Abstract
Plants are a vast resource of a number of chemical substances, which may be primary or secondary metabolites. Primary metabolites are those, which are directly synthesized and encoded by their respective genes or by basic photosynthetic process. Secondary metabolites are produced by plants, which play a major role in the defense mechanisms and adaptation of plants to their environment. These molecules largely contribute to plant fitness by interacting with the ecosystem. The plant secondary metabolites have been classified according to their biosynthetic pathways. Four large families are generally considered i.e. phenolics, terpenes, sterols and alkaloids. Plant secondary metabolites have been used from centuries in traditional medicine due to their large biological activities. They are also useful as food additives, flavours, colourants and pharmaceuticals. It has been established that despite rapid progress in applied chemistry 25% of the molecules used in pharmaceutical industry are still of plant origin.

Conventionally plant secondary metabolites are obtained from field grown plants. However recently plant cell cultures have been exploited for the production of various secondary metabolites of food and pharmaceutical importance. Roots are the most important part of the plant system and are a source of many valuable products such as pharmaceuticals, insecticides, colours, flavours, enzymes and others. They are the major sites of metabolite synthesis and storage, which exhibit indefinite growth because of the meristamatic activity of root tip meristem. Many compounds that are scarcely synthesized such as coumarins, caffeic acid esters and cathecins in undifferentiated cells are produced at higher levels in root cultures.

Among the in vitro culture systems, the cultured cell suspensions are not gained momentum because of their instability and non-uniformity of the product formation. Hence the differentiated organ cultures such as hairy root cultures are widely studied. Hairy root cultures are used as alternative production systems for secondary metabolites due to their tremendous potential to higher growth rate and uniform product formation. Being organized, they are amenable for scaling-up in bioreactors which is an added advantage. The metabolite pattern found in hairy roots is similar, if not always identical to that of plant roots. A major characteristic of hairy roots is the concomitant production of secondary metabolites with growth. Hence it is possible to get a continuous source of secondary metabolites from actively growing hairy roots.

Colour in one form or the other has been added in foods for centuries. Natural colourants from plant sources are receiving growing interest from both food manufacturers and consumers in the continuing replacement of synthetic dyes. However substitution of synthetics with their natural alternatives presents a challenge due to higher stability of the former with respect to light, oxygen, temperature, and pH. 

Betalains are red pigments found in abundance in Beta vulgaris L. roots. They have been used as natural additives for food, drugs and cosmetic products in form of beet juice concentrates or beet products. Recently several investigations on hairy root cultures of red beet are reported. Hairy root cultures of Beta vulgaris L are an alternative source for the continuous production of betalains. 

In view of this background a series of experiments were designed and carried out to achieve the following objectives. The data generated from these studies form the core matter of this thesis. The objectives set for the present study were
· To establish clones of hairy roots using different strains of Agrobacterium rhizogenes, different explants from beet root plants and different varieties of Beta vulgaris L for selection of superior clone looking at growth, morphological characteristics and pigment production.

· To study effect of medium components i.e. major and minor nutrients to enhance the growth and production of betalains.

· Influence of growth regulators on growth and production of betalains in Beta vulgaris L. hairy roots.
· To study the stability of betalains obtained from the hairy root cultures of Beta vulgaris l. and strategies employed to improve the stability.

· Metal ion stress studies to know enhance the antioxidant enzyme status in hairy root cultures of Beta vulgaris L.

· Short term sub acute and acute safety evaluation of betalain extracts in experimental animals.

· Protocol development for micropropagation of Beta vulgaris L. using shoots tips from seedling and mature beet root plants.

· Field evaluation of tissue culture obtained plants and seedling grown plants to study the growth and production of betalains.

5.1 Induction and establishment of hairy root cultures 

Hairy roots were induced by three different strains of A. rhizogenes, the best root formation response as transformation frequency was found in LMG-150. The hairy roots obtained from this Agrobacterium stain produced highest biomass (12.28 g FW/culture) and betalain pigment (32.9 mg/culture), significant morphological differences were also noticed between the roots obtained from different strains and roots obtained by LMG-150 stain was superior in differentiation, branching pattern and all other characteristics.  Hence this A. rhizogenes strain was selected for induction of hairy roots of Beta vulgaris L.  Different explants like root, stem, leaf and hypocotyls and cotyledons were examined and was found that leaf cotyledon explants were the best giving 96% hairy root induction frequency and the age of the cotyledon also had an impact on the induction frequency. Cotyledons obtained from 11-14 days old seedlings gave the best root induction frequency 96%. All the four varieties of beet root produced hairy roots and between the different varieties of Beta vulgaris L. Detroit dark red was found superior in all aspects producing 14.6 g FW/culture hairy root biomass and 32.7 mg /culture betalains.

5.2I Influence of different medium constituents on growth and production of betalains

The superior clone obtained was used for optimization of medium. Nitrates at different levels were studied and found that nitrates free MS medium and lower levels inhibited the growth, at lower levels pigment accumulation was not significantly effected. Nitrates present in MS normal concentration was found to be optimum for growth and production of betalains producing 14.6 g FW/ culture biomass and 32.7 mg/ culture betalains. Different ratios of nitrate: ammonium were tested and found that low ammonium: nitrate ratio favored superior growth and accumulation of betalains.

Phosphate free medium and at lower phosphate levels the growth of hairy roots was inhibited, but the pigment accumulation enhanced considerably. MS medium with regular phosphate level was optimum for growth 14.2 g FW/culture, but phosphate free medium was found to be good for betalain production 45.2 mg/culture. 

 Micronutrients are essential elements for the growth and production of secondary metabolites. Effect of these micronutrients at five times higher concentration than MS normal medium was studied. It was found that all the micronutrients had positive effect except Cu2+ and Zn2+. Co2+ was found to be the best micronutrient in which 47.5 mg betalains were recorded on 20th day. Removal of zinc from MS medium had a positive effect on the production of pigments. From the above studies on medium constituents, we could optimize the amount of both macronutrients and micronutrients for better growth and production of betalains.

Influence of four different mediums was evaluated on the growth and pigment production of Beta vulgaris L. It was noticed that MS medium was superior over the other three mediums i.e. Gamborg’s, Nitsch, and Whites medium.   

Medium pH plays a important role in the growth and production of secondary metabolites. Hence we studied the influence of pH ranging from 3.5-7. It was recorded that pH between 4.5 - 6 supported the growth and production of betalains. pH below 4.5 and above 6 resulted in inhibiting the growth and production. Hence pH 5.8 was optimum for superior growth and production of pigments, which is generally used in most of the tissue culture studies.

Sucrose acts as the carbon source in, in vitro plant cell and tissue culture experiments. Studies were done to optimize the amount of sucrose and to know the effect of other carbon sources on growth and production of betalains. Sucrose at 3% was found to be optimal and also superior over all other sugars investigated.

Influence of growth regulators individually and in combination was studied. It was found that growth of hairy roots decreased as the concentration of each type of growth regulators was enhanced. Among the auxins and cytokinins studied maximum biomass accumulation was found in IAA + Kn combination and betalain production in IBA + Kn combination but was lower than MS basal medium. In the individually tested growth regulator, the hairy root growth and betalain accumulation decreased with increasing concentration of growth regulator. ABA produced the highest amount of betalain, but none of the growth regulators could produce betalains higher than MS basal medium. 

Gibberellin influenced the growth and production of pigments in beet hairy root cultures. At 5 mg/l concentration maximum biomass accumulation 19.3 g FW/ culture and 39.3 mg/culture betalains were recorded. GA3 at 10 mg/l inhibited both growth and betalain production. Hence an optimum concentration of GA3 promotes the growth and production of pigments in Beta vulgaris L. hairy root cultures. 

5. 3 Stability studies of betalains obtained from hairy root cultures of Beta vulgaris L. 

      Stability studies in betalain concentrate and aqueous extracts were carried out. In concentrate the pigments showed a higher stability to temperature and pH. Of the various pH levels tested, pH 5 was found to be the best in protecting the colour. All the metal ions influenced colour degradation to a large extent and Mn2+ exhibited the strongest bleaching activity. Higher water activity also inhibited the stability of betalains.

 Addition of sugars, sugar alcohols, ascorbic acid in different forms, citric acid and chelating agents namely sodium hexametaphosphate, tetrasodiumpyrophosphate and sodiumacidpyrophosphate were found to protect the colour. Sodiumisoascorbate showed highest stability retaining 57.5% betalains even after heating for 20 min at 99(C. Hence the addition of this sugars, sugar alcohols, antioxidants and chelating agents prove to be protective for betalains at elevated temperatures and higher pH range. 

5.4 Influence of iron and copper on antioxidant enzymes

The effect of exposure to iron and copper on antioxidant enzymes like SOD, CAT and POD was studied. Both iron and copper enhance the level of SOD at 800 µmol and 0.4 µmol concentrations. From these results, it is appears that, by regulating the levels of iron and copper it is possible to maximize the SOD level in the hairy root cultures. We have found that beet hairy roots can produce large quantities of SOD and peroxidase. From these results, it is evident that process optimization is possible by growing hairy roots in regular MS medium during the phase of betalain production they may be exposed to iron resulting in higher yield of betalain and antioxidant factors. This has application for the production of colours and nutraceuticals.
5.5 Safety assessment of betalains obtained from hairy root cultures of Beta vulgaris L. in experimental rats

Rats fed with betalain concentrate from beet root and beet hairy roots did not develop any clinical signs of toxicity either immediately or during the post treatment period even at the highest dose administered. No mortality occurred during the experimental period in acute toxicity studies. Betalains fed at 1 and 5 % level did not cause any significant change in body weight gain in male rats. No meaningful difference in actual food consumption was observed in the treatment groups through out the 13 week experimental period. As a result, growth of betalain fed rats was consistently similar to those of respective controls. Feeding betalains even at 5% in the diet caused no significant alteration in hemoglobin, RBC, WBC and differential count. No marked alterations were found in any of the specific activities of enzymes, GPT, GOT and ALP in betalain fed rats. The specific activities of hepatic enzymes in betaline fed rats were comparable with those of controls. Hence we conclude from this short term toxicity studies that betalains obtained from hairy root cultures and conventional beet root were found to be safe.

5.6 Protocol for micropropagation of Beta vulgaris L.

Since a lot of variation is found in the betalain content of beet root obtained from seedling derived plants, this study was conducted to develop a protocol for in vitro multiplied red beet plants from seedlings shoot tips initially for standardization of protocol.  Shoot tips of mature plants were in vitro multiplied to obtain clonal plants yielding uniform roots and high betalain content. From the field evaluation studies of both seedling and micropropagated plants, it was found that micropropagated plants were superior in growth, uniform roots and fairly high betalain production. From this study we could develop a protocol for uniform betalain yielding plants. 

The results of the present study throw light on aspects of growth and pigment production in hairy root cultures of Beta vulgaris L. Efforts have been made to enhance the growth and betalain production by optimizing the medium constituents. Influence of growth regulators on the growth, morphology and pigment synthesis was studied. Effects of gibberellins were studied and it was found that it influences the growth, branching pattern and production of betalains. Metal ion stress enhanced the level of antioxidant enzymes and betalains in beet hairy root cultures. 

Betalains obtained from hairy root cultures were studied for their stability at different temperatures, pH, and in presence of metals. Addition of antioxidants and chelating agents enhanced the pigment stability. 

Short-term safety evaluation studies were carried out in experimental rats and found that the betalains obtained from hairy root cultures and conventional beet roots did not show any toxicity signs in the experimental animals. Hence hairy roots, may be considered for scale up and utilization as a source of pigments.  

Micropropagation studies of red beet from seedling shoot tips and mature plant shoot tips were carried out. The multiple shoots obtained were rooted in vitro, hardened and grown successfully in field. 

Field evaluation studies of tissue culture and seedling grown plants was carried out and growth aspects were analysed periodically. Tissue culture derived plants were found to be superior to the seedling plants in growth characteristics. Moreover micropropagated field grown plants produced fairly uniform levels of betalains. These studies will be helpful for the mass propagation of red beet plants to obtain beet root with consistent growth and pigment production.  
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