of shoots induced during series of subcultures in different
cultivars of mulberry

Subculture

cycles

s,
S2

S3

S4

s5

s6
s7

s8
Sy

Sio

Mean shoot number

M-5

7.5 +0.17a

9.4 +0.12b

10.7 + 0.15c

11.6 + 0.06d

12.7 + 0.19e

14.7+"0.07f

15.5 + 0.13g

17.1 + 0.09h

18.9 + 0.24i

19.8 + 0.03J

S-36

7.5 +0.18a

9.5 +0.15b

10.8 + 0.15c

11.8 + 0.19d

12.7 + 0.06e

14.8 + 0.12f

15.8 +0.15g

17.1 +0.21h

18.9 + 0.15i

20.0 + 0.19]

S-13

6.6+ 0.17a

7.6 + 0.17ab

9.3 + 0.10bc

10.2 + 0.12dc

11.6+ 0.15ed

13.7 + 0.25ef

14.7 + 0.12gf

15.8 + 0.09gh

16.5 +0.12ih

17.7 + 0.06i

China White

7.2 + 0.18a

9.3+0.18b

10.1 + 0.09c

11.2+ 0.06d

12.2 + 0.15e

14.2 + 0.12f

15.2+ 0.12g

16.7 + 0.13h

17.4 + 0.03i

19.5 +0.18j

Means followed by the same letter in a column are not significantly different (p < 0.05)
by Newman-KeuFs multiple range test.



Fig. 14: Multiple shoot formation with development of callus from the base of shoots of
S-36 cultivar on medium with 0.5 mg/l BAP at 5th subculture.



Fig : 14



produced from a single shoot tip culture of different cultivars varied from 17.7-20.0 at

10th subculture.

Root induction from the shoots:

The effect of auxins such as 2,4-D, NAA, IAA and IBA on root induction from

shoots of four mulberry cultivars was studied. The source from which the shoots were

derived had a marked effect on root induction. Medium supplemented with 1.0 mg/1 2,4-

D favoured a high frequency of root induction (86.7-100.0%) from the shoots derived

from the sprouted axillary buds and the roots were induced in 9-10 days in all four

cultivars (Table 10). Differences were noticed in the nature of roots induced depending

on the auxin used in the medium (Fig. 15). Thin slender roots were induced in 17-18

days on IBA and IAA supplemented medium in all four cultivars and numerous medium

thick roots were induced in 13-14 days on medium supplemented with NAA. Roots

induced on 2,4-D medium were thicker, stronger, fewer in number than those induced on

IAA and NAA. However, no difference in the functionality of the roots was observed

during acclimatization. Repeatedly subcultured shoots rooted well on MS medium

supplemented with low concentration of auxins.

Shoots regenerated from the leaves responded differently with respect to

frequency as well as the nature of roots induced in comparison to axillary bud

regenerated shoots (Table 11). Low levels of auxins (0.1 mg/1) favoured high frequency

of rooting from leaf regenerated shoots whereas axillary bud regenerated shoots rooted

efficiently when auxins were provided at 1.0 mg/1. The frequency as well as the nature of

roots induced from the leaf regenerated shoots varied with the type and concentration of

auxin. Healthy, thick roots that enabled the plants to survive better in the field were

obtained on medium with 0.1 mg/1 IBA (Fig. 16). Roots were induced in 12-14 days with
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Fig. 15: Root induction from the axillary bud derived shoots of M-5 cultivar after 30
days of culture on MS medium with different auxins.
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Table 11 : Effect of different auxins on induction of rooting from the leaf

regenerated shoots of mulberry

Type of

auxin

IAA

IBA

NAA

2,4-D

Concentration

(mg/1)

0.1

1.0

0.1

1.0

0.1

1.0

0.1

1.0

% of rooting

Cultivar

M-5

62.0+ 1.1 a

53.6 +2.6 b

86.6 + 2.1 c

64.3 + 2.4 a

30.4+1.Id

17.0 +2.4 e

72.6 + 1.9 f

53.4 +2.0 b

S-36

67.1 +1.9 a

57.0 +2.4 b

85.2+ 2.3 c

63.4 +2.4 ab

33.6 + 2.8 d

20.9 + 0.3 e

78.7+ 1.2 c

57.5 +3.2 b

S-13

45.7+1.5 a

28.9 +0.2 b

80.2 +0.4 c

43.8+ 2.5 a

24.2+ 1.0 b

10.4 + 0.7 d

68.0 + 2.5 e

43.4+1.9 a

China White

41.7 + 2.5a

19.2 +0.4 b

76.0+ 1.5 c

44.2+ 2.5 a

13.5 + 0.8 d

7.1+0.2 e

60.3 + 1.1 f

38.8+ 1.1 a

Means followed by the same letter in a column are not significantly different (p < 0.05)
by Newman-Keul's multiple range test.



Fig. 16: Root induction from the leaf regenerated shoots of different cultivars on MS
medium supplemented with 0.1 mg/1 IBA.
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a frequency of 76.0-86.6% in different cultivars at 0.1 mg/1 IBA whereas higher levels of

IBA (1.0 mg/1) resulted in abundant callus development from the base of the culture (Fig.

17). Incorporation of 0.1 mg/1 2,4-D triggered root induction with a frequency of 60.3-

78.7% in different cultivars. Slender, thin roots were induced from the shoots cultured on

medium supplemented with NAA (0.1 mg/1) and IAA (0.1 mg/1) at a frequency of 13.5-

33.6% and 41.7-67.1%, respectively in different cultivars.

Shoots cultured on medium with 1.5 mg/1 IBA developed cream coloured friable

callus from the base within four weeks of culture (Fig. 18a)). However, the intemodal

explants without meristems upon culture on MS medium with 1.5 mg/1 IBA, underwent

rhizogenesis directly from the explants without any callus formation. Transfer of friable

callus onto medium supplemented with BAP (0.5-1.0 mg/1) resulted in rhizogenesis along

with development of nodular structures that appeared as globular staged somatic embryos

(Fig. 18b). However, further development of the somatic embryos was not observed even

when left on the same medium for 60 days. At higher concentration of BAP (2.0 mg/1),

the callus became completely brown within a week of culture. Shoot tips cultured on

medium supplemented individually with 1.5 mg/1 2,4-D, IAA and NAA developed hard

callus from the base of the explant, which showed no response for regeneration when

transferred to medium with BAP (0.5 to 2.0 mg/1).

Establishment of micropropagated plants in field:

Regenerated plants of all four cultivars with well developed roots and 4-5 healthy

leaves were transferred to pots containing soil and organic manure (3:1 ratio) and the

humidity was maintained by covering with a plastic cover. The plants were acclimatized

for 15-20 days and subsequently transferred to field. The survival frequency of the

regenerated plants was more in rainy than in winter and summer seasons. The plants
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Fig. 17: Comparison of root induction from the leaf regenerated shoots of S-36 cultivar
on MS medium supplemented with 1BA.

a) 0.1 mg/1 IBA
b) 1.0 mg/1 IBA
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Fig. 18a: Development of callus from the base of the shoot of S-36 cultivar on MS
medium with 1.5 mg/1 IB A.

Fi«. 18b: Development of globular shaped embryos along with rhizogenesis in the callus
developed from the base of the shoot upon transfer to medium with 0.5 mg/1 BAP.



Fig : 18a
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regenerated from axillary buds (Fig. 19) established at a high frequency of 66.8-95.5% in

comparison to plants regenerated from leaves (Fig. 20), which established at a frequency

of 56.5-80.3% in different cultivars (Table 12).

Field performance of micropropagated plants:

The growth characteristics and vegetative morphology of micropropagated plants

were compared with the plants raised through cuttings for tluee consecutive years (Table

13). In all four cultivars, in vitro raised plants were healthier than cutting raised plants.

The height of the cutting propagated plants of different cultivars varied from 364.0-514.3

cm in comparison to micropropagated plants which exhibited a height of 192.7-396.3 cm

in the first year. The leaf area of the cutting raised plants was more in comparison to the

micropropagated plants. The thickness of the main shoot of the cutting derived plants

was more (7.3-14.2 cm) than the micropropagated plants (5.1-9.4 cm) in all four

cultivars. But, the number of branches/plant was more for micropropagated plants (7.7-

14.0) and an enormous increase in the number of branches/plant was noticed in

micropropagated plants at the end of 3'd year (25.3-26.7). In contrast, the cutting derived

plants exhibited a marginal increase in the number of branches/plant every year. The

internodal distance of the micropropagated plants was lesser (2.4-4.5 cm) than that of the

cutting derived plants (3.2-6.2 cm). The weight of the single leaf of the cutting raised

plants was more compared to micropropagated plants in all four cultivars. However, this

did not alter the yield of micropropagated plants as they had more number of

branches/plant (Fig. 21-24).
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Fig. 19: Establishment of micropropagated plants derived from axillary buds of different
cultivars in field.
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Fig. 20: Plantlets regenerated from leaves after 15 days of transfer to pots containing
garden soil and organic manure (3:1).
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Fig. 21: Comparison of field performance of one-year old plants of M-5 cultivar
established from nodal cuttings with micropropagated plants.
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Fig. 22: Comparison of field performance of one-year old plants of S-36 cultivar
established from nodal cuttings with micropropagated plants.
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Fig. 23: Comparison of field performance of one-year old plants of S-13 cultivar
established from nodal cuttings with micropropagated plants.
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Fig. 24: Comparison of field performance of one-year old plants of China White cultivar
established from nodal cuttings with micropropagated plants.
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SDS-PAGE analysis during callus proliferation and shoot organogenesis from leaf

explants:

In an effort to identify a developmental marker specific to shoot organogenesis,

protein profiles of different stages of shoot organogenesis were compared with different

stages of callus proliferation from leaf explants of M-5 and S-36 cultivars. Leaf explants

cultured on MS medium with 2.0 mg/1 2,4-D produced callus whereas those cultured on

2.0 mg/1 BAP underwent shoot organogenesis. SDS-PAGE analysis was made from the

protein extracted from the leaves at different stages of callus proliferation and shoot

organogenesis. The first stage was represented by the explant stage (0 day), 2nd stage of

shoot organogenesis and callus proliferation was collected when the leaves exhibited

swelling and enlargement in size and 3r stage was collected at induction of shoot buds

for shoot organogenesis and slight initiation of callus for callus proliferation. The fourth

stage of shoot organogenesis was collected when the shoots have attained the height of

0.5-1.0 cm and the final stage of callus proliferation was collected when the basal half

has completely developed into callus. Analysis of protein profiles during callus

proliferation and shoot organogenesis in M-5 cultivar revealed high expression of 49 kDa

protein in leaf explants which decreased in intensity following culture. Proteins of 103,

94, 82 and 76 kDa were not detectable in leaf explants but were seen as clear bands

during shoot organogenesis. These proteins appeared at high intensity in early stages of

callus induction but decreased in intensity when there was complete proliferation of the

callus. There was an increase in intensity of 39 kDa protein during the induction of shoot

organogenesis whereas the intensity of this protein was very low in the leaf explants.

This protein increased in amounts during the initial stages of callus proliferation and was

present in lower amounts in leaf derived callus. A protein of 25 kDa was specifically
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expressed during callus proliferation and was not detectable in leaf explants or during

induction of shoot organogenesis. A significant number of proteins with MW 68, 56, 53

and 42 were common to callus proliferation and shoot organogenesis and appeared at

more or less at the same level during all stages of culture (Fig. 25a and b).

A protein of M W 49 kDa was present in abundance in leaf explants and decreased

in intensity during induction of shoot organogenesis in S-36 cultivar. Proteins of 103

kDa and 94 kDawere not detectable in leaf explants and expressed at a low intensity

during all the stages of callus proliferation and shoot organogenesis. Differences in

staining intensities were noticed with respect to 55 and 53 kDa proteins which were

expressed at high levels in the 4th stage of shoot organogenesis whereas the intensity of

these proteins was low in the corresponding stages of callus proliferation. Proteins of

MW 125 and 68 kDa were expressed at the same intensity at all stages of callus

proliferation and leaf organogenesis. The intensity of 82 and 76 kDa proteins increased

at the 2nd stage of shoot organogenesis and callus proliferation and continued to express

at the same level during the subsequent stages of culture. On the contrary, a protein of 39

kDa was expressed in low levels in leaf explants and increased in intensity during

induction of shoot organogenesis. However, this protein increased in intensity during the

initial stages of callus induction and appeared faintly when the leaf explants completely

developed into callus (Fig. 26a and b).

Two- dimensional analysis of protein during organogenesis and callus induction:

SDS-PAGE analysis during callus proliferation and shoot organogenesis from leaf

explants revealed major differences in the expression of 39 kDa protein which expressed

in relatively higher levels during final stages of shoot organogenesis whereas the relative

amount of this protein was low in callus derived from leaf explants. To more precisely
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Fig. 25a: SDS-PAGE gel of protein extracts prepared from leaf explants of M-5 cultivar
at different stages of callus proliferation and stained with coomassie blue.

Lane 1 : Molecular weight marker
Lane 2 : Leaf explant (0 day)
Lane 3 : Swelling of the explants
Lane 4 : Initiation of callus from leaf explants
Lane 5 : Callus derived from leaf explants

Arrows point to the bands of interest

Fig. 25b: SDS-PAGE gel of protein extracts prepared from leaf explants of M-5 cultivar
at different stages of shoot organogenesis and stained with coomassie blue

Lane 1: Molecular weight marker
Lane 2 : Leaf explant (0 day)
Lane 3 : Swelling of the explants
Lane 4 : Induction of shoot buds from leaf explants
Lane 5 : Development of shoots (0.5-1.0 cm) from the explants

Arrows point to the bands of interest





Fig. 26a: SDS-PAGE gel of protein extracts prepared from leaf explants of S-36 cultivar
at different stages of callus proliferation and stained with coomassie blue

Lane 1 : Molecular weight marker
Lane 2 : Leaf explant (0 day)
Lane 3 : Swelling of the explants
Lane 4 : Initiation of callus from leaf explants
Lane 5 : Callus derived from leaf explants

Arrows point to the bands of interest

Fig. 26b: SDS-PAGE gel of protein extracts prepared from leaf explants of S-36 cultivar
at different stages of shoot organogenesis and stained with coomassie blue

Lane 1 : Molecular weight marker
Lane 2 : Leaf explant (0 day)
Lane 3 : Swelling of the explants
Lane 4 : Induction of shoot buds from leaf explants
Lane 5 : Development of shoots (0.5-1.0 cm) from the explants

Arrows point to the bands of interest





identify differences in the specific proteins during organogenesis and callus proliferation

from leaf explants, the protein extracts of these samples were analysed by two-

dimensional gel electrophoresis followed by highly sensitive silver staining. During the

final stages of shoot organogenesis, 39 kDa protein appeared intensely and was expressed

in four isoforms with pi values ranging from 4.2 to 5.8 in both the cultivars. However,

39 kDa protein was expressed in two isoforms with pi values of 4.2 and 5.8 were

observed in leaf derived callus of M-5 cultivar in contrast to S-36 cultivar where only one

isoform with pi value of 4.2 was detectable. A protein of MW 62 kDa was more

expressed in the leaf explants of S-36 cultivar than in M-5 cultivar with pi values ranging

from 4.3-6.5 and 4.2-5.4, respectively. This protein was expressed during shoot

organogenesis with pi values of 4.6 and 5.0 in M-5 cultivar and pi value of 4.3 in S-36

cultivar whereas callus of both the cultivars showed very faint expression. SDS-PAGE

analysis revealed the presence of 49 kDa protein at a high intensity in leaf explants and

decreased in intensity during the process of de-differentiation and shoot differentiation.

2-D analysis revealed that protein of 49 kDa protein was expressed with pi values

ranging from 3.0-4.8 in leaf explants of M-5 cultivar whereas this protein separated into

isoforms with pi values ranging from 4.8-5.6 during shoot organogenesis and pi values

ranging from 4.5-5.8 during callus proliferation. In S-36 cultivar, 49 kDa protein was

expressed with isoforms ranging from 3.0-4.5 in the leaf explants, whereas isoforms with

pi values ranging from 4.5-5.3 were observed in the final stages of shoot organogenesis

and callus proliferation. The expression of 32 kDa protein was more intense in S-36

cultivar in comparison to M-5 cultivar with pi values ranging from 3.5-5.4 and 3.2^4.2,

respectively in the leaf explants. During the final stages of shoot organogenesis, 32 kDa

protein was expressed with a pi value of 4.2 in M-5 and S-36 cultivars whereas this
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protein was expressed with pi values of 4.5-6.2 and 4.5-5.3 in the callus of M-5 and S-36

cultivars, respectively. Most of the proteins in the leaf explants were found to be

towards the acidic side in both the cultivars whereas in the final stages of callus

proliferation and shoot organogenesis, the proteins were distributed from acidic to neutral

side (Figs. 27 and 28).

Changes in protein phosphorylation during callus proliferation and shoot

organogenesis in M-5 cultivar:

The phosphorylation pattern varied with respect to intensity during callus

proliferation and shoot organogenesis from leaf explants. Analysis of protein

phosphorylation during various stages of callus proliferation revealed differences in the

intensity of phosphorylation of proteins of MW 68 kDa, 56 kDa and 46 kDa. The

intensity of phosphorylation of these proteins increased at the 2" stage of callus

induction in the absence of Ca2+ compared to the presence of Ca2+ and calmodulin in the

phosphorylation reaction buffer. External addition of calmodulin resulted in the de-

phosphorylation of 68, 56 and 46 kDa proteins in the leaf derived callus. Irrespective of

Ca2+ in the buffer, 56 kDa protein was intensely phosphorylated whereas 46 kDa protein

was dephosphorylated in the final stages of callus proliferation (Fig. 29a and b; 30a and

b).

Protein of 56 kDa was more intensely phosphorylated in the absence/presence of

Ca2+ at the 2nd stage of shoot organogenesis whereas the presence of Ca2+ and calmodulin

increased the intensity of phosphorylation of 68, 56 and 46 kDa proteins. At the 3rd stage

of induction of shoot buds from the leaf explants, 68 and 46 kDa proteins were highly

phosphorylated in the presence of Ca + and calmodulin in comparison to presence or

absence of Ca2+ in the phosphorylation reaction buffer. During the final stages of shoot
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Fig. 27: Two dimensional electrophoretic analysis of the protein extracted from leaf
explants of M-5 cultivar during shoot organogenesis and callus proliferation.

(i) : Leaf explants

A - 62 kDa protein

a - 49 kDa protein

b - 32 kDa protein

(ii): Development of shoots from leaf explant
A - 62 kDa protein

a - 49 kDa protein

b - 32 kDa nrotein

(iii) : Callus derived from leaf explants
a - 49 kDa protein

b - 32 kDa protein

- 39 kDa protein

39 kDa protein





Fig. 28: Two dimensional electrophoretic analysis of the protein extracted from leal
explants of S-36 cultivar during shoot organogenesis and callus proliferation.

(i): Leaf explants

A - 62kDa protein

a - 49 kDa protein

b - 32 kDa protein

(ii) : Development of shoots from leaf explant
A - 62kDa protein

a - 49 kDa protein

b - 32 kDa protein

(iii) : Callus derived from leaf explants
a - 49 kDa protein

b - 32 kDa nrotein

- 39 kDa protein

- 39 kDa protein





Fig. 29a: Changes in protein phosphorylation pattern during callus proliferation from
leaf explants of M-5 cultivar on MS medium with 2.0 mg/1 2,4-D.

Lane 1
Lane 2
Lane 3
Lane 4

Leaf explant (0 day)
Swelling of the explants
Initiation of callus from leaf explants
Callus derived from leaf explants

Total protein was extracted from the leaves during different stages of callus proliferation,
and the extracts were labeled by addition of 4 jaCi (y-32P) ATP in the presence and
absence of Ca2+ in the phosphorylation reaction mixture at room temperature, separated
by SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 29b: SDS-PAGE analysis of total proteins during different stages of callus
proliferation from leaf explants of M-5 cultivar after culture on MS medium with 2.0
mg/1 2,4-D.

I ;ine M: Molecular weight marker
Lane 1,2, 3 & 4: as above.

Arrows point to the bands of interest





Fig. 30a: Changes in protein phosphorylation pattern during callus proliferation from
leaf explants of M-5 cultivar on MS medium with 2.0 mg/1 2,4-D.

Lane 1: Molecular weight marker
Lane 2 : Leaf explant (0 day)
Lane 3 : Swelling of the explants
Lane 4 : Initiation of callus from leaf explants
Lane 5 : Callus derived from leaf explants

Total protein was extracted from the leaves during different stages of callus proliferation,
and the extracts were labeled by addition of 4 uCi (y-32P) ATP in the presence of Ca2+

and calmodulin in the phosphorylation reaction mixture at room temperature, separated
by SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 30b: SDS-PAGE analysis of total proteins during different stages of callus
proliferation from leaf explants of M-5 cultivar after culture on MS medium with 2.0
mg/1 2,4-D.

Lane M: Molecular weight marker
Lane 1,2, 3 & 4: as above.

Arrows point to the bands df interest





organogenesis, phosphoprotein of 68 kDa was more intensely phoshphorylated compared

to 56 and 46 kDa proteins irrespective of Ca2+ and calmodulin (Fig. 31a and b; 32a and

b).

Changes in protein phosphorylation during callus proliferation and shoot

organogenesis in S-36 cultivar:

Analysis of the phosphorylated proteins of leaf extracts on SDS-PAGE revealed

major bands of 68 and 46 kDa and a minor band of 56 kDa. A clear difference in the

pattern of phosphorylation was observed in the presence and absence of Ca2+ in the

phosphorylation buffer. Protein of 56 kDa was phosphorylated at a low intensity in leaf

explants whereas the intensity of phosphorylation increased at the 2nd and 3rd stage of

callus proliferation followed by a decrease in the intensity of phosphorylation in the

callus. There was no significant difference observed in the intensity of the

phosphorylation of 68, 56 and 46 kDa proteins in the absence/presence of Ca2+ and

calmodulin in the leaf derived callus whereas the level of phosphorylation of these

proteins increased in the presence of Ca2+ and calmodulin (Fig. 33a and b; 34a and b).

Phosphoproteins of 68, 56 and 46 kDa were detectable as faint bands in the

presence of Ca2+ whereas the intensity of phosphorylation increased in the absence of

Ca2+ and presence of Ca2+ and calmodulin at the 2nd stage of shoot organogenesis. There

was an intense phosphorylation of 68, 56 and 46 kDa proteins during induction of shoot

buds (3rd stage) from the leaf explants irrespective of Ca2+ and calmodulin in the

extraction buffer. During the final stages of shoot organogenesis, 68 kDa protein was

highly phosphorylated whereas 56 kDa and 46 kDa proteins were faintly phosphorylated

irrespective of Ca2+ and calmodulin (Fig. 35a and b; 36a and b).
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Fig. 31a: Changes in protein phosphorylation pattern during shoot organogenesis from
leaf explants of M-5 cultivar on MS medium with 2.0 mg/1 BAP

Lane 1 : Leaf explant (0 day)
Lane 2 : Swelling of explants
Lane 3 : Induction of shoot buds from leaf explants
Lane 4 : Development of shoots (0.5-1.0 cm) from the explants

Total protein was extracted from the leaves during different stages of shoot
organogenesis, and the extracts were labeled by addition of 4 uCi (y-32P) ATP in the
presence and absence of Ca + in the phosphorylation reaction mixture at room
temperature, separated by SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 31b: SDS-PAGE analysis of total proteins during different stages of shoot
organogenesis from leaf explants of M-5 cultivar after culture on MS medium with 2.0
mg/1 BAP

Lane M: Molecular weight marker
Lane 1,2, 3 & 4: as above.

Arrows point to the bands of interest





Fig. 32a: Changes in protein phosphorylation pattern during shoot organogenesis from
leaf explants of M-5 cultivar on MS medium with 2.0 mg/1 BAP

Lane 1 : Leaf explant (0 day)
Lane 2 : Swelling of the explants
Lane 3 : Induction of shoot buds from leaf explants
Lane 4 : Development of shoots (0.5-1.0 cm) from the leaf explants

Total protein was extracted from the leaves during different stages of callus proliferation,
and the extracts were labeled by addition of 4 uCi (y-32P) ATP in the presence Ca2+ and
calmodulin in the phosphorylation reaction mixture at room temperature, separated by
SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 32b: SDS-PAGE analysis of total proteins during different stages of shoot
organogenesis from leaf explants of M-5 cultivar after culture on MS medium with 2.0
mg/1 BAP

Lane M: Molecular weight marker
Lane 1,2, 3 & 4: as above.

Arrows point to the bands of interest





Fig. 33a: Changes in protein phosphorylation pattern during callus proliferation from
leaf explants of S-36 cultivar on MS medium with 2.0 mg/1 2,4-D.

Lane 1: Molecular weight marker
Lane 2 : Leaf explant (0 day)
Lane 3 : Swelling of the explants
Lane 4 : Initiation of callus from leaf explants
Lane 5 : Callus derived from leaf explants

Arrows point to the bands of interest

Total protein was extracted from the leaves during different stages of callus proliferation,
and the extracts were labeled by addition of 4 uCi (y-32P) ATP in the presence and
absence of Ca2+ in the phosphorylation reaction mixture at room temperature, separated
by SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 33b: SDS-PAGE analysis of total proteins during different stages of callus
proliferation from leaf explants of M-5 cultivar after culture on MS medium with 2.0
mjj/1 2.4-D.

Lane M: Molecular weight marker
Lane 1,2, 3 & 4: as above.





Fig. 34a: Changes in protein phosphorylation pattern during callus proliferation from
leaf explants of S-36 cultivar on MS medium with 2.0 mg/1 2,4-D.

Lane 1 : Leaf explant (0 day)
Lane 2 : Swelling of the explants
Lane 3 : Initiation of callus from leaf explants
Lane 4 : Callus derived from leaf explants

Arrows point to the bands of interest

Total protein was extracted from the leaves during different stages of callus proliferation,
and the extracts were labeled by addition of 4 uCi (y-32P) ATP in the presence of Ca2+

and calmodulin in the phosphorylation reaction mixture at room temperature, separated
by SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 34b: SDS-PAGE analysis of total proteins during different stages of callus
proliferation from leaf explants of M-5 cultivar after culture on MS medium with 2.0
mg/1 2,4-D.

Lane M: Molecular weight marker
Lane 1,2, 3 & 4: as above.

Arrows point to the bands of interest





Fig. 35a: Changes in protein phosphorylation pattern during shoot organogenesis from
leaf explants of S-36 cultivar on MS medium with 2.0 mg/1 BAP

Lane 1 : Leaf explant (0 day)
Lane 2 : Swelling of the explants
Lane 3 : Induction of shoot buds from leaf explants
Lane 4 : Development of shoots (0.5-1.0 cm) from the leaf explants

Total protein was extracted from the leaves during different stages of shoot
organogenesis, and the extracts were labeled by addition of 4 |̂ Ci (y-32P) ATP in the
presence and absence of Ca + in the phosphorylation reaction mixture at room
temperature, separated by SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 35b: SDS-PAGE analysis of total proteins during different stages of shoot
organogenesis from leaf explants of S-36 cultivar after culture on MS medium with 2.0
mg/1 BAP

Lane M: Molecular weight marker
Lane 1,2, 3 & 4: as above

Arrows point to the bands of interest





Fig. 36a: Changes in protein phosphorylation pattern during shoot organogenesis from
leaf explants of S-36 cultivar on MS medium with 2.0 mg/1 BAP.

Lane 1 : Leaf explant (0 day)
Lane 2 : Swelling of the explant
Lane 3 : Induction of shoot buds from leaf explants
Lane 4 : Development of shoots (0.5-1.0 cm) from the leaf explants

Arrows point to the bands of interest

Total protein was extracted from the leaves during different stages of shoot
organogenesis, and the extracts were labeled by addition of 4 |iCi (y-32P) ATP in the
presence of Ca + and calmodulin in the phosphorylation reaction mixture at room
temperature, separated by SDS-PAGE and exposed to X-ray films for 2 days.

Arrows indicate the position in the gel of the major labeled proteins.

Fig. 36b: SDS-PAGE analysis of total proteins during different stages of shoot
organogenesis from leaf explants of S-36 cultivar after culture on MS medium with 2.0
mg/1 BAP.

Lane M: Molecular weight marker
Lane 1,2, 3 & 4: as above

Arrows point to the bands of interest





Agrobacterium mediated genetic transformation of S-36 cultivar:

Shoots and leaves derived from the in vitro multiplied shoots (MS medium with

0.5 mg/1 BAP) were used for the genetic transformation studies. Shoot meristems of 0.5

cm and leaves of 1.0-4.0 cm and shoots of 2-3 cm length were cultured on medium

containing 10-100 mg/1 kanamycin to determine the concentration that is lethal for shoot

organogenesis, multiple shoot induction and root induction from the regenerated shoots.

Leaves cultured on medium with 4.0 mg/1 TDZ and kanamycin showed no response for

shoot organogenesis even when kanamycin was used at a low concentration of 10.0 mg/1

in the medium. The response of shoot multiplication decreased (66.2-6.2%) as the

concentration of kanamycin increased (10.0-70.0 mg/1) with complete inhibition of shoot

proliferation at 100 mg/1 kanamycin (Table 14). As shoot organogenesis was completely

suppressed at a low concentration of kanamycin, further studies on genetic transformation

were carried out using shoot meristem explants (Fig. 37). The rooting phase was very

sensitive to kanamycin compared to shoot multiplication. The percentage of shoots that

rooted decreased (53.8-4.8%) with increase in the concentration of kanamycin (10.0-70.0

mg/1) on IBA and 2,4-D supplemented medium. Kanamycin had a marked effect on root

development with induction of 1-2 roots of 1.0-1.5 cm after 30 days of culture in

comparison to control shoots which rooted profusely on IBA or 2,4-D supplemented

medium with induction of roots of 6.7-8.2 cm after 30 days of culture. Initially, a single

colony of Agrobacterium strain harbouring p'GUSINT' was cultured in LB broth

medium overnight on a orbital shaker at 200 rpm and a temperature of 28" C until the

turbidity reached OD of 0.5 at 600 nm. Shoot tips were infected with Agrobacterium

strain for 5 min and then were placed on MS medium with 0.5 mg/1 BAP. After 48 hr of

co-cultivation, the shoot tip explants were incubated on MS medium with 0.5 mg/1 BAP
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Table 14: Effect of kanamycin on survival of various explants

Explant

Meristem

Leaf

Shoot

1 ype of

hormone

(mg/1)

0.5 BAP

4.0 TDZ

0.1 IBA

0.1 2,4-D

Concentration

of kanamycin

(mg/1)

0.0

10.0

30.0

50.0

70.0

100.0

0.0

10.0

30.0

50.0

70.0

100.0

0.0

10.0

30.0

50.0

70.0

100.0

0.0

10.0

30.0

50.0

70.0

100.0

% explants survived

90.0+ 1.5

66.2+ 1.5

42.7 + 2.1

13.6 + 2.0

6.2 + 1.7

0.0

83.0+ 1.3

0.0

0.0

0.0

0.0

0.0

89.7+ 1.5

53.8+ 1.8

22.7 T 1.5

11.6+1.5

6.1 +0.8

0.0

72.7+ 1.2

51.7+ 1.5

20.2 + 1.5

10.61 1.2

4.9 + 0.7

0.0

Type of response

Multiple shoot

induction

Regeneration of the

shoots trom the leaf

Rooting from the

shoots

Rooting from the

shoots

Means followed by the same letter in a column are not significantly different (p < 0.05)
by Newman-KeuTs multiple range test.



Fig. 37: Kanamycin sensitivity of shoot tip explants of S-36 cultivar to shoot
proliferation on MS medium with 0.5 mg/1 BAP.



10 mg/I 50 mg/1 100 mg/1

Fig : 37



and 250 mg/1 cefotaxime for 2 days for eliminating the Agrobacterium. Subsequently,

the shoot tips were placed on selection medium containing MS medium with 0.5 mg/1

BAP and 100 mg/1 kanamycin and scored for the putative transformed shoots. An

average of 27.0% of shoot tips developed shoot buds from the base and the shoots

reached a length of 0.5-1.0 cm at the end of 30 days of culture on the selective medium

(Table 15 and Fig. 38). In contrast, the non-transformed shoot tips (controls) did not

show any shoot bud induction and ultimately died after 30 days of culture on kanamycin

supplemented medium. Shoots induced from co-cultivated shoot tips were subjected to

repeated selection on MS medium supplemented with 0.5 mg/1 BAP and 100 mg/1

kanamycin. Shoots that attained a height of 2-3 cm at the end of 5th subculture on

selection medium were separated and transferred to rooting medium containing 0.1 mg/1

IBA and 0.1 mg/1 2,4-D individually with 50 mg/1 kanamycin (Fig. 39 a and b). Selection

for transformants using kanamycin in the rooting medium was very effective as a high

frequency of shoots that rooted (40.5-46.8%) on IBA or 2,4-D containing medium

showed GUS expression. Leaves excised from the putative transformed shoots/plants

were placed on medium with 2.0 mg/1 2,4-D for callus induction for histochemical GUS

assay. An average of 66.7% of the regenerated plants showed GUS expression in

contrast to those selected on shoot multiplication medium where only 43.2% of shoots

showed GUS expression in the leaves and callus. Leaves and callus induced from the

controls did not show GUS activity (Fig. 40 a and b).

Genomic DNA was isolated from the leaves that were collected from the putative

transformants and non-transformed plants established in the field (Fig. 41). The putative

transformed plants were subjected to PCR analysis to confirm the presence of the npt II

gene using specific primers for npt II gene. A DNA fragment of 600 bp corresponding to
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Table 15: Selection of the putative transformants on MS medium supplemented

with kanamycin

Explant

Meristems

Shoot

Shoot

I ype of

hormone

(mg/1)

0.5 BAP

0.1 IB A

0.1 2,4-D

Kanamycin

(mg/1)

50.0

100.0

50.0

100.0

50.0

100.0

50.0

100.0

50.0

100 0

50.0

100.0

% response

13.6 + 2.0
(Control)

0.0

(Control)

39.3 + 2.6

27.0+ 1.3

11.6+1.5

(Control)

0.0

(Control)

46.8 + 2.3

0.0

10.6+ 1.3
(Control)

0.0

(Control)

40.5 + 0.9

0.0

Type of response

Multiple shoot

induction

Root induction

from the shoots

Means followed by the same letter in a column are not significantly different (p < 0.05)
by Newman-Keul's multiple range test.



Fig. 38: Response of shoot proliferation from non-transformed and transformed shoot
tips on selection medium containing 0.5 mg/1 BAP and 100 mg/1 kanamycin.



Fig : 38



Fig. 39a: Comparison of root induction from the non-transformed and transformed
shoots of S-36 cultivar on MS medium with 0.1 mg/1 IBA and 50 mg/1 kanamycin after
30 days of culture.

Fig. 39b: Comparison of root induction from the non-transformed and transformed
shoots of S-36 cultivar on MS medium with 0.1 mg/1 2,4-D and 50 mg/1 kanamycin after
30 days of culture.



Fig : 39a Fig: 39b



Fig. 40a: X-gluc reaction of leaves excised from non-transformed and transformed
plantlets of S-36 cultivar: only transformed leaves stained blue.

Fig. 40b: GUS gene expression in callus derived from non-transformed and transformed
leaves of S-36 cultivar, only calli from transformed leaves stained blue.



Fig. 40a

Fig. 40b



Fig. 41: Transgenic plants of S-36 cultivar established in greenhouse after 30 days after
transfer.



Fig : 41



the expected size was amplified in 7 of the 8 transgenic plants with slight difference in

the amplification whereas no amplification was observed in non-transformed plants (Fig.

42).
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Fig. 42: PCR analysis for detecting the npt II in Iransformants of S-36 cultivar.

M : Molecular weight marker (100 bp DNA ladder)
N : Leaf explants of non-transformed plants
T| - T7: Leaf explants from individual transformed plants

Arrow indicates the 600 bp fragment of the npt 11 gene





Discussion



In vitro plant propagation through culture of axillary buds and shoot meristems

has been successfully used for rapid multiplication of a number of timber species, woody

fruits and ornamental crops (George, 1993). Clonal multiplication of superior

phenotypes and valuable breeding stocks offers immense scope in tree improvement

programmes. Micropropagation methods are specifically applicable to species for which

clonal propagation is required. Mulberry is a highly heterozygous plant and propagation

through axillary buds would ensure genetic uniformity and stability among the

regenerants. Nodes with axillary buds are the most convenient, accessible and the

efficient explants for micropropagation in mulberry. It offers several advantages which

include the ease of obtaining explant material, a strong tendency for profuse multiple bud

induction, the relative ease with which the shoots could be induced to root and the high

percentage of ex vitro plant survival after acclimatization. In the present study, nodal

explants having greenish axillary buds covered with 2-3 whorls of scales responded

efficiently for sprouting whereas buds enveloped by more than 3 whorls of scales did not

sprout. Oka and Ohyama (1975), and Anuradha and Pullaiah (1992) have reported that

nodal explants of mulberry having greenish axillary buds showed the best response for

sprouting and shoot differentiation. The nodal explants collected from old shoots did not

exhibit sprouting, whereas explants collected from medium-aged lateral shoots sprouted

within 5-7 days of culture. In comparison, the actively growing young lateral shoots with

tender axillary buds failed to sprout, as these buds did not survive the sterilization

treatments. Pattnaik and Chand (1997) have reported high frequency of bud break from

the nodal segments collected from actively growing young lateral shoots compared to the

old shoots of 2-3 months in Morus cathayana Hemsl, M. ihou Koiz and M. serrata Roxb.
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A comparative study of seasonal effects on axillary bud sprouting and plant

establishment rate from the nodal cuttings was undertaken in vitro and field conditions.

In field conditions, plants established at high frequency (23.3-93.3%) from nodal cuttings

in summer in comparison to the rainy and winter seasons in all four cultivars. In the

China White cultivar, axillary buds sprouted asynchronously and only 16.7-23.3% of

nodal cuttings established into plants in different seasons in field conditions indicating

the difficult-to-root nature of the cultivar. Zaman et al. (1997) have reported that

propagation of mulberry through cuttings is restricted to a single season (September-

October) in Bangladesh. The time of the year at which the explants were collected from

seedlings stock plants had an influence on axillary shoot growth. This was related to the

differences in the physiological condition of the stock plants grown under natural

environmental conditions. The best period for shoot culture initiation was April to June

and this period was more favorable for the explants to produce significantly more number

of shoots and the shoots were also longer than during other times of the year. Seasonal

variation in axillary shoot proliferation has been reported for Artocarpus heterophyllus

(Amin and Jaiswal, 1993) and Eucalyptus tereticornis (Das and Mitra, 1990). In the

present study, in vitro bud break as well as the frequency of aseptic cultures obtained was

strongly influenced by the season as well as the age of the lateral shoots from which the

nodal explants were collected. The contamination rate was more in nodal explants that

were excised from the old lateral branches compared to the medium-aged lateral

branches. Similar observation was made earlier in mulberry by Pattnaik and Chand

(1997). Maximum contamination of cultures was observed in winter season followed by

rainy and summer seasons in all four cultivars of mulberry (Chitra and Padmaja, 2001).

Quraishi et al. (1996) reported that high contamination was observed in nodal explants of
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Cleistanthus collinus collected during July to September whereas minimum

contamination occurred .during January to June. In the present study, axillary buds of all

four cultivars sprouted at a higher frequency in summer (10.0-83.3%) than in rainy (0.0-

76.7%) and winter seasons (0.0-60.0%). Pattnaik and Chand (1997) observed that the

growth and proliferation of the nodal explants was greatly influenced by the time of

explant collection in Morus cathayana, M. ihou and M. serrata. Civinova and Sladsky

(1990) suggested that the differential responses of cultured winter and spring buds of

temperate species such as oak, aspen and black locust could be linked to the dynamics of

endogenous substances in the tree. Quraishi et al. (1996) reported that April to June is

the best period for shoot culture initiation in Cleistanthus collinus and the nodal segments

produced significantly more shoots than during other times of the year. It was suggested

that the differences in the physiological condition of the stock plants grown under natural

environmental conditions might be the reason for differential growth responses in vitro.

Different cultivars may require different growth regulators for obtaining optimal

response for sprouting and shoot differentiation. In M-5 and S-36 cultivars, high

frequency of sprouting (6.7-83.3%) was induced on 2,4-D supplemented medium than on

KN supplemented medium. In summer, axillary buds of S-13 cultivar sprouted with the

same frequency of 73.3% on medium supplemented individually with 2,4-D (0.3 mg/1)

and KN (0.3 mg/1) whereas in China White cultivar, high frequency of sprouting (76.7%)

was induced on medium supplemented with KN (2.0 mg/1). Anuradha and Pullaiah

(1992) achieved high frequency of axillary bud sprouting from nodal explants of Morus

alba L. on medium supplemented with low levels of 2,4-D. In contrast, Mhatre et al.

(1985) reported that BAP was more effective than KN and Z in inducing axillary bud

sprouting and shoot differentiation in mulberry. Vasil and Thorpe (1994) stated that the
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morphogenetic competence of different genotypes was under the control of physiological

or epigenetic factors like exogenous growth regulators and culture conditions rather than

true genetic factors.

Efficient plant regeneration protocol is a prerequisite for the application of in vitro

genetic manipulation techniques, such as variant selection and transformation for the

improvement of economically more desirable characters. Leaves are the best explants for

adventitious shoot bud regeneration because they have the advantage of ease in

manipulation in genetic transformation studies and large number of explants can be

obtained from a single plant (Kapur et al, 2001). In the present study, the leaves derived

either from the in vitro induced axillary buds or from the multiple shoots were used for

the regeneration studies. The age and the orientation of the leaves were the determining

factors affecting induction of direct shoot organogenesis of the leaves. The best response

of shoot organogenesis was observed from the leaves of intermediate age (1.0-4.0 cm)

that were cultured with the abaxial side in contact with the medium. The regeneration

ability of Morus spp. was greatly dependent on the combination of growth regulators,

explant type and the mulberry genotype (Jain and Datta, 1992; Kathiravan et al., 1995;

Sahoo et al, 1997, Vijayan et al., 2000). Yamanouchi et al. (1999) reported stable

regeneration of plantlets from the immature leaves isolated from winter buds of field-

grown mulberry. It is inferred from the studies that the size of the leaf plays an important

role in endogenous differentiation potential of leaves in induction of adventitious shoot

bud formation. Mhatre et al. (1985) concluded from their studies that the upright position

of the leaf explants is favorable for maximum induction of shoot buds in Morus indica L.

The positive and negative influence of culture vessels on organogenesis has been

reported earlier (Wright et al, 1987; McClelland and Smith, 1990). It has been suggested
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that organogenesis is influenced by the amount of ethylene and carbon dioxide present in

the culture vessel. In the present study, the leaf explants cultured in glass tubes have

regenerated at high frequency compared to leaves cultured in the culture bottles and

plastic petridishes. In this case, probably the higher amount of ethylene in the culture

tubes has helped in the organogenetic response of the leaf explants as it regulates cell

division during the induction phase while carbon dioxide may be required to modify the

biosynthesis and action of ethylene (Kumar et al, 1987). It has also been shown that

culture vessels with closures allowing free gas exchange (cotton plugs) are more

conducive for regeneration rather than hermetically sealed culture vessels like culture

bottles with polypropylene caps and plastic petridishes sealed with parafilm (Proft et al,

1985; Aartrijk et ed., 1985).

A two-stage culture procedure consisting of culture of leaves on 4.0 mg/1 TDZ for

a limited period until the induction of adventitious shoot buds followed by a secondary

medium consisting of BAP (2.0 mg/1) to promote shoot development was developed.

Use of primary and secondary media has been successful with apple (Fasolo et al, 1989),

pear (Singh and Bhatia, 1988), Populus (Russel and Mccown, 1986), and Rhododendron

(Preece and Imel, 1991). Cytokinins are known to induce axillary as well as adventitious

shoot formation from meristematic explants (George, 1993). TDZ is the most potent of

the diphenyl ureas that have been evaluated for plant tissue culture (Mok et al, 1982) and

is less susceptible to plant degrading enzymes than the endogenous cytokinins and also

active at low concentrations than the amino purine cytokinins (Mok et al, 1987). In the

present study, TDZ when used singly in MS medium at 4.0 mg/1 triggered induction of

shoot buds from the leaf explants in 8-10 days at frequencies ranging from 77.6-89.2% in

different cultivars. Direct shoot organogenesis was also observed from leaves cultured
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on medium containing 2.0-5.0 mg/1 BAP with frequencies ranging from 0.0-46.7% in

different cultivars, and induction of less number (10-11) of shoot buds compared to TDZ.

The shoot buds proliferated from the cut apical edges of the leaf explants and might have

originated de nova as well as from the pre-existing meristems. Though many shoot buds

were induced on TDZ supplemented medium, only 2-3 shoot buds increased to a height

of 0.5-1.5 cm in 30 days and the rest of the buds resumed growth only upon transfer to

BAP (2.0 mg/1) supplemented medium. Similar observation was made in Pinus strobes

L. by Pijut et al. (1991). In the present study, medium supplemented with high levels of

TDZ (5.0 mg/1) suppressed shoot elongation in all cultivars. The leaves cultured on

medium with 10.0 mg/1 BAP and 1.0 mg/1 IBA responded for shoot differentiation at a

very low frequency of 10.0-13.5%. TDZ is resistant to all cytokinin oxidases and induces

accumulation of endogenous cytokinins (Kaminek, 1992) that might have inihibited shoot

elongation. Yamanouchi et al. (1999) achieved high frequency of shoot regeneration

from the immature leaves isolated from apical buds and winter buds on medium with 1

uM TDZ compared to 10 uM BAP in 8 cultivars of mulberry. Variation in the activity of

different cytokinins can be explained by their differential uptake rate reported in different

genomes (Blakesley, 1991), varied translocation rates to meristematic regions and

metabolic processes, in which the cytokinin may be degraded or conjugated with sugars

or amino acids to form biologically inert compounds as reported by Tran Tranh Van and

Trinh (1990), and Kaminek (1992).

A good multiplication rate is the most important factor in rendering a propagation

protocol cost-effective. In vitro propagation techniques using meristem culture have been

developed for several species of Morus (Ohyama and Oka, 1987; Ivanicka, 1987, Jain et

al, 1990). In the present study, the effect of four cytokinins (BAP, TDZ, KN and Z) on
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multiple shoot induction was studied using shoot tips derived from the axillary buds and

leaves. Shoots differentiated from the axillary buds and shoots regenerated from the

leaves exhibited differences in terms of multiplication with induction of more number of

shoots from the leaf regenerated shoots on BAP supplemented medium. Shoot

multiplication was maximum in all four cultivars when cytokinins were used at 0.5 ing/1

in MS medium. Of the different cytokinins tested, BAP at 0.5 mg/1 was found to be the

best for shoot multiplication of axillary bud and leaf regenerated shoots with induction of

6.5-7.5 and 9.5-10.6 shoots, respectively in all four cultivars at the end of 30 days.

Shoots were induced with a high frequency (78.7-93.3%) on medium containing 0.5 mg/1

BAP with 4-5 shoots from the base of the shoots and 2-3 shoots from the axils of the

leaves whereas on medium with TDZ (0.5 mg/1), shoots and leaves became thick, with

induction of 1.3-1.7 shoots from the base of single tip culture. Shoots induced on TDZ

supplemented medium were fused and appeared fasciated. The length of the shoots (1.3-

1.6 cm) was also less than the shoots induced on BAP supplemented medium (2.4-3.6

cm). There was no induction of shoots from the base of the shoot tips that were cultured

on KN and Z supplemented medium whereas 2.3-3.6 multiple shoots were seen from the

axils of the leaves after 25-30 days of culture. Palacios et al. (2002) reported that the

addition of KN caused basal callusing rather than shoots, from the cut stem bases in

contact with the medium and reduced the efficiency of shoot production in Lonicera

tatarica.

In the present study, higher concentrations of cytokinins supported profuse

callusing and reduction in shoot multiplication in mulberry. Increase in the concentration

of BAP and TDZ to 2.0 mg/1 in the medium decreased the shoot number with retardation

of shoot growth. Shoot tips cultured on medium with 2.0 mg/1 TDZ developed callus
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from the base that had sectors of green patches. However, shoot differentiation from the

callus could not be induced even after subculture on medium with BAP. Huetman and

Preece (1993) reported high proliferation rates at very low TDZ concentrations in woody

plant species, which had low proliferation on BAP supplemented medium. They further

inferred from their studies that inhibition of shoot elongation by TDZ may be consistent

with its high cytokinin activity and should not be considered a toxic effect. They have

also opined that TDZ should be used carefully as it resulted in hyperhydricity or

morphological abnormalities (eg. shoot fasciation) among the regenerated shoots when

the concentrations were too high. The formation of stunted or the fasciation of the shoots

on TDZ supplemented medium has been reported in several plant species such as apple

(van Nieuwkerk et al., 1986) and Rhododendron (Preece and Imel, 1991). Hossain et al.

(\ 992) observed an increase in shoot proliferation in Morus laevigata with the increase in

BAP concentration upto 2.5 mg/1 and further increase in BAP level suppressed shoot

proliferation rate.

The type of sugar is a major factor as are the nature, concentrations and ratios of

various endogenous and exogenous auxins and cytokinins. In the present study, shoots

differentiated from the sprouted axillary buds showed an increase in proliferation at a rate

of 6.5 shoots per culture in all cultivars when fructose (3%) was used in place of sucrose

(3%). Shoot tips cultured on glucose supplemented medium turned pale green whereas

those cultured on maltose supplemented medium showed induction of buds with no

further growth. However, these buds resumed growth and developed into shoots upon

transfer to sucrose or fructose supplemented medium. Oka and Ohyama (1982)

suggested fructose was a better source of carbon than sucrose for in vitro plant induction

from bud culture of Morus alba L.

67



Repeated subculturing of the shoot tips differentiated from the axillary buds

enhanced the shoot multiplication rate and a 10-12 fold increase in shoot number was

observed at the end of 10th subculture in all four cultivars. With the increase in the

culture passage, more shoots were induced from the base of the shoots and callus

development from the base was observed from 5lh subculture onwards. The increase in

shoot proliferation rates during series of subcultures may possibly be due to in vitro

adaptation. Tewari et al. (1995) observed an increase in the shoot number in each

passage with increase in callus from the base when transferred to fresh medium in the V-

1 and S-34 cultivars of Mortis. Repeated subculturing of nodes and leaves of Aegle

marmelos (L.) from shoot cultures helped to achieve continuous production of callus-

free, healthy shoots for at least five subculture cycles (Ajithkumar and Seeni, 1998). A

similar phenomenon was also observed in Morus australis (Pattnaik et al., 1996).

The production of plantlets with profuse rooting in vitro is important for

successful establishment of regenerated plants in soil (Ohyama, 1970). The stimulatory

effect of auxins in the root formation from the shoots depends partly on the type of auxin

employed in Morus alba L. (Anuradha and Pullaiah, 1992). In the present study, roots

were induced with varying frequencies and the number of roots induced as well as the

nature of roots induced in the presence of different auxins varied. Medium supplemented

with high levels of auxins (1.0 mg/1) was found to be effective for shoots differentiated

from the axillary buds whereas low levels of auxins favoured rooting from the repeatedly

subcultured shoots and leaf regenerated shoots of different cultivars. Of all the auxins

tested, 2,4-D at 1.0 mg/1 was found to be a better rooting agent for the shoots

differentiated from the axillary buds whereas IBA at 0.1 mg/1 was found to be the best for

the leaf regenerated shoots of all four cultivars. Infinite number of roots was induced on
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NAA supplemented medium whereas few thin roots were induced on IAA supplemented

medium, which were difficult to handle during transfer of the plantlets to soil. Higher

levels of IBA in the rooting medium resulted in the development of callus from the base

of the regenerated shoots. The differential response of rooting observed in axillary bud

and leaf regenerated shoots in presence of different auxins might be due to the differences

in the endogenous hormonal levels in the tissues, that could have contributed to various

degrees of sensitivity of tissues towards exogenous auxins. Similarly, Kim et al. (1985)

observed substantial amount of callus formation at the base of the leaf regenerated shoots

on 1.0-5.0 mg/1 IBA supplemented medium whereas in the presence of 0.1 mg/1 IBA, few

but healthier and more vigorously growing roots were formed directly at the base of the

shoots. The presence of callus between the root and shoot resulted in poor vasculature

connection, which made field survival of the plantlets difficult. Hossain et al. (1992)

observed root formation from the shoots excised from the nodal explants on 1.0 mg IBA

or NAA in Morus laevigata Wall. Bhau and Wakhlu (2001) reported that IBA was the

most effective auxin (0.5 mg/1) for root induction from the shoots regenerated from the

callus of Morus alba L. whereas higher levels of auxins encouraged callus formation

from the cut ends of the explants.

In the present study, shoot tips cultured on medium with 1.5 mg/1 IBA developed

abundant cream colored friable callus from the base of the cultures. The callus upon

further subculture became nodular with rounded and prominent structures that appeared

as globular stage somatic embryos, which did not undergo further development.

Internodal segments without shoot meristems when cultured on medium with 1.5 mg/1

IBA did not develop any callus and underwent rhizogenesis directly from the tissue,

indicating a high endogenous levels of auxins in such tissues that is known to play an
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important role in organogenesis (Narayanswamy, 1977; Halperin, 1986). Jain and Dutta

(1992) also opined that high endogenous auxin levels may be inhibitory for the induction

of caulogenesis from mulberry tissues and reported the dc novo induction and

development of multiple shoot buds from callus of internodal segments and regeneration

of complete plants of Morns bombycis cultivar, Shimanochi.

The number of plants, which are successfully transferred from tissue culture

vessels to soil conditions, can only effectively measure the success of any

micropropagalion system. Maintenance of high humidity is necessary for some time after

transplantation, for the continued turgidity of the tissue-cultured leaves, until the freshly

acclimatized leaves develop (Donnely and Vidaver, 1984). The importance of

physiological changes during acclimatization and its effects on leaf gas exchange, growth

and plant survival needs to be studied particularly plant performance, since plantlet

performance can vary according to plant species and environmental conditions during

acclimatization (Luna et ed., 2001). In the present study, plants regenerated from axillary

bud and leaf cultures exhibited differences in survival frequency upon transfer to soil.

Plants originating from axillary buds survived with high frequencies (66.8-95.5%)

compared to those derived from leaf explants (56.5-80.3%). This differences in survival

frequency may be possibly due to the differences in the nature of roots induced, with

induction of healthy and prolific root development observed in axillary bud cultures

compared to few and slender roots observed in leaf regenerated in the presence of

different auxins.

An important requirement for plants produced in vitro is that the plants must be

genetically identical to the source plants. It was observed that, in all the cultivars in vitro

raised plants were much vigorous and exhibited more number of branches than the
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cutting raised plants which may be due to their previous exposure to cytokinins in the

culture medium. Maximum height was recorded in cutting derived plants compared to

micropropagated plants in all four cultivars of mulberry for three consecutive years. But

Murashige (1978) and Zaman et al. (1997) observed a reversed trend of more height of

micropropagated plants than the conventionally propagated plants for cuttings. In the

present study, the thickness of the shoot was more (7.3-14.2 cm) for the cutting derived

plants than in micropropagated plants (5.4-9.4 cm). The leaf number of micropropagated

plants was more (335.3-970.0) compared to field propagated plants (225.3-906.3), but

leaf area of micropropagated plants was less in comparison to cutting derived plants.

Even though the weight of the single leaf was more in cutting propagated plants, the yield

of micropropagated plants was high due to the presence of more number of branches. The

internodal distance was less in micropropagated plants and hence, the leaves were closely

present on the shoots. Pandey and Singh (1989) also found the same type of

morphogenic expressions while comparing the in vitro raised and seedling raised plants

of Carica papaya. Jain and Datta (1992) compared the performance of the in vitro grown

plants of Morus bombycis cultivar, Shimanochi with vegetatively grown saplings for

various morphological characters like leaf shape, petiole length, area of leaf lamina and

internodal distance. The study revealed that in vitro grown plants did not exhibit any

significant quantitative variation as compared to the conventionally grown plants,

indicating the varietal multiplication to be of true-to-type. Morrison et al. (2000)

reported- that micropropagated plants of Vaccinium augustifolium that did not result from

subcultures had stem characteristics more similar to stem cuttings than to seedlings, with

less branching than seedlings and fewer vegetative buds for burying. They inferred that

subculturing on cytokinin-rich media apparently induces the juvenile branching
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characteristics that provide micropropagated plants with the desirable morphological and

growth habits of seedlings with the benefits associated with asexual propagation.

Increased vigour of microclones under field condition has also been reported for apple

(Zimmerman, 1986), thornless blackberry (Swartz et al, 1983). The plants regenerated

via micropropagation are derived from characteristic organized meristems or

meristematic cells. These cells are by nature genetically stable and less prone to

mutational changes (Vasil, 1994). Thus, the results obtained in the present study clearly

demonstrated that micropropagation gave rise to superior clonal populations with respect

to number of branches/plant and leaf yield/plant that will be suitable for the mass

production of plants.

Growth and differentiation involve the metabolism of various proteins at different

stages. Identification of such proteins associated with somatic embryogenesis and

organogenesis is important to elucidate the biochemical and molecular mechanisms

underlying the process. Many reports have appeared on the quantitative and qualitative

differences in protein profiles of embryogenic and non embryogenic calli in a variety of

plants (Sung and Okimoto 1981, Choi and Sung, 1984, de Veries et al., 1988 in case of

carrot; Chen and Luthe, 1987 for rice; Stirn and Jacobson, 1987 for pea and Hahne et al.,

1988 for orchard grass). However, no considerable effort has been made to study the

biochemical aspects particularly the protein profiles with respect to organogenesis or

embryogenesis in mulberry. In the present study, the protein profiles during different

stages of callus proliferation and shoot organogenesis from leaf explants were studied to

identify markers specific for de-differentiation and shoot differentiation. In the leaf

cultures of mulberry, the cells either proliferate as callus or differentiate into shoots.

These cells undergo the process of de-differentiation when the auxin 2,4-D (2.0 mg/1) is
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used in the medium whereas in the presence of BAP (2.0 mg/1), direct shoot regeneration

is observed. In order to determine whether the induction of callus or shoot regeneration

induced from leaf explants by manipulation of growth regulators in the culture media is

correlated with the biochemical events, equal amount of proteins were extracted from the

above cultures and separated on SDS-PAGE. A comparison of the protein profiles of

leaves during different stages of callus proliferation and shoot induction showed

similarities as well as differences in the expression of few proteins. A 49 kDa protein

was predominant in leaf explants of M-5 and S-36 cultivars and decreased in intensity

during the process of callus proliferation and shoot organogenesis. This possibly

represents the product of gene concerned with leaf physiology. A protein of 39 kDa was

expressed in low levels in leaf explants and increased in intensity during induction of

shoot organogenesis in both the cultivars. However, this protein increased in intensity

during the initial stages of callus induction and appeared faintly when the leaf explants

completely developed into callus. In contrast, in M-5 cultivar, a protein of 25 kDa

specifically expressed during callus proliferation and was not detectable during shoot

organogenesis, and might be associated with unorganized growth. However, protein

characteristic exclusively to callus proliferation could not be detected in S-36 cultivar.

Protein changes have previously been used as markers to delineate stages in axillary bud

development in pea (Stafstrom and Sussex, 1988), and to identify the time of bud

regeneration in detached pine cotyledons (Villalobos et al., 1984). A significant number

of the new proteins were common to callus proliferation and shoot organogenesis in M-5

cultivar and were expressed at relatively constant level throughout the culture period.

They possibly represent the products of basic metabolic "house-keeping' genes that are

components of normal metabolic functions such as cell division and stress responses.
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Sung and Okimoto (1983) showed that undifferentiated cells produce 'callus-specific'

proteins, and that these 'callus-specific' and 'embryonic' proteins are co-ordinately

regulated. The ability of conifer cotyledons to form shoots in the presence of

benzyladenine was distinguished based on their protein profiles (Ellis and Judd, 1987).

Chen and Luthe (1987) reported that 45 kDa polypeptide consistenly increased in non-

embryogenic (NE) rice (Oryza sativa L.) calli when it was subcultured on regeneration

medium for 9-12 days. There was a little change in the abundance of the 45 kD

polypeptide group in embryogenic calli which suggested that it may be correlated with

unorganized growth in NE calli. Guru et al. (1999) studied the protein pattern of

differentiating and non-differentiating calli using SDS-PAGE in two varieties of chickpea

viz., BG 267 (kabuli) and BG 362 (desi). The study demonstrated the influence of

genotype on the proteins related to differentiation and the role of these proteins in

morphogenesis in chickpea. A protein band of molecular weight around 50 kDa was

identified in the differentiating calli of the kabuli variety, which was absent in the non-

differentiating calli.

One-dimensional system reveals only quantitative differences as multiple bands

whereas two-dimensional analysis shows the qualitative contributions of different

isoforms to each protein species. The 2-D analysis performed during callus proliferation

and shoot organogenesis from leaves revealed the separation of 49 kDa into various

isoforms with pi values ranging from 3.0-4.8 in M-5 cultivar and 3.0-4.5 in S-36 cultivar.

With respect to shoot organogenesis, 39 kDa protein is of particular interest as it is more

abundant in the final stages of shoot organogenesis in M-5 and S-36 cultivars and thus

can be correlated with shoot differentiation. A few proteins showed differential

expression during shoot organogenesis and callus proliferation from the leaves of M-5
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and S-36 cultivars. In M-5 ana s-36 cultivars, 39 kDa protein separated into font-spots

during shoot organogenesis with pI values ranging from 4.2-5.8. However 39 kDa

protein was expressed in two isoforms with pI values of 4.2 and 5.8 in callus of M-5

cultivar in contrast to S-36 cultivar where only one isoform with pi value of 402 was

detectable. This observation shows that isoforms of 39 kDa protein vary in expression

during callus proliferation and shoot organogenesis in M-5 and S-36 cultivars. Protein

with MW 62 kDa was more expressed in the leaf explants of S-36 cultivar than in M-5

cultivar with pi values ranging from 4.3-6.5 and pi values of 4.2-5.4, respectively. This

protein was expressed during organogenesis with pi values of 4.6 and 5.0 in M-5 cultivar

and pi value of 4.3 in S-36 cultivar whereas callus of both the cultivars showed very faint

expression. This complexity may be the result of post-translational protein modification

or of the existence of multiple genes encoding similar but non-identical gene-products, or

a combination of the two (Hakman et ed., 1990). The function of these proteins is

presently unknown, however, they can serve as developmental markers for understanding

the process of shoot differentiation in mulberry. Hahne et al. (1985) reported that callus

specific proteins were not detected in the leaf (explanting stage), apparently because it is

a tissue type without direct equivalent in whole plants and thus not unexpectedly contains

unique proteins. Coleman and Ernst (1991) studied the protein differences among

intemodal stem explants of Populus deltoids that were determined for either shoot

regeneration or callus growth by SDS-PAGE and two-dimensional PAGE. Three 32 kDa

proteins with pi values of approximately 6.5-7.5 were detected only in callus inducing

(cim) and shoot inducing (sim) treatments for which high levels of adventitious shoot

regeneration was observed. A 35 kDa protein of approximately pi 7.0 was observed only

in the cim/sim treatments which resulted in callus determined growth.
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Phosphorylation is a form of post-translational modification of proteins that

provides a mechanism by which organism can respond rapidly to changes in their internal

and external environments over time scales that would preclude a transcriptional

response. Factors that are known to alter phosphorylation are light, growth hormones,

polyamines and environmental stresses (Raymond and Douglas, 1990; Mizoguchi et al.,

1994; Reddy and Prasad, 1995; Chang and Kang, 1999). Protein kinase activity in plants

has been shown to occur in both paniculate and soluble fractions obtained from plant

homogenates (Keates and Trewavas, 1974; Lin and Key, 1976). In the present study, the

presence of protein kinase activity was demonstrated during different stages of callus

proliferation and shoot organogenesis from leaf explants of M-5 and S-36 cultivars.

Further studies are needed to elucidate the biochemical and regulatory properties of

protein kinase activity associated with extracts obtained from leaf explants during

induction of callus and shoot organogenesis. The incorporation of 32P into endogenous

proteins present in the different samples containing the protein kinase was determined

and exogenous substrates were not applied. The substrate proteins were separated after

phosphorylation by SDS-PAGE and autoradiographed. This procedure allows only the

determination of the net phosphorylation and does not discriminate between protein

kinase and phosphatase activities.

Calcium (Ca2+) is a universal second messenger that regulates a variety of cellular

and physiological processes in eukaryotic cells (Poovaiah and Reddy, 1993). The roles

of calcium are mediated by a group of calcium-binding proteins including Ca2+-

dependent protein kinases (CDPKs) and calmodulin (CAM, Roberts and Harmon, 1992).

In the present study, changes in protein phosphorylation in the absence/presence of Ca +

and calmodulin during callus proliferation and shoot organogenesis from leaf explants of
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M-5 and S-36 cuitivars were investigated. SDS-PAGE analysis revealed differences in

the expression of 39 kDa protein, which appeared in high intensity in the final stage of

shoot organogenesis whereas it appeared as a faint band in the leaf-derived callus of M-5

and S-36 cuitivars. Evidences of phosphorylation experiments indicated variation with

respect to intensity of phosphorylation of 68, 56 and 46 kDa proteins in the

absence/presence of Ca2+ and calmodulin. Proteins of 68 and 56 kDa appeared as clear

bands with a slight variation in the intensity whereas 46 kDa protein could not be

visualized as clear band during callus proliferation and shoot organogenesis on SDS-

PAGE gel. This means that changes in the intensity of phosphorylation of these proteins

are not accompanied by significant changes in the quantity of these proteins.

Phosphoproteins of MW 68, 56 and 46 kDa appeared as faint bands in the leaf explants of

M-5 cultivar and the intensity of these phosphoproteins increased during shoot

organogenesis with a slight variation in the level of phosphorylation in the

absence/presence of Ca2+ and calmodulin. In contrast, these proteins exhibited varying

degrees of phosphorylation during initial stages of callus proliferation with a complete

dephosphorylation of 46 kDa protein in the leaf derived callus irrespective of

absence/presence of Ca2+ and calmodulin. This result suggests that there is a correlation

between phosphorylation and dephosphorylation of the 46 kDa protein and unorganized

cell growth in leaf explants of M-5 cultivar. In S-36 cultivar, phosphoprotein of 68 kDa

and 46 kDa appeared as major bands and 56 kDa protein as a minor band in contrast to

M-5 cultivar where all the three phosphoproteins appeared as faint bands. Aldiough these

phosphorylated bands were common for callus proliferation and shoot organogenesis, the

relative intensity of the bands differed between callus proliferation and shoot

organogenesis. Phosphorylation of 46 kDa protein was reduced in the final stages of
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shoot organogenesis whereas intense phosphorylation was observed in the leaf derived

callus of S-36 cultivar. In contrast, the leaf derived callus of M-5 cultivar was

characterized by the absence of 46 kDa phosphoprotein. This observation shows the

varietal differences in the pattern of phosphorylation during the process of de-

differentiation and shoot differentiation in leaf explants of mulberry. Vilardell et al.

(1990) reported that RAB-17 (responsive to ABA) were highly phosphorylated in mature

maize embryos, while these protein accumulated in ABA-treated callus without

considerable phosphorylation. Tan and Kannada (2000) identified one specific

phosphoprotein, ECPP-44 (Embryogenic Callus Phosphoprotein) that was found to be

induced in all treatments that resulted in embryogenic competence. It was suggested that

ECPP-44 might be related to the acquisition of embryogenic competence. Cordewener el

al. (2000) investigated the changes in protein synthesis and phosphorylation during

microspore embryogenesis in Brassica napus by two-dimensional (2-D) gel

electrophoresis. Comparison of 2-D patterns of phosphorylated proteins revealed minor

differences between embryogenic and non-embryogenic cultures, except for the level of

phosphorylation of hsp 70.

In the present study, addition of calmodulin resulted in a decrease in the

phosphorylation of 68, 56 and 46 kDa proteins during callus proliferation whereas

enhanced phosphorylation was observed when shoots of 0.5-1.0 cm differentiated from

leaf explants of M-5 cultivar. Wolff el al. (1981) suggested that calmodulin may

influence the degree of protein phosphorylation through regulation of both phosphatases

and kinases. Veluthambi and Poovaiah (1984) presented evidence for the role of Ca2+

and calmodulin in regulating the phosphorylation of membrane and soluble proteins from

corn coleoptiles. Some reports identifying plant calmodulin-dependent protein kinases
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were based in part on the observation that micromolar levels of calmodulin stimulate

protein kinase activity 1.5-6-fold (Polya et al., 1983; Salimath and Marme, 1983;

Paliyath and Poovaiah, 1985; Veluthambi and Poovaiah, 1986). Blowers et al. (1985)

showed that autophosphorylation of a protein kinase, which had been isolated from pea

membranes by electroblotting, was stimulated by the addition of calcium and calmodulin.

The transfer of foreign genes into plants has opened new ways to study regulation

of development and also provided new approaches to achieve certain breeding objectives

of economically important plants (Bent, 1996; Kazun et al., 1997). Among the various

genetic transformation methods available, Agrobacterium mediated transformation has

been extensively applied to many plant species because this method offers several

advantages such as the differential integration of transgenes, potentially low copy number

and preferential integration into transcriptionally active regions of the chromosome over

the direct gene delivery method like particle bombardment (Koncz et al., 1989; Hiei et

al., 2000). The critical point for the optimization of a transformation procedure is the

efficient production of plants from cultured explants. Successful transformation using

Agrobacterium depends not only on the efficiency of plant regeneration system but also

on the sensitivity of the cultured tissues to antibiotic. In the present study, the sensitivity

of the tissues at different stages of plant regeneration, i.e. shoot organogenesis from leaf

explants, multiplication of shoots and root induction from the shoots was determined by

supplementing kanamycin at 10.0-100.0 mg/1 in the respective medium. The

concentration of kanamycin in the selective medium had a significant effect on the

survival of explants. No survival was recorded from the leaf explants even at 10.0 mg/1

kanamycin, whereas multiple shoots were induced with frequencies of 13.6-66.2% from

the shoot tips cultured on medium with 10.0-50.0 mg/1 kanamycin. Shoot induction and
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root induction was completely suppressed from the shoots when kanamycin was used at

100.0 mg/1 in the respective medium. The visible effect of kanamycin at 50.0 mg/1 on

root induction was delayed root induction along with reduction in the number and the

growth of the roots. It is well known that the roots are very sensitive to antibiotics used

in plant transformation experiments (Bennici, 1974; David, 1984). The efficiency of

transformation with Agrobacterium depends on the efficiency of selection that allows

growth of all the transformed cells and the frequency of regeneration that occurs among

the transformed cell population (Dandekar et ah, 1993). In the present study, as the leaf

explants turned necrotic even at a low concentration of kanamycin, shoot tips were used

as initial explants for transformation experiments. About 27% co-cultivated shoot tips

yielded resistant shoots on medium containing BAP and kanamycin (100.0 mg/1).

Regenerated shoots from the putative transformed explants were propagated on the same

medium for five passages to eliminate the possibility of chimeras Subsequently, the

putative transformed shoots were transferred to rooting medium containing kanamycin

for root induction. Leaves and calli of kanamycin resistant plants were evaluated using

the GUS histochemical assay. An average of 66.7% of the regenerated plants showed

GUS expression in contrast to those selected at the shoot multiplication stage where only

43.2% of shoots showed GUS expression in the leaves and callus. These results

suggested that there are escapes on kanamycin selection medium and that selection for

transformants was more effective with the use of kanamycin at the rooting stage.

Regeneration of escapes could be explained by the loss of foreign gene expression or by

the ineffective kanamycin selection where non-transformed cells are protected from the

selective agent by the surrounding transformed cells (Zhan et al., 1997). Although there

is a possibility of escapes using shoot tips, repeated proliferation of shoots on selection
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medium followed by the use of kanamycin in the rooting medium will minimize the

possibility of escapes. The only earlier report on genetic transformation of mulberry was

by Machii (1990) who succeeded in transferring kanamycin resistant gene and P-

glucuronidase (GUS) gene through Ti plasmid PBI 121 to mulberry leaf discs and

confirmed the expression of Kan R and GUS gene in regenerated plants. The use of the

shoot apex as the explant for Agrobacterium mediated tranformation has been reported in

petunia (Ulian et ah, 1988), pea (Hussey et «/., 1989), sunflower (Schrammeijer et ed.,

1990), Zea mays (Gould et a!., 1991) and cotton (Gould Gould and Magallanes-Codeno,

1998). Xie and Hong (2002) described a protocol for Agrobacterium mediated

transformation of Acacia mangium using rejuvenated shoots as the explants. Stem

segments of rejunevated shoots were co-cultivated with Agrobacterium tumefaciens

strain LBA 4404 harbouring binary vector pBI 121 and the selection for transgenic shoots

was performed through five consecutive steps on MS medium supplemented with 1.0

mg/1 TDZ, 0.25 mg/1 IAA and different concentrations of geneticin and timentin. Thirty-

four percent of the stem segments produced resistant multiple adventitious shoot buds, of

which 30 % expressed the P- glucuronidase gene.

In the present study, examination of the GUS positive transgenic plants from eight

separate tranformation events by PCR confirmed that 7 of the 8 transgenic plants

contained the expected DNA fragment of 600 bp with a slight difference in the

amplification. No amplified fragment was observed in the non-transformed plants.
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The study has focused on establishment of an efficient in vitro regeneration

system for axillary bud and leaf explants and its utilization for genetic transformation of

mulberry. The significant findings that emerged from the study are as follows:

• High frequency of sprouting from axillary buds was observed in summer

compared to the rainy and winter seasons in all four cultivars in field and in vitro

conditions.

• In China White cultivar, sprouting was found to be asynchronous and at the end

of 60 days only 23.3% of the nodal cuttings established into plants in summer in

field conditions.

• High frequency of axillary bud sprouting (56.7-83.3%) in M-5 and S-36 cultivars

was observed on medium supplemented with 0.3 mg/1 2,4-D whereas in S-13

cultivar, the axillary buds sprouted with the same frequency of 73.3% on medium

supplemented individually with 2,4-D (0.3 mg/1) and KN (0.3 mg/1). In China

White cultivar, medium fortified with 2.0 mg/1 KN favoured high frequency of

axillary bud sprouting (76.7%) from nodal explants.

• A brief culture of leaves for 8-10 days on medium with 4.0 mg/1 TDZ followed by

transfer to 2.0 mg/1 BAP supplemented medium triggered high frequency shoot

organogenesis (77.6-89.2%) in all four cultivars.

• Shoots differentiated from axillary buds and leaf explants responded efficiently

for shoot multiplication in the presence of 0.5 mg/1 BAP with induction of more

number of shoots from leaf regenerated shoots (9.4-10.6) in comparison' to

axillary bud regenerated shoots (6.5-7.5).
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• Addition of fructose instead of sucrose in the multiplication medium increased the

shoot number at a rate of 6.5 per culture and also the growth of the shoots was

vigorous in all four cultivars.

• Repeated subculture of shoots enhanced the shoot multiplication rates with

production of 17.7-20.0 shoots/culture at 10th subculture in different cultivars.

• Shoots differentiated from the axillary buds rooted at a high frequency (86.7-

100.0%) on medium with 1.0 mg/1 2,4-D with induction of healthy roots after 9-

10 days of culture in different cultivars.

• A differential response was observed from the shoots regenerated from the leaf

explants and repeatedly subcultured shoots which rooted at a high frequency on

medium supplemented with low level of IBA (0.1 mg/1) whereas increase in the

level of IBA (1.0 mg/1) resulted in induction of callus from the base of the shoots.

• The field performance of the micropropagated plants in comparison to cutting

derived plants demonstrated the superiority of the micropropagated plants with

regard to number of branches/plant and leaf yield/plant.

• SDS-PAGE analysis of proteins during induction of shoot organogenesis from

leaves showed that 49 kDa protein was highly expressed in leaves and decreased

in intensity following culture. An increase in the intensity of 39 kDa protein was

noticed as shoot organogenesis progressed in M-5 and S-36 cultivars.

• Two-dimensional gel analysis on the protein extracted from the leaves revealed

the separation of 49 kDa protein into various isoforms with pi values ranging

form 3.0-4.8 in M-5 cultivar and 3.0-4.5 in S-36 cultivars. Protein of 39 kDa

separated into four spots during shoot organogenesis with pi values ranging from

4.2-5.8 in M-5 and S-36 cultivars. This protein was expressed in two isoforms
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with pi values of 4.2 and 5.8 in callus of M-5 cultivar in contrast to leaf derived

callus of S-36 cultivar where only one isoform with pi value of 4.2 was observed.

• Protein phosphorylation studies during callus proliferation and shoot

organogenesis form leaves of M-5 and S-36 cultivars revealed the presence of 68,

56 and 46 kDa phosphoproteins in varying intensities in the presence/absence of

Ca+2 and calmodulin. The most noticeable change was observed with respect to

46 kDa protein which was dephosphorylated in the leaf derived callus of M-5

cultivar whereas intense phosphorylation was observed during shoot

organogenesis. In contrast, in S-36 cultivar, 46 kDa protein was intensely

phosphorylated in the leaf derived callus whereas faint phosphorylation was

observed during induction of shoots (0.5-1.0 cm) from leaf explants.

• Shoot meristems derived from in vitro proliferated shoots were co-cultivated with

Agrohacterium strain harbouring binary vector having gus intron and npt II gene

and the selection for the transformed shoots was performed on medium with 0.5

mg/1 BAP and 100 mg/1 kanamycin. An average of 27.0% of shoot tips yielded

resistant shoots which when tested for GUS expression at the end of 5th subculture

revealed that 43.2% of shoots were GUS positive.

• Selection of transformants using kanamycin in rooting medium was very effective

as 66.7% of the regenerated plants showed GUS expression in contrast to

untransformed shoots which did not show GUS expression. PCR analysis using

primers for the npt II gene showed the expected band of 600 kb in 7 out of 8

putative transformants whereas no amplified fragment was observed in the

untransformed (control) plants.
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In summary, reproducible protocols for the rapid in vitro multiplication of four elite

cultivars of mulberry has been developed. A two-step approach involving short

incubation of leaves for 8-10 days on TDZ supplemented medium followed by transfer to

medium with BAP for obtaining high frequency shoot organogenesis from leaves of four

elite cultivars has been developed. Evaluation of field performance of micropropagated

plants in comparison to cutting derived plants demonstrated the superiority of the

micropropagated plants with regard to number of branches/plant and leaf yield/plant.

Studies on changes in protein profiles during callogenesis and shoot organogenesis

showed the differential expression of 39 kDa protein during de-differentiation and shoot

differentiation from leaf explants of M-5 and S-36 cultivars and thus this protein can be

used as a marker for understanding the shoot regeneration process. Analysis of protein

phosphorylation revealed that proteins of MW 68, 56 and 46 kDa were phosphorylated in

varying intensities in the absence/presence of Ca2+ and calmodulin during callogenesis

and shoot organogenesis from leaf explants of M-5 and S-36 cultivars. It would be of

interest to identify the target proteins and characterize the associated protein kinase(s).

Once the proteins associated with shoot organogenesis are identified, further studies on

amino acid composition, sequencing and comparison with databases will help in

understanding their specific role in the process of shoot differentiation. Furthermore, a

procedure for Agrobacterium mediated transformation of mulberry using shoot meristems

is developed which can be exploited for transferring biotic as well as abiotic resistant

genes for its improvement.
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Abstract

A high frequency of sprouting (80.0%) and shoot differentiation was observed in the primary
cultures of nodal explants of Morus indica L. cultivar M-5 on MS medium supplemented with 2,4-
D (0.3 mg/I). In vitro proliferated shoots were multiplied rapidly by culture of shoot tips on MS
medium with BAP (0.5 and l.Omg/1) which produced the greatest multiple shoot formation.
Multiplication was also achieved by culture of shoot tips on MS medium with BAP (4.0 mg/1) and
GAT (0.05 mg/1) which facilitated the elongation of shoots followed by sprouting of axillary buds of
in vitro grown shoots. A high frequency of rooting (86.7%) with development of healthy roots was
observed from shoots cultured on medium with 2,4-D (1.0 mg/1). Plants with well developed roots
were transferred to soil with a survival frequency of 80%. © 1999 Hlsevier Science B.V. All nghts
reserved.

Keywords'. In vitro culture; Nodal explants; Micropropagation; Moms indica L.; Mulberry

1. Introduction

Mulberry (Morus indica L.), a woody perennial tree plays a very significant
role in sericulture as its foliage constitutes the main diet for the silkworm

* Corresponding author. Tel.: +91-40-3010500; fax: +91-40-3010120; email: gprsl@uohyd.ernet.in
Abbreviations: 2,4-D, 2.4-dichlorophenoxyacetic acid; IAA, indole-3-acetic acid; IBA, indole-3-
butyric acid; NAA, a-naphthaleneacetic acid; K.N. kinetin; MS, Murashige and Skoog's
medium; AC, activated charcoal

0304-4238/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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(Bombyx mori L.). Conventionally, mulberry is propagated by cutting and
grafting. However, propagation of mulberry through cuttings and grafting has
certain limitations. Only 30-40% of stem cuttings survive the time between
pruning, transportation and final transplantation (Bapat et al., 1987). Moreover,
successful rooting from stem cuttings depends on the genotype, environmental
factors and physiological state of the cuttings (Ohyama and Oka, 1987; Narayan
et al., 1989). Tissue culture techniques such as micropropagation provide a fast
and dependable method for production of a large quantity of uniform plantlets in
a short time throughout the year. For successful micropropagation, axillary buds
or shoot tip cultures are preferred as pre-existing meristems easily develop into
shoots while maintaining clonal fidelity. The in vitro production of plantlets from
axillary buds has been reported by various workers in different species of Moms
(Jain et al., 1990; Sharma and Thorpe, 1990; Yadav et al., 1990; Rao and Bapat,
1993; Pattnaik et al., 1996; Pattnaik and Chand, 1997). In most of the earlier
reports, BAP was found to be more effective than KN in inducing shoot
development from axillary bud cultures of mulberry. Anuradha and Pullaiah
(1992) achieved shoot differentiation from axillary bud cultures of Moms alba L.
on MS medium supplemented with 2,4-D (0.5-1.5 mg/1). Subsequently rooting
was induced with 35-45% frequency and they inferred that NAA was a more
effective rooting agent than either IAA or 2,4-D. The present study differs from
the earlier reports as a high frequency of shoot differentiation from nodal explants
and root induction from regenerated shoots were achieved in the M-5 cultivar of
mulberry on MS medium supplemented with 2,4-D.

2. Materials and methods

2.1. Induction of shoots from axillary buds of nodal explants

Nodal explants with axillary buds were collected during March-August from 5-
year old mature tree oi Moms indica L. cultivar M-5. The excised nodal explants
(2-3 cm) were washed thoroughly under running tap water and then surface
sterilized in 70% alcohol for 1 min followed by 0.1% mercuric chloride for
15 min. Finally, the explants were rinsed 4-5 times in sterile distilled water with a
duration of 5 min each. The sterilized single nodal explants were cultured on
MS (Murashige and Skoog, 1962) medium supplemented with 2,4-D, IAA,
NAA, BAP and KN in varied concentrations and combinations for inducing
sprouting and shoot differentiation. The cultures were maintained at 25 ± 2°C
under a 16 h photoperiod with a photosynthetic photon flux density (PPFD) of
83.6 nEirT2 s"1 provided by white fluorescent tubes. All the experiments were
repeated thrice at different times and each treatment had 10 replicate cultures.
The appearance of the shoot meristem was taken into consideration for
calculating the sprouting frequency.
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2.2. Multiplication of shoots

Shoot tips (2-3 cm) obtained from in vitro differentiated shoots were
transferred to MS medium supplemented with BAP (0.5-4.0 mg/1) either singly
or in combination with GA, (0.05 mg/1) for induction of multiple shoots. The
average number of shoots induced per explant as well as the length of the shoots
was recorded after 4 weeks.

2.3. Rooting of shoots

Healthy shoots ( 3 ^ cm) were transferred to MS medium containing different
auxins such as 2,4-D (1.0 mg/1), 1AA (1.0 mg/1), NAA (1.0 mg/1) or IBA (1.0 mg/
1) with or without activated charcoal (0.2% w/v) for rooting. The effect of
these auxins on induction of roots from shoots was examined after 30 days of
culture.

2.4. Acclimatization of regenerated plants

Healthy plantlets with well developed roots were transferred to pots containing
peatrite (a combination of perlite, vermiculite and established organic manure
cocopeat) and soil (1:1) and maintained in the culture room (25 ± 2"C at
83.6 (iEm 2 s ' PPFD) for 15-20 days. Humidity was maintained by covering
with a plastic cover. The acclimatized plants were planted in the soil and
transferred to field. The % survival was recorded after 6 weeks.

3. Results

3.1. Induction of sprouting and shoot differentiation from axillary buds
of nodal explants

The frequency of contamination from primary cultures of nodal explants varied
from 10% to 15%. Differences were observed in terms of viability of the nodal
explants depending on the type of material selected for the study. Nodal explants
that were slightly tender, medium in thickness (0.5-0.6 cm) and having greenish
axillary buds responded efficiently for bud sprouting and shoot differentiation.
Nodal explants that were very tender turned brown after disinfection treatments
whereas hard and thick explants having brownish axillary buds did not show any
sign of growth even after 30 days of culture. The survival percentage of nodal
explants (0.5-0.6 cm thick) and their subsequent development into shoots varied
from 10% to 80% on MS medium supplemented with various hormones
(Table 1).
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Table 1
Effect of hormones on sprouting of axillary buds from primary cultures of nodal explants and shoot
differentiation of mulberry on MS medium

S. No.

1
2
3
4
5
6
7
X

'I

10

Cone, of hormones
(mg/1)

Basal
1.5 BAP
2.0 BAP
0.5 KN
1.0 KN
0.3 2,4-D
0.5 2,4-D
1.0 2,4-D
1.0NAA+1.0BAP
1.01AA+2.0 KN

Sprouting
(%)

36.7 c
33.3 c
40.0 c
13.3 b
10.0 b
80.0 a
73.3 a
66.7 a
53.3 d
13.3 b

Mean length of
shoots (cm)"

1.6 a
3.9 c
4.1 be
1.4 a
1.0 a
5.8 d
4.9 b
4.6 b
4.0 be
1.3 a

Mean followed by the same letter in a column are not significantly different (p < 0.05) by Newman-
Keul's multiple range test.
" Data scored after 30 days.

Axillary buds from the nodal explants cultured on MS medium without
hormones sprouted with a frequency of 36.7% and the shoots grew to a height of
1.6 cm in 30 days (Table 1). Axillary bud sprouting from nodal explants occurred
with a frequency of 33.3% and 40.0% on MS medium supplemented with 1.5 and
2.0 mg/1 BAP, respectively. The frequency of sprouting was very low on medium
supplemented with KN (Table 1).

Efficient sprouting (80.0%) from axillary buds was observed on MS medium
with 0.3 mg/1 2,4-D and shoots of 5.8 cm developed in 30 days (Fig. 1 and
Table 1). The frequency of sprouting decreased with increase in the concentration
of 2,4-D (Table 1). The combination of NAA and BAP at 1 mg/1 each induced
axillary bud sprouting with a frequency of 53.3% and shoots grew to a height of
4.0 cm at the end of 30 days. A significant decrease in sprouting from buds was
noticed on MS medium supplemented with 1 mg/1 IAA and 2 mg/1 KN.

Axillary buds developed into shoots as well as inflorescences irrespective of the
hormones used in the MS medium. Inflorescences were excised at an early stage
of induction to accelerate the development of the shoots.

3.2. Induction of multiple shoots

Multiple shoots were induced with varying frequencies (37.5-79.2%) by
culturing shoot tips of 2-3 cm on medium supplemented with 0.5-1.5 mg/1 BAP
(Table 2). When the concentration of BAP was increased beyond 1.5 mg/1, there
was no enhancement of multiple shoot induction. However, shoot tips cultured on
MS medium with BAP (4.0 mg/1) and GA3 (0.05 mg/1) showed a differential
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Fig. 1. Shoot induced from the axillary bud of nodal cxplant cultured on MS medium with 0.3 mg/l
2,4-D after 30 days of culture.

Table 2
Effect of BAP and GAT on induction of multiple shoots of mulberry on MS medium

S. No. Cone, of Multiple shoot Mean no. of multiple Mean length of
hormones induction (%) shoots induced shoots (cm)"
(mg/l) per explant'1

1 0.5 BAP 79.2 a 7.7 a 4.8 a
2 1.0 BAP 62.5 a 6.2 b 4.7 a
3 1.5 BAP 37.5 b 3.5 c 3.4 c
4 4.0 BAP+0.05 GA., 66.7 a 8.5 a 1.8 b

Mean followed by the same letter in a column are not significantly different (p < 0.05) by Newman-
Keul's multiple range test.
a Data scored after 30 days.

response with elongation of shoots followed by sprouting of axillary buds which
developed into shoots of 1.8 cm in 30 days (Fig. 2 and Table 2).

5.5. Induction of rooting from shoots

Multiple shoots were separated and healthy shoots were transferred to MS
medium containing different auxins (Table 3). Thin slender roots were induced
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Fig. 2. Shoot induction from axillary buds of in vitro elongated shoot on MS medium with 4 mg/1
BAP and 0.05 mg/1 GA, after 30 days of culture.

Table 3
Effect of auxins and activated charcoal (AC) on root induction from shoots of mulberry on MS
medium

S. No.

1.
2.
3.
4.
5.
6.

Cone, of
auxin (mg/1)

1.0 IAA
1.0 IAA+0.2% AC
1.0 IBA
1.0 IBA+0.2% AC
1.0 2,4-D
1.0 2.4-D+0.2% AC

Rooting
(%)

53.3 a
40.0 b
66.7 a
56.7 a
86.7 c
70.0 a

Average no. of
roots per culture"

4.5 a
3.3 b
10.3 c
5.9 d
8.5 e
7.9 e

Average length of
longest root (cm)'1

4.1 c
3.5 b
3.3 b
3.0 b
5.8 a
5.4 a

Mean followed by the same letter in a column are not significantly different (p < 0.05) by Newman-
Keul's multiple range test.
1 Data scored after 30 days.

from the base of the shoot with a frequency of 53.3% in the presence of IAA.
Healthy thick roots were induced with a high frequency of 86.7% on medium
supplemented with 2,4-D which increased in length to 5.8 cm in 30 days (Fig. 3).
Rooting from shoots occurred with a frequency of 66.7% on medium with IBA

:>M
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Fig. 3. Root induction from shoots of mulberry on MS medium with I mg/1 2,4-D after 20 days of
culture.

(1 mg/1) and the roots were very thin when compared to those induced on 2,4-D
medium. Activated charcoal (0.2% w/v) in the presence of all auxins tested
decreased the frequency of root induction.

The plants with well developed roots were initially transferred to pots
containing peatrite and soil (1:1) and the acclimatized plants were finally
transferred to soil under field conditions. The plants transferred to the field
survived with a frequency of 80% (Fig. 4).

F i g . 4 . R e g e n e r a t e d p l a n t i n t h e p o t c o n t a i n i n g p e a t r i t e a n d s o i l ( 1 : 1 ) a f t e r 2 0 d a y s o f t r a n s f e r .
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4. Discussion

Nodal explants that were slightly tender and having greenish axillary buds
responded efficiently for bud sprouting compared to hard nodal explants with
brownish buds which showed no sign of growth. Oka and Ohyama (1975)
reported that brownish buds of two cultivars (Kenmochi and Ichinose) of
mulberry did not show any growth whereas young greenish buds of cultivar
Kenmochi grew into leafy shoots.

In the present study, axillary buds from nodal explants cultured on MS medium
without hormones exhibited a low frequency of sprouting and shoot growth was
not vigorous. Various hormones like 2,4-D, IAA, NAA, BAP and KN were used
either singly or in combinations in MS medium to see their effects on axillary bud
sprouting and shoot differentiation. A high frequency of sprouting and vigorous
shoot growth was observed on MS medium with 0.3 mg/1 2,4-D when compared
to other concentrations tested. Although, 2,4-D is considered to suppress
organogenesis (Gamborg et al., 1976) and is generally used in experiments
involving callus induction, in the present study, low levels of 2,4-D (0.3 mg/l)
triggered shoot differentiation with a high frequency (80%) compared to other
hormones tested. Anuradha and Pullaiah (1992) reported that low concentration
of 2,4-D (0.5 mg/1) stimulated sprouting whereas higher concentration (2.0 mg/1)
resulted in rapid callus proliferation from axillary bud cultures of mulberry
(Moms alba L.).

Culture medium containing BAP at concentrations of 1.5 and 2.0 mg/1 induced
axillary bud sprouting with a frequency of 33.3% and 40.0%, respectively. The
frequency of sprouting from axillary buds was low on medium supplemented with
KN. Combination of BAP (1.0 mg/1) and NAA (1.0 mg/1) induced axillary bud
sprouting at a higher frequency compared to BAP alone. Yadav et al. (1990) and
Pattnaik and Chand (1997) observed that BAP was more effective than KN in
inducing shoot development and multiple shoot induction from both apical shoot
buds and nodal explants of the three species of mulberry.

Sprouted axillary buds in the present study developed into shoots as well as
inflorescences. Induction of inflorescence from cultured axillary buds would be
of significance in studies related to anther culture as it does not demand
sterilization which has to be done when the inflorescences are obtained from
field-grown plants. In Morus australis, most explants collected during
November-February produced inflorescences during shoot elongation (Pattnaik
et al., 1996).

Rapid multiplication of any crop plant can be achieved by inducing multiple
shoots through in vitro culture. Multiple shoots were induced with a frequency of
79.2% in the presence of BAP at 0.5 mg/1 and higher levels (1.5 mg/1) reduced the
frequency. The inhibitory effect of BAP on shoot proliferation at concentrations
higher than 1.0 mg/1 was noticed earlier in Morus species (Ohyama and Oka,
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1987). In Morus laevigata, multiple shoots were induced in the presence of BAP
at 5.0 mg/l but these shoots failed to elongate thereby resulting in rosette shoot
clumps (Pattnaik et al., 1996). In the present study, when GA3 (0.05 mg/l) was
added along with BAP (4.0 mg/l), the shoots initially elongated followed by
sprouting of axillary buds which developed into shoots of 1.8 cm in length. These
shoots served as a source material for inducing multiple shoots or rooting and
thus provided an alternative for rapid multiplication of mulberry. The promotive
effect of GA, (0.3-0.4 mg/l) on axillary bud break when used along with BAP
(1.0 mg/l) was reported earlier in Morus species (Pattnaik and Chand, 1997).

In the present study, auxins like IAA, IBA, 2,4-D and NAA were used singly to
induce rooting from the shoots. Culture medium supplemented with 2,4-D
induced rooting from shoots at a higher frequency (86.7%) than other auxins
tested. Although relatively large number of roots were induced in the presence of
IBA at 1.0 mg/l, these roots were thinner when compared to roots induced on 2,4-
D medium which were thick and healthier. The average number of roots induced
per shoot after 4 weeks of culture was highest with 0.25 mg/l IBA for Morus
nigra (Yadav et al., 1990). Rao and Bapat (1993) observed abundant rooting from
primary axillary bud cultures of Morus indica L. on MS medium with IAA which
was sparse on NAA and 2,4-D. In contrast, Anuradha and Pullaiah (1992)
reported that NAA was a more effective rooting agent than 2,4-D and IAA for
Morus alba L. Narayan et al. (1989) successfully rooted 95% of mulberry shoots
within 3 weeks by supplementing with 0.5 mg/l NAA. But our study with NAA as
rooting agent yielded no response and 2,4-D was found to be a more effective
rooting agent than IAA and IBA.

In the present study, complete planllcts of mulberry could be established al a
high frequency in two steps from nodal explants by varying the levels of 2,4-D in
MS medium. Further, multiple shoots proliferated when shoot tips excised from
in vitro differentiated shoots were cultured on medium with BAP (0.5-1.0 mg/l).
From our study it can be inferred that 2,4-D is a more effective shooting and
rooting agent compared to BAP, KN, IAA and NAA for micropropagation of the
M-5 cultivar of mulberry (Morus indica L.). These results provide an efficient in
vitro method for the rapid propagation of the economically important M-5
cultivar of mulberry.
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Abstract

High frequency of sprouting from axillary huds was observed during summer in all four cultivars
in field and in vitro conditions. In the China White cultivar. sprouting was asynchronous and at the
end of 60 days only 23.3% of the nodal cuttings established into plants in summer in field
conditions. Under in vitro conditions, a high frequency of sprouting was induced in M-5 and S-36
cultivars on medium supplemented with 1.36 uM 2,4-D. In the S-13 cultivar. the axillary huds
collected during summer sprouted with the same frequency of 73.3% on medium supplemented
individually with 2,4-D and KN at 1.36 and 1.39 uM concentrations, respectively, whereas in the
China White cultivar, a high frequency of axillary bud sprouting was induced on KN (9.29 uM)
supplemented medium. Shool multiplication was achieved in all four cultivars by culture of shoot
tips on MS medium with BAP (2.22 uM). Addition of fructose instead of sucrose in the
multiplication medium increased the shool number and also the growth of the shoots was vigorous.
In vitro differentiated shoots of all cultivars rooted with a high frequency on medium supplemented
with 4.52 uM 2.4-D. Micropropagaled plants were successfully established in soil in field
conditions with a survival frequency of 85-90%. ( 2002 Elsevier Science B.V. All rights reserved.

Keywords: In vitro culture; Nodal explains; Seasonal effects; Micropropagation; Morus indica L.;
Mums alba L.

Abbreviations: MS, Murashige and Skoog's medium; BAP, 6-benzylaminopurine; 2,4-D, 2,4-
dichlorophenoxyacetic acid; IAA, indole-3-acetic acid; IBA, indole-3-butyric acid; KN, kinetin;
NAA, a-naphthaleneacetic acid; Z, zeatin
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1. Introduction

Mulberry {Moms spp.) is a very important plant deciding the sericulture
economics of the country since its foliage is used for rearing silkworms (Bombyx
mori L.). Mulberry cultivation by cuttings is widely used and popular method for
raising saplings. However, successful rooting from cuttings is dependent upon the
favourable environmental conditions and genotype dependent (Ohyama and Oka,
1987; Jain et al., 1990). Many elite varieties have poor rooting ability and
propagation through cuttings is restricted to only certain months of the year
(Narayan et al., 1989). Mulberry can also be propagated through seeds but seed
propagation is not practised due to the heterogeneous nature of the seedlings
owing to its cross pollination (Das, 1983; Hossain et al., 1992). Micropropagation
provides a valuable tool for rapid multiplication of plants, as large number of
genetically identical plants can be produced in a relatively short time and space.
Axillary buds are widely used for micropropagation as they have entire
rudimentary vegetative shoot and can be induced to develop into plants easily
which are similar to the parental type. Meristems are also extensively used for
rapid multiplication of shoots, since the constituent cells are genetically identical
to the donor plants (Skirvin, 1981). In vitro plant regeneration from the apical/
axillary shoot buds and nodal explants has been reported in a number of species
of mulberry (Mhatre et al., 1985; Ohyama and Oka, 1987; Hossain et al., 1992;
Pattnaik and Chand, 1997; Chitra and Padmaja, 1999). The present study was
undertaken with the aim to evaluate the regeneration potential of four elite
cultivars and to establish an efficient in vitro system for their rapid propagation by
culture of nodal explants. In addition, this study compares the influence of season
on axillary bud sprouting and regeneration from nodal cuttings in field and in
vitro conditions.

2. Materials and methods

2.1. Establishment of mulberry nodal cuttings in field

Nodal cuttings of 2()-22 cm containing at least 4-5 axillary buds were collected
from 2-year-old field grown plants of Moms indica L. cultivars M-5, S-36, S-13
and Moms alba L. cv. China While at different stages of growth, viz., developing,
assimilation, storing and winter resting stage. The characteristic features of the
above cultivars are given in Table 1. The nodal cuttings excised from different
cultivars were immediately planted in the pots containing soil and manure in a
ratio of 3:1 and kept out in the field for studying the influence of different seasons
on axillary bud sprouting and regeneration from nodal cuttings. The environ-
mental conditions in different seasons are mentioned in Table 2. The pots were



watered on alternate days in all the seasons. The appearance of the shoot
meristems from the axillary buds was taken into consideration for calculating the
sprouting frequency. The data on axillary bud sprouting was scored after 30 days
and plant establishment frequency (PEF) from nodal cuttings was determined
after 60 days. Twenty nodal cuttings were used for each experiment and all the
experiments were repeated thrice.

Table 2
Seasonal effect on axillary bud sprouting and plant establishment rate from the cuttings of different
mulberry cultivars in the Held (means followed by the same letter in a column are not signilicantly
different (p < 0.05) according to one way ANOVA followed by Newman-Keul's multiple range
lest)

Seasons

Summer1'
(February-May)

Rainy1

(June-September)
Winter11

(October-January)

Cultivar

M-5

Sprouting

96.7 a

86.7 a

70.0 b

PEP

93.3 a

86.7 a

70.0 b

S-13

Sprouting

90.0 a

83.3 a

66.7 b

PEF

90.0 a

80,0 b

63.3 c

S-36

Sprouting

93.3 a

86.7 a

66.7 b

PEF

90.0 a

86.7 a

66.7 b

China White

Sprouting

70.0 a

66.7 a

53.3 b

PEF

23.3 a

20.0 a

16.7 a

1 Plant establishment frequency.
bMean temperature (C): 23.9-31.4; sun shine (h) 8.2-10.1; relative humidity (*) I: 57.0-82.0, II: 19.0-

38.0.
1 Mean temperature ("C): 26.1-28.4; sun shine (h) 4.3-6.8; relative humidity (%) I: 80.0-88.0, II: 52.0-69.0.
d Mean temperature ("C): 19.1-26.0; sun shine (h) 7.9-9.9; relative humidity (%) I: 81.0-87.0, II: 33.0-51.0.
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Table I

Characteristic features of mulberry cultivars used in the present study

S. No. Species Cultivar Sex Attributes

1 M. indica L. M-5 Predominantly Resistant to powdery mildew, leaf spot and bacterial
female blight. High rooting ability and wide adaptability

2 M. indica L. S-36 Female Tolerant to leaf spot and powdery mildew, moderately
susceptible to leaf rusl and tukra infestation. Most suitable
to young age silkworm rearing. Moderate rooting ability

3 M. indica L. S-13 Male Resistant to leaf spot and powdery mildew, moderately
resistant to leaf rust and tukra infestation. Deep rooting
system, profuse branching with short internodes and
superior leaf quality. Moderate rwting ability

4 M. alba L. China White Female Large leaf size with thick, dark green foliage. Weight of
single leaf very high. Low rooting ability



58 D.S. Vijaya Chilra, C. Padmaja/Slientia Horticultural 92 (2002) 55-68

2.2. Induction of axillary bud sprouting in vitro

For in vitro studies, nodal explants of 3-4 cm in length were collected from the
same plants as described above. The nodal explants were kept under running tap
water for \ h and surface sterilized in 70% alcohol for 1 min followed by 0.1%
mercuric chloride (HgCl2) for 15 min under sterile conditions. The explants were
then rinsed 4-5 times in sterile distilled water with a duration of 5 min each. The
sterilized explants were cultured on MS (Murashige and Skoog, 1962) medium
containing 3% sucrose and 0.8% agar (Hi-Media, Mumbai, India). The culture
media were supplemented individually with 2,4-D, KN and BAP in varied
concentrations for inducing sprouting and shoot differentiation. All the
experiments were repeated thrice at different times and 10 explants were used
for each treatment.

2.3. Multiplication of shoots

The effect of sugars such as sucrose, maltose, glucose and fructose on induction
of multiple shoots of four cultivars was studied by culturing shoot tips (2-3 cm)
derived from in vitro developed shoots on MS medium with 2.22 uM BAP. The
multiplication potential of shoots during repeated subcultures was studied by
subculturing shoot tips on MS medium supplemented with 2.22 uM BAP for 10
months at 30 days intervals. The average number of shoots induced per explant
was recorded after 30 days of culture.

2.4. Root induction from shoots

Healthy shoots derived from the sprouted axillary buds or from the multiple
shoots were transferred to MS medium supplemented individually with 2,4-D,
1AA, IBA and NAA at concentrations 4.52, 5.71, 4.92 and 5.37 uM, respectively,
for inducing rooting. The frequency of rooting and the nature of roots induced
were determined after 30 days of culture.

For all the experiments on induction of axillary bud sprouting, shoot
multiplication and root induction from shoots, the cultures were maintained at
25 ± 2°C under a 16 h photoperiod with a photosynthetic photon flux density
(PPFD) of 83.6 uE m 2 s ' provided by white flourescent tubes.

2.5. Acclimatization of regenerated plants

Regenerated plants having well-developed roots were removed from culture
bottles and washed free of agar. They were transferred to plastic pots containing
soil and organic manure (3:1) and kept in a net house under shade for 15-20 days.
In the first week of transfer, the plantlets were covered with polythene covers to
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maintain humidity. After 15-20 days of acclimatization, the plantlets were
transferred to earthen pots and planted out in field. The percentage survival was
recorded after 6 weeks of transfer to field.

3. Results

3.1. Seasonal effect on axillary bud sprouting infield conditions

The influence of season on axillary bud sprouting and PEF from the nodal
cuttings placed in soil was studied in field conditions. A high frequency of
sprouting as well as a high plant establishment rate from cuttings was observed in
summer compared to the rainy and winter seasons in all four cultivars.
Adventitious roots were formed from the base of the nodal cuttings during shoot
development in all four cultivars. Axillary buds of M-5, S-36, S-13 sprouted in
10-12 days and PEF from nodal cuttings varied from 63.3 to 93.3% in different
seasons. In the China White cultivar, asynchronous sprouting was observed in all
seasons and at the end of 60 days only 23.3% of the nodal cuttings established
into plants in summer indicating the diflicult-to-root nature of the cultivar
(Table 2).

3.2. Sprouting of the axillary buds in vitro

Nodal explants of 3-4 cm bearing axillary buds were cultured on MS medium
supplemented individually with 2,4-D, KN and BAP for inducing sprouting.
Nodal explants having greenish axillary buds enveloped by 2-3 whorls of scales
responded efficiently for sprouting. Axillary buds without scales turned brown
upon sterilization treatment and buds with more than 2-3 whorls of scales did not
sprout even after 30 days of culture. Contamination in the cultures was observed
to be season dependent. The maximum contamination of 40.0% occurred during
winter followed by the rainy and summer seasons with frequencies of 25.0 and
15.0%, respectively.

The sprouting frequency from axillary buds of four cultivars varied from 10.0
to 83.3% in summer followed by rainy season (0.0-76.7%). A low frequency of
sprouting (0.0-60.0%) was observed in winter indicating the strong influence of
season on axillary bud sprouting (Table 3). A high frequency of axillary bud
sprouting (56.7-83.3%) from the nodal explants of M-5 and S-36 cultivars was
induced on medium supplemented with 1.36 uM of 2,4-D and sprouting occurred
in 5-7 days. Medium supplemented individually with KN (1.39-9.29 uM) and
BAP (1.33-8.88 uM) induced axillary bud sprouting at frequencies ranging from
0.0 to 46.7% and 0.0 to 40.0%, respectively, in M-5 and S-36 cultivars and the
duration of sprouting was longer (18-20 days) compared to 2,4-D. Axillary buds
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Fig. 1. Shoot development with induction of female catkins from the nodal explain of China White
cultivar on MS medium with 9.29 LIM KN.

of the S-13 cultivar collected in summer exhibited sprouting with the same
frequency of 73.3% on medium supplemented individually with 2,4-D (1.36 u,M)
and KN (1.39 u.M). However, axillary buds cultured on 2,4-D medium sprouted in
9-10 days whereas those cultured on KN medium sprouted in 22-24 days. In the
China White cultivar, MS medium with 9.29 u.M KN favoured a high frequency
of sprouting (46.7-76.7%) compared to 2,4-D supplemented medium with the
buds sprouting at the same duration of 12-14 days (Fig. 1). Development of
shoots as well as of inflorescences was observed from sprouted axillary buds of
all four cultivars irrespective of the season during which nodal explants were
collected.

3.3. Multiplication of the shoots

Shoot tips excised from axillary buds were multiplied by culturing on MS
medium containing 2.22 u,M BAP and 3% sucrose. In all four cultivars, 6-8
shoots were induced in 9-10 days from shoot tips excised from axillary buds
(Fig. 2). Attempts were also made to study the effect of various sugars such as
sucrose, maltose, glucose and fructose on shoot proliferation rates from shoot tips
derived from axillary buds. The shoot proliferation rate increased at a rate of 6.5
per culture by the incorporation of fructose (3%) instead of sucrose (3%) in the
multiplication medium containing 2.22 uM BAP and the growth of the shoots was
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Fig. 2. Multiple shoot induction from in vitro raised shoot of China White cultivar after 30 days of
culture on medium with 2.22 uM BAP.

vigorous. The average length of shoots was 5.2 cm in the presence of fructose
whereas on sucrose supplemented medium, 3.8 cm long shoots were induced.
Shoots cultured on MS medium with glucose (3%) turned pale green and
withered away whereas those cultured on maltose (3%) supplemented medium
showed no response for shoot multiplication with only induction of the buds from
the axils of the leaves and there was no further growth of the buds. However,
these buds resumed growth upon transfer to medium supplemented with either
sucrose or fructose and shoot multiplication was achieved. Studies were also
conducted to observe the multiplication rates of shoots upon each subculture. The
rate of shoot multiplication increased upon each subculture on medium with
2.22 uM BAP (Table 4). Dark brown coloured callus developed from the base of
the shoots from the fifth subculture onwards in all four cultivars (Fig. 3). The
development of the callus from the base had no effect on the shoot multiplication
rates of cultivars. Repeated subculturing of shoots triggered induction of more
number of shoots from the base and the mean number of shoots produced from a
single shoot tip culture of different cultivars varied from 17.7 to 20.0 at 10th
subculture.

3.4. Root induction from the shoots

The effect of auxins such as 2,4-D, NAA, IAA and IBA on root induction from
shoots of the four mulberry cultivars was studied. The frequency of root induction
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varied from 36.7 to 100.0% in the presence of different auxins. Medium
supplemented with 4.52 uM 2,4-D favoured a high frequency of root induction
(86.7-100%) and roots were induced in 9-10 days in all four cultivars (Table 5).
Differences were noticed in the nature of roots induced depending on the auxin
used in the medium. Thin slender roots were induced in 17-18 days on IBA and
IAA supplemented medium in all four cultivars and numerous medium thick
roots were induced in 13-14 days on medium supplemented with NAA. Roots
induced on 2,4-D medium were thicker, stronger, fewer in number (Fig. 4) than

Fig. 3. Multiple shoot formation with development of callus from the base of shoot of S-36 cultivar
on medium with 2.22 uM BAP at fifth subculture.

Table 4
Mean number of shoots induced during series of subcultures in different cultivars of mulberry"

Subculture cycles Mean shoot number

M-5 S-13 S-36 China White

S, 7.5 a 6.6 a 7.5 a 7.2 a
Sj 9.4 b 7.6 ab 9.5 b 9.3 b
S3 10.7 c 9.3 be 10.8 c 10.1 c
S4 11.6 d 10.2 dc 11.8 d 11.2 d
Sj 12.7 e 11.6 ed 12.7 e 12.2 e
Sfi 14.7 f 13.7 ef 14.8 f 14.2 f
S7 15.5 g 14.7 gf 15.8 g 15.2 g
S8 17.1 h 15.8 gh 17.1 h 16.7 h
S., 18.9 i 16.5 ih 18.9 i 17.4 i
S|0 19.8 j 17.7 i 20.0 j 19.5 j

11 Means followed by the same letter in a column arc not significantly different (p < 0.05)
according to one way ANOVA followed by Newman-Keul'.s multiple range lest.
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Table 5
Effect of auxins on root induction from in vitro raised shoots of four cultivars of mulberry'1

those induced on IAA and NAA. However, no difference in the functionality of
the roots was observed during acclimatization.

3.5. Establishment of micropropagated plants in field

Regenerated plants of all four cultivars having well-developed roots were
transferred to pots containing soil and organic manure and the humidity was

Fig. 4. Root induction from an in vitro raised shoot of China White cultivar after 30 days of culture
on MS medium with 4.52 uM 2,4-D.

Type of Rooting (%)
auxin (uM)

M-5 S-13 S-36 China White Nature of the roots induced

5.37 NAA 0.0 73.3 a 76.7 a 70.0 a Infinite, medium thick roots
5.71 IAA 53.3 a 56.7 b 66.7 ab 60.0 a Thin roots
4.52 2,4-D 86.7 b 96.7 c 100.0 c 96.7 b Thick, strong roots
4.92 1BA 66.7 a 46.7 b 60.0 b 36.7 c Long slender roots

* Means followed by the same letter in a column are not significantly different (p < 0.05)
according to one way ANOVA followed by Newman-Keul's multiple range test.
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Fig. 5. Micropropagated plants established in held. 60 days after transfer.

maintained by covering with a plastic cover. After acclimatization for 15-20
days, the plants were finally transferred to field with a survival frequency of 85-
90% (Fig. 5) and to date they are still growing with full vigour.

4. Discussion

The technique of micropropagation has been used for rapid clonal propagation
of many fruit and forest trees (Bajaj, 1986; Hutchinson and Zimmerman, 1987).
Mulberry is a highly heterozygous plant and propagation through axillary buds
would ensure genetic uniformity and stability among the regenerants. In the
present study, nodal explants having greenish axillary buds covered with 2-3
whorls of scales responded efficiently for sprouting whereas buds enveloped by
more than three whorls of scales did not sprout. Anuradha and Pullaiah (1992)
and Oka and Ohyama (1975) have reported that nodal explants of mulberry
having greenish axillary buds showed the best response for sprouting and shoot
differentiation.

A comparative study of seasonal effects on axillary bud sprouting and plant
establishment rate from the cuttings was undertaken in vitro and field conditions.
In field conditions, plants established at high frequency from nodal cuttings in
summer in comparison to the rainy and winter seasons in all four cultivars. In the
China White cultivar, axillary buds sprouted asynchronously and only 16.7-
23.3% of nodal cuttings established into plants in different seasons in field
conditions indicating the difficult-to-root nature of the cultivar. Zaman et al.
(1997) have reported that propagation of mulberry through cuttings is restricted to
a single season (September-October) in Bangladesh. In the present study, in vitro
bud break as well as the frequency of aseptic cultures obtained was strongly
influenced by the season. Axillary buds of all four cultivars sprouted at a higher

65
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frequency in summer than in the rainy and winter seasons. Pattnaik and Chand
(1997) observed that the growth and proliferation of the nodal explants was
greatly influenced by the time of explant collection in Morus cathayanci, M. ihou
and M. serrata. Civinova and Sladsky (1990) suggested that the differential
responses of cultured winter and spring buds of temperate species such as oak,
aspen and black locust could be linked to the dynamics of endogenous substances
in the tree. Quraishi et al. (1996) reported that April-June is the best period for
shoot culture initiation in Cleistanthus coUinus and the nodal segments produced
significantly more shoots than during other times of the year. It was suggested
that the differences in the physiological condition of the stock plants grown under
natural environmental conditions might be the reason for differential growth
responses in vitro.

Different cultivars may require different hormones for obtaining optimal
response for sprouting and shoot differentiation. In M-5 and S-36 cultivars, high
frequency of sprouting was induced on 2,4-D supplemented medium than on KN
supplemented medium. In summer, axillary buds of S-13 cultivar sprouted with
same frequency of 73.3% on medium supplemented individually with 2,4-D
(1.36 uM) and KN (1.39 uM) whereas in the China White cultivar, a high
frequency of sprouting (76.7%) was induced on medium supplemented with KN
(9.29 |iM). In M. alba L., a high frequency of axillary bud sprouting from nodal
explants was achieved on medium supplemented with low levels of 2,4-D
(Anuradha and Pullaiah, 1992). In contrast, Mhatre et al. (1985) reported thai
BAP was more effective than KN and Z in inducing axillary bud sprouting and
shoot differentiation in mulberry.

Shoot multiplication is an important factor determining the suitability of the
tissue culture method for the mass propagation of tree species (Quraishi et al.,
1996). In the present study, medium supplemented with 2.22 uM BAP was found
suitable for shoot multiplication with induction of 6-8 shoots per culture in all
cultivars at the end of 30 days. Shoot proliferation increased at a rate of 6.5 shoots
per culture in all cultivars when fructose (3%) was used in place of sucrose (3%)
as a carbohydrate source. Oka and Ohyama (1982) suggested fructose was a
better source of carbon than sucrose for in vitro plant induction from bud culture
of M. alba L. Shoot tips cultured on glucose supplemented medium turned pale
green whereas those cultured on maltose supplemented medium showed
induction of buds with no further growth. However, these buds resumed growth
and developed into shoots upon transfer to sucrose or fructose supplemented
medium. Repeated subculture of shoots enhanced the shoot multiplication rate
and a 10-12-fold increase in shoot number was observed at the end of 10th
subculture in all four cultivars. With the increase in the culture passage, more
shoots were induced from the base of the shoots and callus development from the
base was observed from fifth subculture onwards. The increase in shoot
proliferation rates during series of subcultures may possibly be due to in vitro
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adaptation. Tewary et al. (1995) observed an increase in the shoot number in each
passage with increase in callus from the base when transferred to fresh medium in
the V-l and S-34 cultivars of Moms.

Production of plantlets with profuse rooting in vitro is important for successful
establishment of regenerated plants in soil (Ohyama, 1970). Auxins such as NAA,
IAA, IBA and 2,4-D were used singly to induce rooting from in vitro raised
shoots of the cultivars. Roots were induced with varying frequencies and the
number of roots induced as well as the thickness of roots induced in the presence
of different auxins varied. Of all the auxins tested, 2,4-D was found to be a better
rooting agent in all four cultivars. In contrast, Hossain et al. (1992) reported NAA
and IBA to be an efficient rooting agent in Morus laevigata whereas Yadav et al.
(1990) stated IBA to be the best auxin for induction of roots in Morus nigra.

In the present communication, reproducible protocols for the rapid multi-
plication of elite cultivars of mulberry are developed. A detailed study of seasonal
effects on axillary bud sprouting in vitro and field conditions has been conducted
and high frequency of sprouting was observed in summer as compared to the
rainy and winter seasons in all four cultivars. We observed that 2,4-D is a better
sprouting agent for M-5, S-13 and S-36 cultivars whereas KN was found to be
superior in inducing high frequency sprouting in China White, a difficult-to-root
cultivar of mulberry. Furthermore, fructose was found to be a more suitable
source of carbon than sucrose for shoot multiplication of all four cultivars.
Efficient root induction in all cultivars was achieved in the presence of 2,4-D and
micropropagated plants were established in the field with a survival frequency of
85-90%. The methods described offer immense scope for the rapid in vitro
propagation of mulberry for commercial use.
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