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Introduction


There is a worldwide concern regarding the development of biodegradable plastic materials as a remedy towards harmful effects caused by plastic wastes on the environment. These materials, which are synthesized chemically by polymerization, contribute towards air pollution and waste management problems. The fear of depletion of wood resources has established plastics as the material of choice in many applications. In food sector, various characteristics of plastics such as low density, ready sealability, resistant to break, appearance, impermeability to oxygen and water vapor, low temperature and flexibility have contributed for its large usage. Unfortunately, these highly durable, versatile and extremely useful material led to adverse effects on the environment after its use. Moreover, as over 99% of plastics are fossil fuel origin, their rapid increase will put further pressure on the already limited non-renewable resources on earth. Plastics are not biodegradable and there is no concerted effort for plastic waste management.

All this has promoted worldwide research to develop new biodegradable alternatives to plastics. Amidst the pro plastic arguments, there still is a strong need for the look out for alternatives for synthetic plastics and to replace them steadily. Biodegradable polymers or bioplastics are important and interesting areas that are being looked out as alternatives for synthetic plastics. These are a new generation of materials able to significantly reduce the environmental impact in terms of energy consumption and green house effect.

Polyhydroxyalkanoates (PHA)


Polyhydroxyalkanoates are microbial polyesters. These polymers have properties similar to synthetic plastics and in addition are biodegradable and biocompatible. Polyhydroxyalkanoates in particular are attractive substitutes for conventional petrochemical plastics because of their similar material properties to various thermoplastics and elastomers and their complete degradability upon disposal in various environments. Polyhydroxyalkanoates are synthesized by numerous bacteria as intracellular carbon and energy source. These are accumulated in the cytoplasm of cells as granules under conditions of nutrient imbalance. Accumulation usually occurs when carbon is in excess and if atleast one other nutrient, which is essential for growth, is depleted. 

These polyesters are used in a number of applications and have attracted considerable industrial attention. Hence these polymers are gaining attention as alternatives to synthetic plastics. PHA being thermoplastic polyester has the potential to replace petrochemical plastics in a majority of applications. The extensive range of physical properties and broadened performance obtained by compounding and blending is exploited in such applications. Various applications for PHAs have been envisaged which includes molded containers, backsheet of hygiene articles such as diapers, coating agents, packaging materials etc. It is exploited in bulk applications such as coatings, low strength packing, medium strength structural materials, medical temporary implants (such as scaffolding for the regeneration of arteries and nerve axons), water based latex paints etc. 

A wide variety of bacteria both gram positive and gram negative, aerobic, anaerobic, photosynthetic, lithotrophs and organotrophs are known to accumulate PHA intracellularly as carbon and energy source. Even though numerous bacteria are known to produce PHA during their growth, only a few are reported to produce high concentrations of PHA in their biomass. These organisms have limitations and hence the potential of other microorganisms in this regard needs to be explored. There is a lot of diversity among bacteria with regard to quantity and quality of PHA accumulated. Because of this diversity there is scope to discover better producers. Hence there is a need to explore indigenous bacterial cultures for PHA accumulating capability. The members of the family Rhizobiaceae differ in the mode of adaptations to stress and imbalanced nutrient conditions. They offer a variety of metabolic pathways directing carbon towards synthesis of biopolymers such as polysaccharides or polyhydroxyalkanoates. It is therefore interesting to study the intricacies of carbon metabolic traffic being directed either towards polyhydroxyalkanoate synthesis or polysaccharide biosynthesis with respect to Rhizobia. 


This study aims at studying the capability of a locally isolated bacterium, Rhizobium meliloti 14 for high production of biopolymer such as polyhydroxyalkanoates. This is an effort towards development of natural plastics from bacteria, which have potential to replace synthetic plastics and thereby in the long run eliminate the non-degradable plastics.

The details of the thesis are worked out based on the following objectives:

Objectives 

1. Isolation and purification of Rhizobia from leguminous plants (such as root nodules). Screening of isolated cultures for the production of polyhydroxyalkanoates (PHA) and other similar biopolymers.

2. Identification of potent strain for the production of polyhydroxyalkanoates or other biopolymers by morphological and biochemical methods. Optimization of cultural and nutritional parameters for biopolymer production.

3. Improvement of potent strain for biopolymer production by mutation using physical or chemical methods.

4. Isolation of specific biopolymer such as polyhydroxyalkanoates from the culture using physical chemical or enzymatic methods.

5. Physicochemical properties of the isolated biopolymer (Melting point, solubility, molecular weight, composition etc).

Based on the above objectives the details of the materials, methods and results obtained in the present study are described in the thesis under the following chapters:

Materials and Methods (general)

The chapter on general material and methods, gives details about the general microbiological media and media components used in the study. This chapter forms the basis for all the experiments done in the future chapters. General cultivation methods, sterilization methods, staining methods and analytical methods used in this study are discussed. General staining techniques of PHA such as sudan black staining and nile blue staining, general methods of PHA extraction such as hypochlorite extraction, general media used such as nutrient agar, yeast mannitol agar and polyhydroxyalkanoate production medium and their preparation are dealt here.

Chapter 1: Isolation, screening and identification of polyhydroxyalkanoate producing Rhizobia.
The first chapter of the thesis deals with the isolation, screening and characterization of PHA producing Rhizobia. Here the different methods of isolation of polyhydroxyalkanoate producing bacteria have been dealt with. Various Rhizobia were isolated from soil, root nodules and other natural soil samples. Isolation and screening of different PHA producing Rhizobia is dealt with by three different methods.

1. Traditional identification methods

2. Identification by polymerase chain reaction (PCR)

3. Identification by Fourier transform infrared spectroscopy (FTIR)

Rhizobia were isolated from various natural samples such as soil and root nodules of leguminous plants. Based on different staining techniques nearly 20 colonies were isolated as positive PHA producers from a batch of 150 purified strains. They were further grown in the Yeast Mannitol Agar medium along with standard strains and were examined for PHA production after hypochlorite extraction. Growth experiments and identification tests of Rhizobia have been discussed here. Growth of the isolated culture on different carbohydrate sources and on different amino acids was also studied. Microscopical observations, which were done using light, phase contrast and scanning electron microscope has also been explained in this chapter. 

In the present study amount of PHA produced by the tested cultures varied from 5 - 65%. The standard strains produced PHA in the range of 11-47%. Amongst all the cultures that were tested culture R14 showed promising PHA yields of about 65%. This was 10% higher than previously reported data and hence this culture was further investigated. Based on the morphological, biochemical and nodulation tests R 14 was identified as a strain of Rhizobium meliloti (Sinorhizobium meliloti) and designated as Rhizobium meliloti 14. 

An alternative technique such as polymerase chain reaction was used to develop a rapid detection technique for PHA producing bacteria. A total of 22 strains, both PHA positive and PHA negative strains were tested by PCR using the designed primers. There was a significant difference in the banding pattern of PCR amplicons between producers and non-producers of PHA. The absence of any amplification by the PHA negative strains justified the use of these primers for effective identification of PHA producing Rhizobia. Identification of PHA producing organism was also carried out using Fourier transform infrared spectroscopy (FTIR). 
Chapter 2: Characterization of cultural conditions for polyhydroxyalkanoate production

The second chapter deals with characterization of cultural conditions for polyhydroxyalkanoate production. The chapter examines the selected culture for polyhydroxyalkanoate production and details of optimizing media for its production. Biochemical and physiological requirements of the organism such as the nutrient requirements for growth of the organism and the limiting nutrient that favours polyhydroxyalkanoate production, aeration, pH and temperature requirements and also the growth kinetics of the organism is studied. This chapter gives an overall idea about the general requirements for the growth and polyhydroxyalkanoate production by the selected organism. It also gives a foundation for the next chapters wherein improvements are made to enhance polyhydroxyalkanoate production as well as to design an optimal medium for its production. Growth kinetics of the isolated culture with yeast extract mannitol medium has also been discussed here. The chapter as a whole gives a clear idea about the biochemical and physiological requirements of the selected culture, Rhizobium meliloti 14 for growth and PHA production. 

Rhizobium meliloti 14 required an optimum pH of 7 and temperature of 30oC at 200 rpm for good growth as well as PHA production. The most favoured carbon sources for PHA production were mannitol and sucrose. The initial studies suggested that nitrogen deficiency is one of the prerequisites for PHA production. By studies on the growth kinetics (in shake flask experiments) of the organism growth pattern and PHA accumulation in Rhizobium meliloti 14 were ascertained. A carbon and nitrogen ratio of minimum 105 was necessary for high PHA yields. It was also observed that both PHA and extracellular polysaccharide were produced simultaneously. As the carbon source supplied would was also be utilized for polysaccharide production, it was necessary to obtain a mutant which would be a negative polysaccharide producer.

Chapter 3: Strain improvement for enhancement of polyhydroxyalkanoate synthesis

The third chapter deals with the strain improvement by mutation. The results of improvement in the yields of polyhydroxyalkanoate by the mutant are summarized in this chapter. The chapter also deals with comparison of the plasmid profiles of the parent (Rhizobium meliloti 14) and mutant (Rhizobium meliloti 22) strains. Comparison of parent and mutant strains at different carbon and nitrogen ratios is also discussed in this chapter. 

Mutation of Rhizobium meliloti 14 resulted in a strain that accumulated nearly 10 % more of PHA. The exopolysaccharide produced by the mutant was 50% less compared to the parent. Plasmid profiles of Rhizobium meliloti 14 and Rhizobium meliloti 22 showed the lack of a high molecular weight plasmid in the mutant. Carbon uptake was significantly higher in the mutant (Rhizobium    meliloti 22).

Chapter 4: Optimization of medium and cultural parameters for polyhydroxyalkanoate production

The fourth chapter deals with the optimization of medium and cultural parameters for polyhydroxyalkanoate production. Here response surface methodology (RSM) has been used for the optimization of bacterial polyhydroxyalkanoate yield. The technique has been extended to assess the nutrient limitation conditions favorable for polyhydroxyalkanoate accumulation in bacterial cells and to compare the nutritional performance of the mutant strain with that of parent simultaneously with limited experiment using CCRD experiments. Details of adopting this technique for factors and interactions, which affect the desired response, and tests for their effectiveness for optimizing the nutritional parameters required has been discussed in limited number of experimentation.

The results suggested that phosphate was the limiting nutrient favouring PHA production in parent (Rhizobium meliloti 14). Mutant showed requirement for both phosphorus and nitrogen unlike parent. The quantitative yield of PHA and carbon conversion efficiency of the mutant was consistently higher compared to parent when grown in medium containing urea as the nitrogen source. The carbon conversion efficiency of the strains into PHA could go as high as 0.6 PHA (g) /g of carbon utilized, subject to the fermentation conditions.  The PHA yields in both the strains exceeded 80% and reached 85 to 89% depending on the cultural conditions. The highest PHA yield ranged between 5.5 g/l to 6.5 g/l. Biomass obtained ranged between 6.0 g/l to 9.0 g/l.

Chapter 5: Characterization of polyhydroxyalkanoates

The fifth chapter deals with the characterization of polyhydroxyalkanoates obtained from Rhizobium meliloti 14. Chemical and structural characterization of the polymer was done by using ultra violet spectroscopy, infrared spectroscopy, gas chromatography, GCMS (mass spectroscopy) and nuclear magnetic resonance (1H and 13C NMR) methods. Melting point of the extracted polymer has been tested by differential scanning calorimetry (DSC).  Solution casting of the films, tensile strength, water vapor permeability and oxygen transmission rate of the films obtained are also discussed in this chapter.

The results confirm that the PHA extracted from the sample contains       3-hydroxy functional group and the presence of methyl esters of hydroxy butyrate and valerate, the copolymer was about 3% of the total polymer content. The extracted polymer could be easily casted into films. The solution cast films could be air-dried and they peeled off the glass plates into thin transparent clear films. The tensile strength of the film was comparable to polypropylene.

Chapter 6: Production and characterization of copolymers

The sixth chapter deals with the production of and characterization of copolymers such as polyhydroxyvalerate. Copolymer production is important because the polymer becomes more flexible and finds more applications if copolymers are present. Various plant oils, animal fats, fatty acids and other organic acids etc have been tried as carbon sources in order to enable the organism to produce copolymers. Analysis and characterization of the copolymers by gas chromatographic methods have been discussed in this chapter.

Rhizobium meliloti 14 did not require addition of extra carbon substrates to induce copolymer production. 3% of valerate was seen in the polymer extracted from the cells grown in medium containing sucrose as sole carbon source.    However a PHB: PHV content of 81: 19 and 69.7% of PHA yield was seen when the medium was supplemented with rice bran oil. PHB: PHV content of 90:10, 95:5, and 98:2 was seen when Rhizobium meliloti 14 was grown in medium containing pongamia oil, palm oil and stearic acid respectively. PHA yield was  72% with PHB: PHV content of 88:12 when pyruvic acid was added in the medium as a co-substrate. Supplementing sodium butyrate also increased the HV content to 5.3% in the cells. Overall the organism was capable of synthesizing PHA with high valerate content. This is highly significant, as increase in the valerate content will improve the material properties of the polymer.

Chapter 7: Extraction and purification of polyhydroxyalkanoates


The seventh chapter deals with the methods of extraction and isolation of polyhydroxyalkanoates. Polyhydroxyalkanoates are intracellular storage polymers. They have to be extracted by breaking the bacterial cells. Various methods of extraction were tried for extraction of polyhydroxyalkanoates. Efforts were towards easier down stream processing after fermentation. Extraction using solvent such as chloroform has been discussed. Chemical extraction using sodium hypochlorite for breaking the cell walls and use of surfactant and chelating agents in order to digest and chelate the non PHA cell material are discussed. Enzyme extraction methods are also done using commercial enzymes such as proteases. Isolation and identification of the actinomycete culture capable of digesting the Rhizobium meliloti 14 has been dealt in this chapter. Simple and efficient extraction of PHA from the lytic culture and also by the lytic enzyme obtained from the lytic culture has also been highlighted. Lytic activity of the crude enzyme from actinomycete culture has also been explained here. Purity analysis of the enzyme-extracted samples is also been dealt here. 


Extraction by the lytic culture proved to be a simple and effective microbial method for extraction of polyhydroxyalkanoates from bacterial cells. In this method lytic enzyme of an actinomycete (Microbispora) culture has been used to lyse Rhizobium meliloti 14 cells. The Microbispora culture grew directly on heat killed Rhizobium meliloti 14 cells and no extra nutrients were added for the growth of the lytic culture. The lytic culture formed pellets and it could be separated easily by filtration. PHA was released into the broth and was extracted by a minimum quantity of chloroform. PHA extracted by this method was 90-94% pure. Crude culture filtrate was also effective in lysis of Rhizobium meliloti 14 cells. The Microbispora sp produced lytic enzyme, which could solubilise, the bacterial cell material and hence release PHA. Scanning electron microscopic analysis of enzyme treated biomass of Rhizobium meliloti 14 cells have also been studied.

Summary and conclusions

 This part of the thesis deals with the salient findings of the work carried out and important conclusions drawn on the basis of results obtained.
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