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SUMMARY 

 

The present study aimed at overproduction of polyhydroxybutyrate (PHB) by applying different 

techniques e.g. by different culture media or by in vitro production with the help of cloned and 

purified enzymes. PHB accumulating colonies fluoresce under UV exposure when grown on nile 

red containing LB-agar medium. On this basis Bacillus Spp, P. putida and P. fluorescens were 

selected for PHB production. Shake flask studies have shown 7.02, 4.50 and 34.4 mg PHB per 

gram of dry cell mass of P. putida, P. fluorescens and Bacillus Spp. respectively. Almost same 

results were observed at large scale production of PHB in 10L fermentor i,e. 6.28, 6.23 and 39.5 

mg per gram of dry cell mass of P. putida, P. fluorescens and Bacillus Spp. respectively. On the 

basis of these observations, Bacillus Spp. was chosen for further experimentation. 4% corn steep 

liquor was used to achieve high PHB contents. Isolated PHB has shown biodegradation in soil up 

to 86.7% at 37 
o
C. 

This study deals with the establishment of procedures for the large scale purification of enzymes 

involved in polyhydroxybutyrate production pathway and characterization of purified enzymes 

for basic properties. The results have shown that DNA encoding acetoacetyl-CoA reductase of 

Bacillus Spp. consists of 744 nucleotides. The enzyme has a polypeptide chain of 247 amino 

acids. It has shown maximum (99%) identity with the related DNA sequence of Bacillus 

megaterium. Purified acetoacetyl-CoA reductase exhibited specific activity of 79 IU per mg of 

protein. It was observed that PHB synthase gene of Bacillus Spp. is 1089 bp long and has a 

polypeptide chain of 362 amino acids. DNA sequence of PHB synthase also has shown 99% 

identity with that of Bacillus megaterium. The purified enzyme fraction exhibited specific 

activity of 151 U. 

The purified enzymes have shown bands on SDS-PAGE corresponding to 26000 Da and 41000 

Da for acetoacetyl-CoA reductase and PHB synthase respectively. Further studies have shown 

that acetoacetyl-CoA reductase exists in monomer form while PHB synthase exists in dimer 

form. The purified enzymes were successfully used for in vitro synthesis of PHB. PHB granules 

were subjected to HPLC analysis. The in vitro synthesized PHB and standard was eluted 
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similarly. Standard, cellular PHB and in vitro synthetic granules showed a retention time of 

13.87, 13.60 and 13.45 min respectively 

The enzymes cloned and characterized in this study are potential candidates for PHB production 

which in turn is useful in medical, pharmaceutical, agriculture, biodegradable commodity 

packaging and denitrification of water and water waste. The study described in the thesis, as 

exemplified by work on PHB producing enzymes, has shown that in vitro synthesis of PHB by 

enzyme is the best approach for successful overproduction of polyhydroxybutyrate.  
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1.0. I N T R O D U C T I O N 

 

Ranging from automobiles to medication, in approximately all manufacturing industries, 

synthetic plastics are utilized. Plastics to a great extent are very beneficial because as artificial 

polymers, their structure can be chemically manipulated to have a wide range of strengths and 

shapes. They have molecular weights ranging from 50,000 to 1,000,000Da (Madison and 

Huisman, 1999). The synthetic polyethylene, polyvinyl chloride and polystyrene are mostly used 

in the manufacture of plastics. Plastics, without difficulty can be molded into any desired shape 

including fibers and thin films. They are highly chemical resistant and are relatively elastic, 

hence popular in many durable, disposal goods and as wrapping materials. 

What makes synthetic plastics unwanted is the trouble in their disposal. As plastics are 

xenobiotic they are intractable to microbial degradation (Flechter, 1993). Too much molecular 

size seems to be mostly responsible for the resistance of these chemicals to biodegradation and 

their perseverance in soil for a long time (Atlas, 1993). In the current years, there has been rising 

public anxiety over the injurious effects of petrochemical-derived plastic materials in the 

environment. Nature‘s integrated mechanisms and self-regulation ability cannot undertake novel 

contaminants since these are unknown to it. This has encouraged many countries to initiate 

development of biodegradable plastic. According to an educated guess, more than 100 million 

tones of plastics are created every year. The per head utilization of plastics in the United States 

of America is 80 Kg, 60 Kg in the European countries and 2 Kg in India (Kalia et al., 2000). 

Forty percent of the 75 billion pounds of plastics formed every year is discarded into landfills. 

Some hundred thousand tones of plastics are discarded into aquatic environments every year and 

accumulate in oceanic regions. Incinerating plastics has been one option in dealing with non-

degradable plastics, but other than being costly it is also hazardous. Injurious chemicals like 

hydrogen chloride and hydrogen cyanide are released during burning (Johnstone, 1990; Atlas, 

1993). Recycling also presents some key disadvantages, as it is not easy to categorize the wide 

variety of plastics and there are also changes in the plastics material such that its further use 

range is limited (Johnstone, 1990; Flechter, 1993). Substitution of non-biodegradable by 

degradable plastics is of main interest both to decision-makers and the plastic industry (Song et 
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al., 1999). Making biodegradable products such as bioplastics is one such reality that can help us 

overcome the problem of pollution caused by non-degradable plastics. Thus, it becomes 

unavoidable for us to develop the technique of production, choice of raw materials, recycling, 

conversion to suitable forms of certain wastes, in order that we do not add any material waste 

into the environment which nature cannot take care of. The use of agriculture, dairy and oil 

industry waste for the production of PHA through microbial technology which can further be 

converted into PHB using scale up process will be a good source of environment friendly plastic 

production (Disha et al 2012). 

The three types of biodegradable plastics have been reported are photodegradable, semi-

biodegradable, and completely biodegradable. Photodegradable plastics have light sensitive 

groups incorporated directly into the backbone of the polymer as additives. Extensive ultraviolet 

radiation (several weeks to months) can disintegrate their polymeric structure rendering them 

open to further bacterial degradation (Kalia et al., 2000). However, landfills lack sunlight and 

thus they remain non-degraded. Semi-biodegradable plastics are the starch-linked plastics where 

starch is incorporated to hold together short fragments of polyethylene. The idea behind starch-

linked plastics is that once discarded into landfills, bacteria in the soil will attack the starch and 

release polymer fragments that can be degraded by other bacteria. Bacteria indeed attack the 

starch but are turned off by the polyethylene fragments, which thereby remain non-degradable 

(Johnstone, 1990). The third type of biodegradable plastics rather new and promising because of 

its actual utilization by bacteria to form a biopolymer. Included are polyhydroxyalkanoates 

(PHA), polylactides (PLA), aliphatic polyesters, polysaccharides, copolymers and/or blends of 

the above. 

Polyhydroxyalkanoates are the polyesters of different hydroxyalkanoates, which are accumulated 

as a carbon, energy or storage material in a variety of microorganisms generally under the state 

of limiting nutritional elements such as nitrogen, phosphorous, sulphur, oxygen or magnecium in 

the presence of excess carbon source (Anderson and Dawes, 1990; Brandl et al., 1990; Madison 

and Huisman 1999). Over 300 different microorganisms are known to synthesize and 

intracellularly accumulate PHAs (Lee, 1996). More than 100 different monomer units have been 

known as components of the storage polyhydroxyalkanoates. This generates a chance for 

producing different types of biodegradable plastics with a broad range of properties. The 
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molecular mass of polyhydroxyalkanoates ranges from 50,000–1,000,000 Da and differs with the 

PHA producer. 

Gradual increase in plastic production and their perseverance in the environment long after their 

intended use cause serious pollution problems. These synthetic plastics accumulate in the 

worldwide environment at a rate of 25 million tones per year, posing a most important challenge 

to solid waste management. These problems relating to the global environment have produced 

interest to a great extent in the development of biodegradable polymers.  Polyhydroxyalkanoates 

are considered to be good candidates for biodegradable plastics as they acquire material 

properties comparable to those of synthetic polymers presently in use and are absolutely 

biodegradable after disposal (Holmes, 1988). In addition, the degradation product of 

polyhydroxyalkanoates is a common intermediate compound in all higher organisms. Therefore, 

it is credible that it is biocompatible to animal tissues and polyhydroxyalkanoates may be used in 

surgical applications without any toxicity.  The most important problem in the commercialization 

of polyhydroxyalkanoates in a wide range of applications is their high production price (Byrom, 

1987; Choi and Lee, 1999a). A lot of efforts have been dedicated to cut down the production cost 

by developing extra proficient fermentation and recovery processes (Poirier, et al. 1995). Poly-3-

hydroxybutyrate is the most excellent known member of the polyhydroxyalkanoates and has 

been studied most often as a model product in the development of fermentation strategies.  

The factors that influence the production cost of polyhydroxybutyrate include yield,  content and 

production,  the recovery method used and cost of the carbon substrate. Choi and Lee 1999 

reported that cost for raw material is 40% of the polyhydroxybutyrate production. According to 

Yamane (1993), higher production expenses, particularly raw material cost, make it intricate for 

PHA environment friendly plastics to compete with usual petroleum based plastics in the 

business market. Imperial Chemicals Industries (ICI), now Monsanto, produces biodegradable 

plastics from polyhydroxyalkanoates (PHAs) and markets them as ―BIOPOL‖ in Europe. Lee 

(1996) reported that the price of BIOPOL is $16/kg, while the price of synthetic plastics is much 

less, e.g., less than $1/kg for polypropylene. A good contestant for inexpensive PHA production 

would be a culture that can store high polyhydroxyalkanoate content while growing on an cheap 

substrate.  
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There are plenty of bacteria that are known to produce PHB, only a few have been used for the 

this purpose. These include Ralstonia eutropha (Ryu et al., 1997), Alcaligenes latus (Wang and 

Lee, 1997a), Azotobacter vinelandii (Page et al., 1992) and recombinant Escherichia coli (Fidler 

and Dennis, 1992; Wang and Lee, 1997b). Even though these bacteria can be cultured efficiently 

to high cell densities with a reasonably high P(3HB) content in a relatively short period of time, a 

lot effort has been dedicated to develop fermentation strategies for the production of P(3HB) 

with higher P(3HB) content and yield.  The appropriateness of a bacterium for the PHA 

production depends on many different factors such as stability and safety of the organism, 

growth and accumulation rates, achievable cell densities and polyhydroxyalkanoate contents, 

extractability of PHA, molecular weights of accumulated PHA, range of utilizable carbon 

sources, and occurrence of by-products (Byrom, 1992).  

Since its discovery in Bacillus megaterium only a few informations have focused on the 

prospective use of Bacillus species in PHB production. They have striking properties such as 

short generation time, absence of endotoxins, and secretion of amylases and proteinases that can 

help utilize food wastes for nutrients, which can further reduce the production cost of PHAs 

(Law et al., 2001). Chen et al., (1991) and Aslim et al., (2002), examined a range of Bacillus 

strains for their ability to accumulate PHA and found all strains positive for PHA accumulation.  

The recent advances in metabolic engineering supported by the genome information and 

bioinformatics have opened a cascade of opportunities to establish new metabolic pathways. This 

would help us not only to broaden the utilizable substrate range and produce tailor-made PHA 

but also enhance the current PHA yields. The studies should also be focused towards 

understanding the host–plasmid relations so as to develop stable plasmids such that the 

recombinant bacteria surpass the wild-type bacteria currently in use. Transgenic plants harboring 

the microbial PHA biosynthesis genes have been recently developed with the aim of ultimately 

reducing the price of the polymer. The accumulation of high quantity of PHAs turns poisonous to 

plant health. However, much more effort is required in this area to increase the production of 

bioplastics to successfully replace the non-degradable plastics. Thus the future of bioplastics 

depends on the efforts towards fulfilling requirements of price and performance. 

In this study a locally isolated strain of Bacillus was used and its ability to synthesize PHB under 

different cultural conditions was investigated. Moreover, protein profile analysis of the strain 
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was also performed in order to determine the level of protein expression under PHB producing 

and non-producing conditions. For PHB production 4% CSL was used as carbon source, since it 

is cheap and has high nitrogen and sugar content. The strain accumulated 40% (wt/wt) PHB 

during fermentation. Even 40% yield is not anywhere near human need. Therefore, an in vitro 

synthetic bioreactor need to be developed which could utilize enzymatic synthesis and produce 

biodegradable polymer at industrial scale. 
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1.1 L I T E R A T U R E   R E V I E W 

As a rule, synthetic polymers are relatively inexpensive materials developed for durability, 

rigidity, permeability and transparency. These conveniences enhance the quality and comfort of 

life in modern society. The intrinsic qualities of durability and resistance to degradation have 

over the last two decades been increasingly regarded as a source of environmental and waste 

management problem emanating from plastic materials (Poirier et al. 1995). The fact that a 

major portion of domestic waste comprises of non-biodegradable plastics, a great deal of interest 

has developed in recycling plastics and in producing plastic materials that can be safely and 

easily disposed off in the environment. One option is to produce truly biodegradable polymers, 

which may be used in the same applications as the existing synthetic polymers. These materials, 

however, must be processible, impervious to water and retain their integrity during normal use 

but readily degrade in a biologically rich environment. Several different types of degradations 

occur in the environment. These include biodegradation, photodegradation, oxidation, and 

hydrolysis. However, a fully biodegradable polymer is defined as a polymer that is enzymatically 

and completely converted by living organisms, usually microorganisms, to carbon dioxide, water 

and humic material (in case of anaerobic biodegradation, to carbon dioxide, methane and humic 

material). Biodegradable materials under development include polylactides, polyglycolic acids, 

polyhydroxyalkanoates (PHAs), aliphatic polyesters, polysaccharides and their 

copolymersand/or blends (Steinbüchel, 1991). 

1.1.1. Polyhydroxyalkanoates (PHAs) 

Polyhydroxyalkanoates (PHAs) are the polyesters of various hydroxyalkanoates synthesized by 

many Gram positive and Gram negative bacteria. PHAs are accumulated as discrete insoluble 

inclusions/granules as storage compounds in the cytoplasm (Steinbüchel 1991) and are generally 

believed to play a role as sink for carbon and reducing equivalents (Lee, 1996). 

The history of bacterial polymer production originates with the 1926 report of M. Lemoigen, 

who discovered a polyester polymer in Bacillus megaterium (Lemoigne, 1926). This polymer 

was found to be poly-β-hydroxybutyric acid (PHB). In the following years many different PHAs 

possessing different numbers of main chain carbon atoms and different types of pendent groups 

have been found (Steinbüchel and Valentin, 1995).   
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Several different metabolic pathways for the biosynthesis of PHAs are known to exist in 

bacteria. Generally the P(3HB) biosynthetic
 
pathway consists of three enzymatic reactions 

catalyzed by three
 
distinct enzymes (Fig. 1.1). The first reaction consists of the

 
condensation of 

two acetyl coenzyme A (acetyl-CoA) molecules into
 

acetoacetyl-CoA by -ketoacyl-CoA 

thiolase (encoded by phbA).
 
The second reaction is the reduction of acetoacetyl-CoA to (R)-3-

hydroxybutyryl-CoA
 
by an NADPH-dependent acetoacetyl-CoA dehydrogenase (encoded by

 

phbB). Lastly, the (R)-3-hydroxybutyryl-CoA monomers are polymerized
 

into poly(3-

hydroxybutyrate) by P(3HB) polymerase (encoded by
 
phbC). 

Most of the organisms including A. eutrophus synthesize PHA using this pathway. The second 

type is the five-step PHA biosynthetic pathway in a photosynthetic bacterium Rhodospirillium 

rubrum (Moskowitz and Merrick, 1969). This pathway is very similar to the first type except that 

acetoacetyl-CoA is first reduced by an NADH-dependent reductase to (S)(+)-3-hydroxybutyryl-

CoA, and then converted to the (R)-(-)-3-hydroxy-butyryl-CoA by two enoyl-CoA hydratases. 

The third type of PHA biosynthetic pathway is found in most pseudomonads belonging to the 

ribosomal RNA homology group I (Lageveen et al., 1988). In this pathway, the intermediates 

from the -oxidation pathways are directed to MCL-PHA biosynthesis. The fourth type is found 

in almost all pseudomonads belonging to the rRNA homology group I, except P. oleovorans 

(Timm and Steinbüchel, 1990). Copolymers consisting of MCL-hydroxyalkanoates are 

synthesized from acetyl-CoA. The precursors for PHA biosynthesis are derived from de novo 

fatty acid synthetic pathways. The biosynthesis of PHA mainly consisted of 3-hydroxydecanoate 

(3HD) in Pseudomonas aeruginosa follows this pathway.  
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Fig. 1.1. Biosynthetic pathway for P(3HB). P(3HB) is synthesized in a three-step pathway by the  

successive action of  -ketoacyl-CoA thiolase (PhbA),  acetoacetyl-CoA reductase 

(PhbB), and P(3HB) polymerase (PhbC). The three  enzymes are encoded by the 

genes of the phbCAB operon. 

 

The PHA polymerase genes and genes for other proteins related to the metabolism of PHA are 

often clustered in the bacterial genomes (Rehm and Steinbüchel, 1999, 2001). In R. eutropha, 

which has been studied in detail (Steinbüchel and Schlegel, 1991), the genes for PHA synthase 

(phaC), β-ketothiolase (phaA) and NADP-dependent acetoacetyl-CoA reductase (phaB) 

constitute the phaCAB operon (Slater et al., 1988; Schubert et al., 1988; Peoples and Sinskey, 

1989) (Fig. 1.2). 

Besides the frequently found genetic organisation of R. eutropha among PHB accumulating 

bacteria, some bacteria show a different gene order but at least the synthase gene is coloacalized 

with other PHB biosynthesis genes  (Rehm and Steinbüchel, 2001).   
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Fig. 1.2. Genetic organization of representative polyester synthase genes encoding the various 

classes of  enzymes. PhaC/C1/C2, gene encoding PHA synthase; phaE, gene encoding 

subunit of PHA synthase; phaA, gene encoding β-ketothiolase; phaB, gene encoding 

acetoacetyl-CoAreductase; phaR, gene encoding regulator protein; ORF, open reading 



10 

 

frame with unknown function; phaZ, gene encoding PHA depolymerase; phaD, open 

reading frames with unknown function. 

Approximately 150 different hydroxyalkanoic acids are at present known as constituents of these 

bacterial storage polyesters (Steinbüchel and Valentin 1995). These water insoluble PHAs 

exhibit rather high molecular weights, thermoplastic and/or elastomeric features and some other 

interesting physical and material properties. The main hindrance in use of PHAs as replacement 

for existing petroleum based plastics is their higher cost of production. Inputs in the areas such as 

isolation of new PHA accumulating wild type strains, isolations of genes directing PHA 

synthesis, molecular characterization of PHA synthesizing genes, in vivo/in vitro metabolic 

engineering for PHA production would aid in efficient and cost effective production of PHAs. 

Bacterial PHAs can be divided into two groups depending on the number of carbon atoms in the 

monomeric units (Lee and Chang, 1995). One group of PHAs is short-chain-length PHA (SCL-

PHA) consisting of 3-5 carbon atoms, the other group being medium-chain-length PHA (MCL-

PHA) consisting of 6-14 carbon atoms. Biologically produced PHAs are composed only of 

chirally pure (R)-configuration monomers (Steinbüchel and Valentin, 1995). In 1974, Wallen 

and Rohwedder reported heteropolymers in chloroform extracts of activated sewage sludge. 

They showed that the polymer contained four different monomeric units: 3-hydroxybutyrate 

(3HB), 3-hydroxyvalerate (3HV) (the major component), 3-hydroxycaproate, and 3-

hydroxyheptanoate. A wide variety of PHA copolymers have been isolated from different 

environmental samples, including marine sediments (Findlay and White, 1983), and sewage 

sludges (Odham et al., 1986). Findlay and White (1983) using capillary gas chromatographic 

(GC) analysis, detected at least 11 short-chain 3-hydroxy acids, the principal ones being 3HB 

and 3HV, in polymers extracted from marine sediments. De Smet et al., (1983) showed that 

Pseudomonas oleovorans, when grown on 50%(vol/vol) n-octane, produced P(3HA) copolymers 

containing 3HA units with various alkyl pendent groups, which have chain lengths from methyl 

to nonyl. In 1988, Doi et al., found a new copolymer of 3- and 4- hydroxybutyrate P(3HB-co-

4HB), produced by Alkaligenes eutrophus from 4-hydroxybutyric acids. Specialized, unnatural 

monomers such as 4-cyanophenylvalerate have also been incorporated to obtain new polymers 

with special properties (Kim et al., 1995).  
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Table 1.1. There are numerous microorganisms capable of synthesizing PHAs, one form or 

another. Some of the most-studied ones are listed in the following table, along with 

typical PHAs synthesized and their chemical structures. 

 

 

 

 

1.1.2. Properties of PHAs 

PHAs are a family of optically active biological polyesters, containing (R)-3HA monomer units 

(Anderson and Dawes 1990). The 3-hydroxyalkanoic acids are all in the R configuration due to 

the stereospecificity of the polymerizing enzyme, PHA synthase. In one rare case a small portion 

of the S monomers were also detected (Haywood et al. 1991). At the C-3 or β -position, an alkyl 
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group, which can vary from methyl to tridecyl is positioned. This alkyl chain can be saturated, 

aromatic, unsaturated, halogenated, epoxidized or with branched monomers (Abe et al. 1990, 

Doi and Abe 1990, Fritzsche et al. 1990a b c, Kim et al. 1991, Kim et al. 1992b, Choi and Yoon 

1994, Hazer et al. 1994, Curley et al. 1996, Song and Yoon 1996, Garcia et al. 1999, Arkin et al. 

2000). Along with the variation in the alkyl substituent, the position of the hydroxyl group is 

variable, and 4-, 5- and 6- hydroxyacids have been incorporated. Side chains can be modified 

further to get different PHAs (de Koning et al. 1994, Gagnon et al. 1994a, b). Such a vast array 

of variations forms the basis for diversity of the PHA polymer family. PHAs are insoluble in 

water and exhibit a rather high degree of polymerization ranging from 105 to almost 107 Da. 

They are nontoxic and biocompatible. 

PHAs are classified as ssc – PHAs, msc – PHAs and lsc – PHAs based on short, medium and 

long chain length, respectively, of hydroxyalkanoic acid monomers (Steinbüchel et al. 1992). ssc 

– PHAs are composed of C3 to C5 3-hydroxy/4-hydroxy fatty acids. Poly(3-hydroxybutyrate) 

(PHB), the first of the PHAs to be studied extensively falls in this group of PHAs. msc – PHAs 

are composed of C6 to C16 3- hydroxy fatty acids. This group includes polymers such as poly(3-

hydroxyhexanoate) P(3HHx), poly(3-hydroxyheptanoate) P(3HHp), poly(3-hydroxyoctanoate) 

P(3HO), poly(3-hydroxydodecanoate) (3HDD), etc. The term lsc – PHAs is reserved for the 

PHAs composed of more than C16 3-hydroxy fatty acids. These classes are also referred to as 

scl-, mcl- and lcl-PHAs. 

PHB, the most well known member of the PHAs, is an isotactic polymer. It exists in a fluid 

amorphous state within the cell (Ellar et al. 1968, Dunlop and Robards 1973, Barnard and 

Sanders 1989, Doi 1990, Lauzier et al. 1992). However, freezedrying/ organic solvent treatment 

during its extraction irreversibly convert it to a crystalline state (Hahn et al. 1995). In this 

crystalline state PHB is stiff but brittle material. The glass transition temperature and melting 

temperature for PHB are 4 ºC and 180 ºC respectively (Sudesh et al. 2000). The specific density 

is 1.25 g /cm3 (Ramsay et al. 1993). It is moisture resistant, shows piezoelectric effect and above 

all is truly and completely biodegradable (Barham et al. 1984, Doi 1990, Steinbüchel 1991). 

The properties of some PHAs and synthetic polymers are shown in Table 1.2 for comparison 

(Lee 1996a, Poirier et al. 1995, Chen et al. 2000, Sudesh et al. 2000). 
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Table 1.2.  Properties of some PHAs and synthetic polymers (Lee 1996a, Poirier et al. 1995, 

Chen et al. 2000, Sudesh et al. 2000) 

 

Polymer 
Melting 

Temperature 

Glass-

transition 

Temperature 

Young’s 

modulus 

Elongation 

to break 

Tensile 

strength 

 °C °C GPA % MPa 

P(3HB) 180 4 3.5 5 40 

P(3HB-co-

3HV)* 
145 -1 - - 32 

P(4HB) 53 - 48 149 1000 104 

PHAmc l 45-54 -25 to – 40 - - - 

Polypropylene 176 - 10 1.7 400 34.5 

Polystyrene 240 100 3.1 - 50 

 

1.1.3. Physiology of PHA metabolism 

Bacteria that are used for the production of PHAs can be divided into two groups based on the 

culture conditions required for PHA synthesis. The first group that includes Ralstonia eutropha, 

methylotrophs, and pseudomonads, require the limitation of an essential nutrient element in the 
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presence of an excess carbon source for efficient synthesis of PHAs. The second group which 

includes Alcaligenes latus, Azotobacter vinelandii and recombinant Escherichia coli, does not 

require nutrient limitation for PHA synthesis and can accumulate PHA during growth (Wang and 

Lee 1997). However, even in Alcaligenes latus PHB synthesis is enhanced by nitrogen limitation 

suggesting that this growth during PHA accumulation is not an efficient process. 

PHAs are stored as intracellular cytoplasmic inclusions. Intracellular deposition of metabolites as 

a reduced polymer provides the advantage that they become unavailable as a carbon source for 

the competing organisms, and that they are osmotically inert and do not therefore affect the 

osmotic pressure of the cells (Steinbüchel 1991). The presence of PHB in a cell frequently, but 

not universally, retards the degradation of cellular components such as RNA and proteins during 

nutrient starvation. PHB enhances survival of some, but not all, of the bacteria and serves as a 

carbon and energy source for spore formation in Bacillus sp. (Anderson and Dawes 1990). 

Similarly, PHB acts as a carbon and energy source for the encystment of azotobacters. 

Senior and Dawes (1971) proposed that PHAs serve as a sink for reducing power and could 

therefore be regarded as a redox regulator within the cell. It was found that for the members of 

the Azotobacteriaceae, the reductive step of PHA synthesis appeared to serve as an electron sink 

for the reducing power, which accumulated when electron flow through the electron transfer 

chain was affected as a consequence of oxygen limitation (Senior and Dawes 1973). 

In Ralstonia eutropha and Rhodospirillum rubrum the PHA biosynthesis includes pyridine 

nucleotide dependent reduction of acetoacetyl-CoA. Thus, PHB is a sink for reducing 

equivalents and the can be considered to be a fermentation product. By contrast, in Pseudomonas 

oleovorans and P. aeruginosa, oxygen deficiency exerts a negative effect on the accumulation of 

PHA, because in these organisms either reducing equivalents are formed or energy in the form of 

ATP is consumed (Steinbüchel 1991). 

In Rhizobium and Bradyrhizobium japonicum, at the bacteroid stage, the nitrogen fixation 

apparatus competes with PHB formation for reducing equivalents (Povolo et al. 1994). 

Rhizobium apparently evolved mechanisms to maintain a functional TCA cycle under anaerobic 

or microaerobic conditions. In the bacteroids, the TCA cycle may be limited by the redox state of 

NADH/NAD
+
 at the 2-ketoglutarate dehydrogenase complex, and a number of pathways may be 
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involved in bypassing this block. These pathways include PHB synthesis, glutamate synthesis, 

glycogen synthesis, GABA shunt and glutamine cycling (Poole and Allaway 2000). 

The lipidic polymer PHB found in the plasma membranes of Escherichia coli complexed to 

calcium polyphosphate reportedly functions as calcium channels and are probably evolutionary 

antecedents of protein Ca
2+

 channels (Reusch and Sadoff 1988, Reusch et al. 1995). The 

Streptomyces lividans KcsA potassium channel was found to contain poly-(R)-3-

hydroxybutyrate. KcsA protein creates an environment such that discrimination between K
+
 and 

Na
+
 is accomplished by adjusting the ligand geometry in cation binding cavities formed by PHB 

and polyP (Reusch 1999). PHB and polyP have also been found in human erythrocyte Ca
2+

-

ATPase pump, indicating that these probably are supramolecular structures in which proteins, 

poly P and PHB cooperate in forming well-regulated and specific cation transfer systems 

(Reusch 2000). PHB has also been found to be a constituent of the membranes and the 

cytoplasms of genetically competent Azotobacter vinelandii, Bacillus subtilis, Haemophilus 

influenzae and Escherichia coli, and is thought to play an important role in transmembrane 

transport of DNA (Reusch and Sadoff 1983, Reusch et al. 1986). 

It is increasingly convincing that PHA, especially PHB, is not just an inert storage polymer 

confined to certain bacteria, but is instead a ubiquitous, interactive, solvating biopolymer 

involved in important physiological functions. This low molecular weight non-storage PHA 

referred to as cP(3HB) (c-complexed) is associated to other macromolecules and is widely 

distributed in biological cells, being found in representative organisms of nearly all phyla 

(Reusch 1995, Huang and Reusch 1996). 

1.1.4. PHA biosynthesis 

Nature has evolved several different pathways for PHA formation, each optimized for the 

ecological niche of the PHA producing microorganisms. These include: 

 PHA biosynthesis represented by Ralstonia eutropha, 

 PHA synthesis with an enoyl-CoA hydratase, 

 Methylmalonyl-CoA pathway for P(3HB-3HV) synthesis from sugars, 

 msc-PHAs biosynthesis from fatty acids represented by the pseudomonads, 
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 msc-PHAs biosynthesis from carbohydrates represented by the pseudomonads. 

1.1.4.1. PHA biosynthesis represented by Ralstonia eutropha 

The PHA-biosynthetic pathway in Ralstonia eutropha is most extensively studied. In this 

bacterium, PHB is synthesized from acetyl-CoA by sequential action of three enzymes (Fig. 1.3). 

Biosynthetic ketothiolase (EC 2.3.1.9) catalyses the formation of a carbon-carbon bond by a 

biological Claisen condensation of two acetyl-CoA moieties (Masamune et al. 1989a, b). 

NADPH dependent acetoacetyl-CoA reductase (EC 1.1.1.36) catalyses the stereoselective 

reduction of acetoacetyl-CoA formed in the first reaction to R-(-)-3-hydroxybutyryl CoA. The 

third reaction of this pathway is catalyzed by the enzyme PHA synthase that catalyzes the 

polymerization of R-(-)-3- hydroxybutyryl-CoA to form PHB. The EC number is yet to be 

assigned to PHA synthase (Steinbüchel and Schlegel 1991, Belova et al. 1997). 

 

Fig. 1.3. Biosynthetic pathway for P(3HB) in Ralstonia. P(3HB) is synthesized in a three-

step pathway by the successive action of b-ketoacyl-CoA thiolase (PhbA), 

acetoacetyl- CoA reductase (PhbB), and P(3HB) polymerase (PhbC). The three 

enzymes are encoded by the genes of the phbCAB operon. A promoter upstream 

of phbC transcribes the complete operon. 

 

The nature of the polyester depends on the specific bacterium, the biosynthetic enzyme, the 

genetic background, the substrate(s) and the growth conditions. Various carbon sources can be 
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utilized by R. eutropha for growth and/or PHA production. Addition of propionic acid or valeric 

acid to the growth medium containing glucose leads to the production of a random copolymer 

composed of 3-hydroxybutyrate and 3- hydroxyvalerate. Successful utilization of lactic acid and 

plant oils for PHB production has also been reported (Linko and Vaheri 1993, Fukui and Doi 

1998). Under autotrophic conditions R. eutropha can also utilize carbon dioxide for the 

production of P(3HB) (Taga et al. 1997). R. eutropha is also capable of accumulating PHA from 

specialized carbon sources such as 4-hydroxybutyric acid, β-butyrolactone and 1,4 butanediol 

which give rise to the incorporation of 4HB monomers along with 3HB (Sudesh et al. 2000).  

Two β-ketothiolases are reported from R. eutropha, which together accept C4 to at least C10 β -

ketoacyl-CoAs (Haywood et al. 1988a). The NADPH dependent acetoacetyl-CoA reductase, 

however, has been shown to be active with C4 to C6 β- ketoacyl-CoAs to generate D (-)-3-

3hydroxyacyl-CoAs (Haywood et al. 1988b). In R. eutropha, the PHAs formed generally contain 

monomers having only 3-5 carbon atoms. This has led to the conclusion that in R. eutropha, the 

PHA synthase enzyme is only active towards ssc-HA. However, the position of the oxidized 

carbon in the monomer doesn‘t seem to be a crucial factor, which explains the incorporation of 

4-HA besides the more common 3-HA (Doi et al. 1990, Steinbüchel et al. 1994). Recent 

findings, however, indicate that the polymerizing enzyme of R. eutropha may actually have a 

broader range of substrate specificity. This was evident when the PHA synthase gene of R. 

eutropha was expressed in a heterologous environment which can provide for a wider range of 

HA monomers. At present it has been shown that R. eutropha PHA synthase can incorporate 

3HO and 3HDD units (Antonio et al. 2000, Clemente et al. 2000). 

1.1.4.2. PHA synthesis with an enoyl-CoA hydratase 

In Rhodospirillum rubrum, Moskowitz and Merrick (1969) proposed a pathway that included 

two hydratases, one specific for the R enantiomer and the other specific for the S enantiomer. In 

Aeromonas caviae the PHA biosynthetic pathway proceeds from enoyl-CoA derivatives of the 

fatty acid oxidation pathway (Fig. 1.4). PhaJ converts crotonyl-CoA, pentenoyl-CoA and 

hexenoyl-CoA to PHA precursors but it does not convert octenoyl-CoA (Fukui and Doi 1997, 

Fukui et al. 1998). Methylobacterium rhodesenium again, uses two hydratases for PHB synthesis 

(Mothes and Babel 1995). Along with two hydratases, this bacterium has two constitutive 

acetoacetyl-CoA reductases, one NADH dependent and the other NADPH dependent (Mothes 
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and Babel 1994). These four enzymes work in combination under different conditions to 

synthesize 3-hydroxybutyryl-CoA needed for PHB formation. 

 

Fig. 1.4. PHA biosynthesis with an enoyl-CoA hydratase in Aeromonas cavieae (Madison 

and Huisman 1999). 

1.1.4.3. Methylmalonyl-CoA pathway for P(3HB-3HV) synthesis from sugars 

In Rhodococcus ruber and Nocardia corallina, during P(3HB-3HV) synthesis monomers are 

derived from both the fatty acid degradation pathway and the traditional R. eutropha PHB 
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biosynthetic pathway. In this pathway referred to as methylmalonyl- CoA pathway, succinyl-

CoA is converted to methylmalonyl-CoA, which is decarboxylated to propionyl-CoA that is 

incorporated in P(3HB-3HV) (Fig. 1.5) (Williams et al. 1994, Valentin and Dennis 1996). 

 

 

Fig. 1.5. Methylmalonyl-CoA pathway for P(3HB-3HV) synthesis from sugars (Williams 

et al. 1994, Valentin and Dennis 1996). 
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1.1.4.4. msc-PHAs biosynthesis from fatty acids represented by the pseudomonads 

msc-PHAs were first discovered in Pseudomonas oleovorans grown on octane (DeSmet et al. 

1983). The inclusions formed were determined to be made of a copolyester consisting of 89% 

(R)-3-hydroxyoctanoate and 11% (R)-3- hydroxyhexanoate (Lageveen et al. 1988). PHAs 

formed by pseudomonads of the rRNA homology group-I were directly related to the structure of 

the alkane, alkene, or fatty acid carbon source (Lagaveen et al. 1988, Brandl et al. 1988, 

Huisman et al. 1989). The composition of the polymers depends on the length of the carbon 

backbone of the substrate used. For C-even substrates, only C-even monomers were found, the 

smallest was 3HHx. For C-odd substrates only C-odd monomers were found, with 3HHp being 

the smallest monomer. 

In pseudomonads, the intermediates of fatty acid oxidation are used as precursors for PHA 

biosynthesis (Fig. 1.6). In this pathway, fatty acids are degraded by the removal of C2 units as 

acetyl-CoA. The acyl-CoA thus formed is oxidized to 3- ketoacyl-CoA via 3-hydroxyacyl-CoA 

intermediates (Lageveen et al. 1988). The substrate specificity of this msc-PHA synthase ranges 

from C6 to C14 (R)-3- hydroxyalkanoyl-CoAs, with preference for the C8, C9 and C10 

monomers (Huisman et al. 1989). However, the intermediate of β-oxidation pathway is (S)-

hydroxyacyl-CoA. For PHA biosynthesis, (S) form needs to be converted to (R)-hydroxyacyl-

CoA. Whether this PHA precursor is the product of a reaction catalyzed by a hydratase, by the 

epimerase activity of the β-oxidation complex, or by a specific 3-ketoacyl-CoA reductase is 

unknown. 
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Fig. 1.6. Msc-PHAs biosynthesis from fatty acids represented by the pseudomonads 

(Lageveen et al, 1988). 

 

1.1.4.5. msc-PHAs biosynthesis from carbohydrates represented by the pseudomonads 

Most of the rRNA homology group I pseudomonads except P. oleovorans, can also synthesize 

PHA containing msc/mcl monomers from unrelated carbon sources such as carbohydrates: 

gluconate, fructose, acetate, glycerol and lactate. PHA accumulated contains 3-
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hydroxydecanoate as the predominant monomer (Anderson and Dawes 1990). Psudomonads that 

have shown to possess this pathway are P. aeruginosa, P. aureofaciens, P. citronellolis, P. 

mendocina, P. putida, P. chlororaphis, P. marginalis and Pseudomonas sp. strain DSM 1650 

(Haywood et al. 1990, Timm and Steinbüchel 1990, Steinbüchel 1991). In this pathway, the 3-

hydroxyacyl monomers are derived  from the de novo fatty acid biosynthesis pathway (Fig. 1.7) 

(Huijberts et al. 1992). The intermediates of de novo fatty acid biosynthesis pathway are in the 

form of (R)-3- hydroxyacyl-ACP that need to be converted to (R)-3-hydroxyacy-CoA form for 

incorporation in PHA. The 3-hydroxyacyl-CoA-ACP transferase encoded by phaG gene has been 

shown to be capable of channeling the intermediates of the de novo fatty acid biosynthesis 

pathway to PHA biosynthesis (Rehm et al. 1998). 
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Fig. 1.7. msc-PHAs biosynthesis from carbohydrates represented by pseudomonads ( 

Rehm et al. 1998). 
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1.1.5. Molecular organization of PHA-biosynthetic genes 

Given the diversity of P(3HB) biosynthetic pathway discussed above, it is not surprising that the 

pha loci have diverged considerably. Based on the molecular data available till-date, seven types 

of arrangements have been observed for PHA synthesizing genes (Fig. 1.8) (Madison and 

Huisman 1999, McCool and Cannon 2001). 
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Fig. 1.8. Molecular organization of genes relavent for biosynthesis of PHA (Madison and 

Huisman 1999. McCool and Cannon 2001). 

 

Genes encoding for proteins involved in the biosynthesis of PHA are referred in alphabetical 

order as phaA (β -ketothiolase), phaB (acetoacetyl-CoA reductase), phaC (PHA synthase), phaG 
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(3-hydroxyacyl-acyl-carrier protein-coenzyme A transferase), phaJ (enoyl-CoA hydratase) etc., 

whereas the genes required for the degradation are referred in reverse alphabetical order such as 

phaZ for PHA depolymerases, phaY, phaX, phaW, etc. The genes for phasins are referred to as 

phaP. The gene product i.e protein is indicated with first letter in upper case e.g β -ketothiolase is 

written as PhaA. The origin of a gene or a protein is indicated by the first letter of the genus and 

the species and added as a subscript (Rehm and Steinbüchel 1999). 

In Acinetobacter sp., Burkholderia sp., Alcaligenes latus, Pseudomonas acidophila and 

Ralstonia eutropha, the phaC, phaA and phaB genes are arranged in tandem on the chromosome 

although not necessarily in the same order (Schembri et al. 1995, Peoples and Sinskey 1989a, 

Peoples and Sinskey 1989b, Umeda et al. 1998, Madison and Huisman 1999, Rodrigues et al. 

2000). However, in Paracoccus denitrificans, Rhizobium meliloti and Zoogloea ramigera the 

phaAB and phaC loci are unlinked (Peoples and Sinskey 1989c, Tombolini et al. 1995, Yabutani 

et al. 1995, Lee et al. 1996, Ueda et al. 1996). 

PHA polymerase in Allochromatium vinosum (formerly called Chromatium vinosum), Thiocystis 

violacea, Thiocapsa pfennigii and Synechocystis is unique in that it is a two -subunit enzyme 

encoded by the phaE and phaC genes (Liebergesell and   Steinbüchel 1992, Liebergesell and 

Steinbüchel 1993, Hein et al. 1998, Liu and Steinbüchel 2000). But arrangement of PHA 

synthesizing genes is different amongst these organisms. In A. vinosum and T. violacea, phaAB 

and phaEC are in one locus but divergently oriented (Liebergesell and Steinbüchel 1992, 

Liebergesell and Steinbüchel 1993). Synechocystis pha genes are localized in different sections 

of the genome with arrangement similar to that in Z. ramigera (Taroncher-oldenburg 2000). The 

pha loci in A. vinosum, P. acidophila, R. eutropha, R. meliloti and T. violacea have an additional 

gene, phaF, of a hitherto unknown function in PHA metabolism (Madison and Huisman 1999). 

In Methylobacterium extorquens, Nocardia corallina, Rhizobium etli, Rhodococcus ruber and 

Rhodobacter sphaeroides, only the PHA synthase gene has been identified thus far (Pieper and 

Steinbüchel 1992, Hustede and Steinbüchel 1993, Valentin and Steinbüchel 1993, Cevallos et al. 

1996, Ji-Hoe and Lee 1997, Hall et al. 1998). In Chromobacterium violaceum and Comamonas 

acidovorans phaC and phaA are arranged in an operon (Sudesh et al. 1998, Kolibachuk et al. 

1999). 
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1.1.6. Regulation of PHA metabolism 

The regulation of PHA synthesis is quite complex. It is exerted at different physiological and 

genetic levels such as: (i) activation of pha gene expression due to specific environmental signals 

e.g. nutrient starvation, (ii) activation of the PHA biosynthetic enzymes by specific cell 

components or metabolic intermediates for PHA synthesis, (iii) inhibition of metabolic enzymes 

of competing pathways and therefore enrichment of required intermediates for PHA synthesis, or 

(iv) a combination of all these (Kessler and Witholt 2001). 

1.1.6.1. Regulation of PHA production at the enzymatic level 

It is well known that PHB synthesis is regulated at the enzymatic level (Senior and Dawes 1971). 

The intracellular concentration of acetyl-CoA and free coenzymeA play a central role in the 

regulation of polymer synthesis (Haywood et al. 1988b, Mothes et al. 1997). Both β-

ketothiolases, the biosynthetic and the degradative, exhibit pronounced competitive inhibition by 

free CoA (Oeding and Schlegel 1973, Haywood et al. 1988a). PHB synthesis is stimulated by 

both high intracellular concentrations of NAD(P)H and high ratios of NAD(P)H/NAD(P) (Lee et 

al. 1995a, Chohan and Copeland 1998). Citrate synthase activity is significantly inhibited by 

NADH and NADPH, further affirming that PHB accumulation is enhanced by facilitating the 

metabolic flux of acetyl-CoA to the PHB synthetic pathway. Citrate synthase emerges as a 

potentially important control point in the whole PHB synthesis process by virtue of its ability to 

control the availability of CoA (Henderson and Jones 1997), which in turn regulates the activity 

of β -ketothiolase. An isocitrate dehydrogenase-leaky mutant of R. eutropha which exhibits low 

TCA cycle activity and produces PHB at a faster rate than the wild type organism (Kessler and 

Witholt 2001), supports this statement. These findings, underline the importance of the redox 

balance in the cell in the control of PHB formation. Jung et al. (2000) have shown that in 

recombinant R. eutropha the biosynthesis rates of PHB were controlled by β-ketothiolase and 

acetoacetyl-CoA reductase, and especially by β-ketothiolase condensing acetyl-CoA. However, 

the PHB synthase is the most critical enzyme in determining the accumulation of intracellular 

PHB. 

Limited knowledge is available about the regulation of PHA production in Pseudomonas. Many 

pseudomonads synthesize PHAs either through fatty acid biosynthesis when grown on gluconate 



28 

 

or through fatty acid degradation when grown on fatty acids (Huijberts et al. 1992). Based on in 

vitro studies it was concluded that (R)-3- hydroxyacyl-CoA are the most likely ultimate substrate 

for the PHA synthase in Pseudomonas oleovorans (Kraak et al. 1997). But detailed information 

is not available as to which intermediates of the -oxidation serve as substrates for conversion 

into (R)- 3-hydroxyacyl-CoA. E. coli, harboring PHA synthase gene from Pseudomonas sp., 

have to have the ongoing β-oxidation slowed down by addition of acrylic acid (Qi et al. 1998) to 

produce PHB. Alternatively, specific E. coli mutants deficient in certain steps of -oxidation to 

produce PHAs (Langenbach et al. 1997, Qi et al. 1997). Apparently it is suggestive of PHA 

synthase competing with the enzymes of the β-oxidation pathway for substrates. 

In the cyanobacterium, Synechococcus sp. MA19 PHB synthase activity has been exclusively 

found in membrane fractions isolated from nitrogen deprived cells under light conditions. 

Miyake et al. (1997) further proposed that the PHB synthase is posttranslationally activated by 

acetyl phosphate. Moreover phosphotransacetylase, which converts acetyl-CoA to acetyl 

phosphate is regulated by the acetyl-CoA concentration and carbon to nitrogen ratio (C: N) in the 

cell. Therefore, acetyl phosphate could act as a signal of C:N balance affecting PHB metabolism. 

1.1.6.2. Regulation of PHA production at the transcription level 

In different microorganisms promoters have been either identified experimentally or postulated 

based on the sequence upstream of PHA biosynthetic genes (Huisman et al. 1991, Schubert et al. 

1991, Liebergesell and Steinbüchel 1992, 1993, Timm and Steinbüchel 1992, Matsusaki et al. 

1998, McCool and Cannon 1999). In Acinetobacter sp. pha operon appears to be transcribed by 

two promoters upstream of phaB, an apparent constitutive promoter, and a second promoter 

induced by phosphate starvation. (Schembri et al. 1995). Table 1.3 enlists the known regulatory 

proteins involved in PHA metabolism (Kessler and Witholt 2001). 
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Table 1.3. Regulatory proteins involved in PHA metabolism (Kessler and Witholt 2001, Wu et 

al. 2001) 

 

Regulatory protein Regulator family Organism 

PhaF Histone H1-like 

 

Pseudomonas oleovorans 

Pseudomonas aeruginosa 

Pseudomonas putida 

PhaRPs AraC/XylS Pseudomonas sp. 61-3 

PhaRPd Not known Pseudomonas denitrificans 

PhaS Two component systems Pseudomonas putida 

GacS Two component systems Azotobacter vinelandii 

NtrB/NtrC Two component systems Azotobacter brasilense Sp7 

LuxR Quantum sensor Vibrio harveyi 

CydR Not known Azotobacter vinelandii 

 

A transcription regulator, PhbRPs was identified in Pseudomonas sp. 61-3. This regulator 

exhibits significant similarity to members of the AraC/XylS family of prokaryotic positive 

transcriptional regulators (Gallegoes et al. 1997, Matsusaki et al. 1998). Pseudomonas sp. 61-3 is 

capable of producing a PHB homopolymer and a random copolymer consisting of monomeric 

units of four to twelve carbon atoms. PhbRPs activator however, is only involved in the 

transcriptional regulation of the genes required for synthesis of the PHB homopolymer. 

Interestingly, transcription of the phaCABPs genes in a recombinant R. eutropha PHB negative 

mutant was independent of the PhbRPs regulator encoding gene, suggesting either another 

functional promoter upstream of the genes or a regulator of R. eutropha which can substitute 

PhbRPs. 
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In P. putida KT2442, a putative regulatory protein called PhaS was identified. At primary 

structure level PhaS shows homology to the sensor component of the two component regulatory 

systems, containing a histidine protein kinase and response regulator domain. The two-

component system homologous to the sensor kinase/response regulator couple LemA-GacA was 

found to regulate PHA synthesis in this strain (Hrabak and Willis 1992, Rich et al. 1994, 

Madison and Huisman 1999). In Azotobacter vinelandii, GacS transmembrane sensor kinase 

homologue regulates the alginate and PHB polymer production (Castaneda et al. 2000). The 

effect of gacS mutation on alginate and PHB production indicates that GacS plays a positive role 

in the regulation of polymer synthesis in A. vinelandii. This role is likely due to the kinase 

activity of GacS that results in phosphorylation of GacA, leading to activation of alginate and 

PHB genes. GacA must mediate signal transduction between GacS and GDP-mannose 

dehydrogenase, the key enzyme in the alginate biosynthetic pathway encoded by algD. Homolog 

of GacA has also been found in A. vinelandii 

In P. aeruginosa, the pathway from gluconate is strictly controlled by RpoN, the σ
54

 subunit of 

RNA polymerase, while the pathway from fatty acids is completely σ
54

 independent (Timm and 

Steinbüchel 1992). In addition, an ORF whose putative translational product exhibits similarity 

to the primary structure of AlgP, a member of the prokaryotic histone H1-like family of DNA 

binding regulators was identified adjacent to the PHA gene cluster in P. aeruginosa PAO1 

(Timm and Steinbüchel 1992). In P. oleovorans, PhaF, again a member of the histone H1-like 

group of proteins has been shown to be involved in transcriptional regulation of pha gene 

expression (Prieto et al. 1999). Along with its regulatory function the PhaF protein also has a 

structural function i.e. binding to PHA granules. As per the model suggested by Prieto et al. 

(1999) PhaF binds to DNA in the absence of substrates for PHA production, thereby inhibiting 

transcription of the pha genes. When PHA granules are formed, DNA binding is reduced and 

pha genes are expressed. A gene homologous to phaF, called GA2, has also been found in P. 

putida (Valentin et al. 1998), however, only its structural function has been demonstrated. 

Granule associated proteins of R. eutropha and other bacteria are only synthesized when the cells 

accumulate PHB. Only those amount of proteins are synthesized that can be bound to the 

granules, since these were never detected in soluble state. Autoregulation of the expression of 

genes encoding granule-associated proteins has been proposed. However, the mechanism is not 
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yet known. In Paracoccus denitrificans, PhaRPd, encoding for specific regulatory protein, was 

located downstream of the genes coding for the PHB synthase and a granule associated protein 

(Maehara et al. 1999). In recombinant E. coli PhaRPd was shown to be involved in the 

regulation and gene expression of the granule associated proteins. One of the most abundant 

granule associated proteins of Bacillus megaterium, designated PhaP, is assumed to be a storage 

protein that is degraded under certain circumstances as a source of amino acids (McCool and 

Cannon 1999). 

The synthesis of P(3HB) in Vibrio harveyi, is regulated by a regulatory protein LuxR (Sun et al. 

1994). In general LuxR is activated on growth of cells to a high density in a confined 

environment due to the accumulation of an excreted N-acyl homoserine lactone autoinducer in 

the media. Mutants of V. harveyi defective in the production of LuxR were found to lack PHB. In 

Azospirillum brasilense SP7, ntrB and ntrC genes, encoding the two-component sensor-activator 

regulatory system, have been shown to be involved in the regulation of PHB synthesis by 

ammonia (Sun et al. 2000). The Azospirillum brasilense SP7 ntrBC and ntrC mutants were able 

to grow and accumulate PHB simultaneously in the presence of high concentration of ammonia, 

while little PHB was produced in the wild type during active growth phase. However, the target 

genes for NtrB-NtrC two-component system are yet to be identified. In Azotobacter vinelandii 

CydR, an oxygen responsive transcription factor, has been shown to control PHB biosynthesis 

(Wu et al. 2001a). β-ketothiolase and acetoacetyl-CoA reductase were overexpressed in the 

CydR mutant of Azotobacter vinelandii leading to P(3HB) accumulation throughout the 

exponential growth phase, unlike the wild-type strain that only accumulated P(3HB) during 

stationary phase (Wu et al. 2001). 

1.1.7. Regulation of PHA biodegradation 

It has been assumed that the synthesis of PHA and PHB depolymerases is highly regulated. Most 

PHA degrading bacteria repress PHA depolymerase gene expression in the presence of a soluble 

carbon source that permits high growth rates. After exhaustion of nutrients, the synthesis of PHA 

depolymerases is derepressed in many microorganisms (Jendrossek 1998). However, in 

contradiction to those data are the recent findings that inhibition of protein synthesis did not 

influence PHA degradation in P. oleovorans. It was suggested thst PHA depolymerase is always 
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present and active, and that PHA is synthesized and degraded simultaneously (Kessler and 

Witholt 2001). A similar conclusion was reported for PHB metabolism in R. eutropha by Doi et 

al. (1992). 

In PHB ‗leaky‘ mutants of R. eutropha, it has been shown that the leaky phenotype is caused by 

inactivation of the genes phbI and phbH, encoding homologs of the E. coli phosphoenolpyruvate 

phosphotransferase system (PEP-PTS) (Pries et al. 1991). Pries et al. (1991) proposed that the 

‗leaky‘ phenotype of these mutant could actually be caused by aberrant regulation of the P(3HB) 

degradation pathway and suggested that the activity of the P(3HB) degrading enzymes was 

controlled by phosphorylation through metabolic signaling that involves a PEP-PTS. However, 

this model being hypothetical, needs to be proven experimentally. 

1.1.8. Potential PHA production systems 

Potential PHA production systems include: 

 Production of PHAs by natural organisms, 

 PHA production by recombinant bacteria, 

 Metabolic engineering of PHA biosynthetic pathways in higher organisms, 

 In vitro biosynthesis of PHAs. 

1.1.8.1. Production of PHAs by natural organisms 

Ralstonia eutropha has been most extensively used for PHB and PHBV production. The strains 

used extensively are the original PHB producer H16 (ATCC 17699). Other strains are ATCC 

17697T, R. eutropha SH-69, and a natural isolate, Alcaligenes sp. strain AK201.  

To achieve high productivity of a desired bioproduct, fed-batch cultures are usually grown with 

the controlled nutrient feeding, monitored dissolved oxygen (DO), pH, or carbon source as a 

feedback parameter (Kim et al. 1999, Ryu et al. 1997). Kim et al (1994) reported that a fed-batch 

culture of R. eutropha NCIMB 11599 with a glucose concentration control and nitrogen 

limitation gave a production of 121 g PHB/l. When nitrogen limitation is used to induce PHB 

accumulation, NaOH solution is added to the medium for pH control. However, due to the 

significant cell lysis caused by the toxicity of NaOH solution high-cell-density fermentation is 
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impossible. In addition, it is very important to maintain phosphate and magnesium ion levels 

above 0.35 g/l and 10 mg/l respectively (Asenjo et al. 1995). Ryu et al. (1997), therefore, 

adopted phosphate limitation strategy to induce PHB accumulation where the pH is controlled by 

addition of NH4OH. Under these conditions, PHB levels of 232 g/l were obtained. 

In R. eutropha copolyester of 3HB and 3HV was synthesized if propionate or velerate was 

provided as the sole carbon source. Under these conditions the 3HV amounted to 45 or 90 mol% 

respectively (Doi et al. 1988). The molar fractions of 3HV dropped if a second carbon source 

like acetate or butyrate was provided in addition to propionate or valerate. R. eutropha H16 and 

R. eutropha NCIMB 11599 were compared for 3HV incorporation when butyrate and valerate 

were used as the carbon source. NCIMB 11599 was able to direct more 3HV monomer to 

P(3HB-3HV) (90% 3HV) than H16 (75%). Also, the molecular weight of the polymer produced 

by NCIMB 11599 was consistently higher. Further, it was observed that the fatty acids were 

converted to P(3HB-3HV) without undergoing complete degradation to acetyl-CoA and 

propionyl- CoA. This means, either (S)-3-hydroxyacyl-CoA or 3-ketoacyl-CoA is directly 

converted into monomer. Interestingly, this pathway operates in the presence of a nitrogen 

source, in contrast to the pathway from fructose (Doi et al. 1987). Probably inhibition of thiolase 

during active metabolism of carbohydrates prevents P(3HB) formation during growth whereas a 

pathway that involves only reductase and polymerase is insensitive to this inhibition (Madison 

and Huisman 1999). Similarly, for glucose utilizing mutant of Alcaligenes eutrophus DSM 545, 

production of co-polymer P(3HB-3HV) was enhanced when nitrogen feeding at limiting rates 

was used as opposed to nitrogen depletion (Aragao et al. 1996). 

At high concentrations, short chain fatty acids such as propionate and valerate are toxic for R. 

eutropha. Alternative strategies have been developed to overcome this toxic effect. In R. 

eutropha NCIMB 11599 the cell growth inhibitory effect of propionic acid was minimized by pH 

adjustment of the fermentation broth (Chung et al. 1997). Propionyl-CoA is an intermediate in 

the degradation pathway of threonine, valine and isoleucine, and strains of R. eutropha with 

mutations in these pathways were tested for P(3HB-3HV) production. R. eutropha R3 is a 

prototrophic revertant of an isoleucine auxotroph of R. eutropha H16 and accumulates P(3HB-

3HV) with up to 7% 3HV on fructose, gluconate, succinate, acetate and lactate (Steinbüchel and 

Pieper 1992). R. eutropha H16, when resuspended in medium deficient in Na
+
 or O2 and with 
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threonine as the sole carbon source, accumulated 6% PHA with 5% PHV (Nakamura et al. 

1992). However, R. eutropha NCIMB 11599 does not incorporate 3HV from threonine and 

incorporates only up to 2% from isoleucine or valine (Yoon et al. 1995). These experiments 

prove that alternative, cell-derived substrates can be used for P(3HB-3HV) synthesis and that 

supplementation of carbon sources for alternative PHA monomers can be circumvented. 

During PHBV production in fed-batch culture by R. eutropha H16, the mole fraction of HV units 

in copolymer can be controlled within the range of 0 - 40 mole% by adjusting the mole fraction 

of butyric acid in the feed medium (Ishihara et al. 1996). Continuous culture studies have shown 

that at dilution rates varying from 0.06-0.32 of fructose-valerate mixture, the 3HV content 

increased from 11 to 79% (Koyama and Doi 1995). Since the toxicity of propionate is pH 

dependent, varying pH of the culture can produce PHBV copolymers with different 3HV 

contents (Chung et al. 1997). R. eutropha SH-69 accumulates maximal P(3HB-3HV) in a 

medium with 2-3% glucose and a dissolved oxygen concentration of at least 20%. But, 20% 

3HV content is obtained only with 6% glucose (Rhee et al. 1993). R. eutropha DSM 545 

produces P(3HB-3HV) from glucose and propionate in fed-batch fermentation with nitrogen 

limitation and low dissolved-oxygen concentrations (Lefebvre et al. 1997). Though the yield of 

P(3HB) on glucose is apparently independent of the dissolved-oxygen concentration, the HV 

content is lower at high than at low dissolved-oxygen concentrations (Lefebvre et al. 1997). 

R. eutropha H16 accumulates small amounts of poly(4HB) homopolyester in a medium with 4-

hydroxybutyrate and 1.0 or 1.5% (w/v) potassium citrate (Nakamura et al. 1992). It accumulates 

copolyesters of 3HB and 4HB from mixtures of butyrate and 4HB or mixtures with 4-

chlorobutyrate, 1, 4-butanediol or -butyrolactone (Kunioka et al. 1989). PHA levels upto 40% 

of the cell dry weight with 4HB levels upto 37% were obtained with above mixtures of carbon 

sources. Mixtures of glucose, propionic acid and either 4-hydroxybutyric acid or -butyrolactone 

as carbon sources in fed-batch cultures of R. eutropha led to production of a P(3HB-4HB-3HV) 

terpolymer (Madden et al. 2000). Certain R. eutropha mutants accumulated copolyester with up 

to 96% 3HV and 84% 4HB (Madison and Huisman 1999). Alcaligenes sp. accumulated 50 to 

60% P(3HB) of the cell dry weight on dicarboxylic acids in C4 to C9 range (Akiyama and Doi 

1993). 
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Mixed or co-culture systems have been recognized to be effective for certain fermentations. In 

two-stage system xylose was converted first to lactate using Lacticoccus lactis, and then the 

lactate was converted to PHB by R. eutropha. Glucose was converted to lactate by Lactobacillus 

delbrueckii and then lactate to poly-- hydroxybutyrate by Ralstonia eutropha in one fermentor 

(Tohyama and Shimizu 1999, Tohyama et al. 2000). 

R. eutropha NCIMB 11599 when grown on tapioca hydrolysate (90% glucose) as a potential 

cheap carbon source, PHB concentrations of only 61 g/l were obtained, probably due to presence 

of toxic compounds, possibly cyanate (Kim and Chang 1995). PHB content of 0.33 g-PHB/g-dry 

cell has been reported when degraded alginic acid was used as carbon source (Seki et al.1994). 

The lower PHB content was probably due to heterogenous hydrolysis of alginic acid. 

A. Methylobacterium 

Methanol is a cheap substrate and its use in PHA synthesis would help to reduce significantly the 

production costs of PHB. Methanol is, in addition, a non-food substrate. It can also be considered 

as a renewable substrate since it could be derived from woody materials or from natural gas 

obtained after anaerobic digestion of organic substances. Methylobacterium rhodesianum, M. 

extorquens, M. organophilum, M. rhodenium, M. zatmanii, M. radiotolerans, Mycoplana rubra, 

Paracoccus denitrificans (Fölliner et al. 1995, Ueda et al. 1992a) and Proteomonas extorquens 

(Suzuki et al. 1986a, b, c, 1988) have been studied PHB accumulation with methanol as a carbon 

source. In a fully automated fed-batch culture PHB levels of 136 g/l were obtained in 121 h with 

Proteomonas extorquens (Suzuki et al. 1986b). After 170 h of incubation PHB concentration 

reached to 149 g/l. 

Methylobacterium extorquens, with methanol concentration of 1.7 g/l, and addition of complex 

nitrogen source, accumulated 30% P(3HB) of the cell dry weight with a molecular mass of 

250,000 Da (Bourque et al. 1992). Methylobacterium sp. strain KCTC0048 accumulates P(3HB-

3HV), P(3HB-4HB) and poly(3-hydroxybutyrate-co-3- hydroxypropionate) P(3HB-3HP) to 30% 

of the cell dry weight with fractions of 3HV up to 0.7%, 4HB up to 0.13% and 3HP up to 0.11% 

(Kang et al. 1993). 

Paracoccus denitrificans synthesizes P(3HB) from ethanol. When n-pentanol was used as 

growth substrate, homopolyester poly(3-hydroxyvalerate) was synthesized, whereas copolyester 
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poly(3-hydroxybutyrate-co-3-hydroxyvalerate) accumulated during bacterial growth on mixture 

of methanol and n-pentanol (Yamane et al. 1996). Under controlled growth conditions with 

pentanol as the only growth substrate, P. denitrificans accumulates PHV as a homopolymer up to 

55% of its cell dry weight (Yamane et al. 1996). M. extorquens synthesizes 50% more P(3HB-

3HV) than P. denitrificans, while the latter incorporates twice as much 3HV on methanol-

pentanol mixtures (Ueda et al. 1992b). 

B. Pseudomonas 

Pseudomonas putida efficiently incorporates monomers in the range of C8 – C10 during PHA 

synthesis. Since long-side chain fatty acids such as oleate (C18:1) need to be converted in 

multiple rounds of -oxidation pathway before the resulting C8 and C10 monomers can be 

incorporated, these substrates are less efficiently converted to PHA than octanoate. Oleic acid 

has to yield 4 acetyl-CoA molecules before a C10 monomer can be incorporated. This 

conversion yields 20 ATP equivalents in the reduction steps, which is unlikely to occur at a time 

when excess energy cannot be dissipated. In contrast, decanoic acid and octanoic acid yield 2 

ATP equivalents before being incorporated into msc-PHA. As a consequence, the polymer yields 

per cell are often high when medium-chain fatty acids are used (Madison and Huisman 1999). 

Unfortunately, medium-chain fatty acids are generally more expensive and therefore a balance 

needs to be struck between substrate price and conversion yield. 

Inexpensive substrates like tallow, low rank coal liquefaction products, palm kernel oil etc. 

(Cromwick et al. 1996, Tan et al. 1997, Füchtenbusch and Steinbüchel 1999) have been tested 

for PHA production by Pseudomonas sp. Continuous production of PHA by P. oleovorans, using 

octanoate as a carbon source in a one-stage culture was shown to produce 0.15 g/l/h (Ramsay et 

al. 1991). In continuous cultivation systems, P. oleovorans is reported to produce 0.58 g/l/h 

PHAs (Preusting et al. 1993) while 1.56 g/l/h of PHAs yield is reported for Pseudomonas putida 

(Hazenberg and Witholt 1997). 

Using pure oxygen and octanoic acid P. oleovorans cell density of 42 g/l/h, accumulating 37% 

PHA with a productivity of 0.35 g/l/h could be achieved (Madison and Huisman 1999). In an 

experiment where cells were pre grown on a rich medium followed by resuspending in nitrogen-

free minimal medium with octanoate, Hori et al. (1994) examined the effect of several 
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physiological parameters on PHA production by P. putida. The rate of PHA formation is highest 

at 30 ºC with octanoate concentration of 3.5 mM and pH of 7.8. While, PHA accumulation was 

upto 50% of the cell dry weight. Kim et al. (1997) studied the effects of different carbon sources 

on growth and PHA production and reported that simultaneous supply of glucose and octanoic 

acid resulted in 35.9 g of PHA/l (65% of the cell dry weight) with the productivity of 0.92 g/l/h 

(Kim et al. 1997). From the preceding it appears that mixtures of cheap growth substrates and 

more expensive substrates for product formation provide a valuable means of lowering PHA 

production costs. 

Several studies have shown that P. putida and P. aeruginosa strains are able to convert acetyl-

CoA to medium-chain-length monomers for PHA synthesis (Huijberts et al. 1992, Hoffman et al. 

2000). PHAs that are formed from gluconate or related sugars have a different composition from 

the PHAs produced from fatty acids. Whereas the latter PHAs have 3-hydroxyoctanoate as the 

main constituent, sugar grown cells accumulate PHAs in which 3-hydroxydecanoate is the main 

monomer and small amounts of unsaturated monomer are present (Haywood et al. 1990, Timm 

and Steinbüchel 1990, Huijberts et al. 1992). 

1.1.8.2. PHA production by recombinant bacteria 

Whereas natural PHA producers have become accustomed to accumulating PHA during 

evolution, they often have a long generation time, relatively low optimal growth temperature, are 

often hard to lyse and contain pathways for PHA degradation. This led to development of 

recombinant PHA producers capable of high PHA accumulation and/or free of PHA degradative 

pathways. 

1.1.8.3. Recombinant natural PHA producers 

Recombinant R. eutropha cells overexpressing phaCAB genes from a plasmid, showed increase 

in P(3HB) levels from 33-40% of the cell dry weight (Park et al. 1995). Although the increase 

was insignificant, recombinant R. eutropha strains could reduce the fermentation time by 20% 

while maintaining the same productivity (Park et al. 1997). This is significant from commercial 

production point of view, since the overall productivity of a P(3HB) plant would be 20% higher. 

Alcaligenes latus transformed with its own cloned phaC gene, exhibited increased rate of PHB 

biosynthesis and increase in PHB content as well (Lee et al. 2000b). The maximum 
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concentration and content of PHB in recombinant A. latus increased significantly from 3.1-3.7 

g/l and from 50.2-65% of cell dry weight, respectively, as compared to the untransformed A. 

latus. 

In a Rhizobium meliloti PHB- mutant strain, P(3HB) accumulation was restored to wild type 

level by the introduction of a plasmid encoded R. meliloti phaC gene (Tombolini et al. 1995). In 

Paracoccus denitrificans, an additional phaC gene on a plasmid doubles the wild-type PHA 

levels in a pentanol-grown parent strain (Ueda et al. 1996). 

The phaCAB operon from R. eutropha was expressed in Pseudomonas strains that normally do 

not accumulate P(3HB). P(3HB) accumulation was observed in recombinant P. aeruginosa, P. 

putida, P. oleovorans, P. syringe and P. fluorescems , while P. stutzeri was unable to synthesize 

P(3HB) with the R. eutropha genes (Steinbüchel and Schubert 1989). R. eutropha phaC- strain 

accumulated about 85% P(3HB) of cell dry weight with gluconate as a carbon source, when 

transformed with phaC gene from C. violaceum, however, P. putida phaC- did not accumulate 

PHA even when transformed with the C. violaceum phaC (Kolibachuk et al. 1999). 

Synechococcus sp. harboring PHA biosynthetic genes from R. eutropha accumulated PHB up to 

25% of cell dry weight (Takahashi et al. 1998). 

1.1.8.4. Recombinant E. coli as PHA producer 

Natural producers like R. eutropha produces high levels of P(3HB), but they have certain 

limitations. R. eutropha grows slowly, it is difficult to lyse and is genetically not well 

characterized which impedes genetic manipulations. As against this, Escherichia coli is 

genetically well characterized. Not being a natural PHA accumulator, PHA production has to be 

metabolically engineered in E. coli and it does not have any depolymerase activity to degrade 

accumulated PHA. 

The expression of PHA biosynthetic genes of R. eutropha in E. coli for P(3HB) synthesis opened 

up the avenues for PHA production by recombinant organisms (Schubert et al. 1988, Slater et al. 

1988, Peoples and Sinskey 1989b). A variety of polymers, such as P(3HB-3HV), P(3HB-4HB), 

P(4HB) and P(3HO-3HH), have been synthesized by genetically and metabolically engineered E. 

coli. 
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The pH-stat fed-batch culture of XL1-Blue achieved a PHB concentration of 88.8 g/l in 42 h 

(Kim et al. 1992a). Similarly, a PHB concentration of 81.2 g/l was obtained in 39 h by fed-batch 

culture of XL1-Blue harboring a stable high-copy-number plasmid (Lee et al. 1994b). However, 

fed-batch culture of XL1-Blue harboring a stable medium-copy-number plasmid resulted in only 

30.5 g/l of PHB in 41 h. Suggesting that a high gene dosage obtained by using high-copy-number 

plasmid is required for the higher accumulation of PHB in recombinant E. coli (Lee and Chang 

1995). Lee and Chang (1995) transformed a number of E. coli strains with a stable high-copy-

number plasmid containing the R. eutropha PHB biosynthesis genes, and compared these for 

their ability to synthesize and accumulate PHB. E. coli JM109 accumulated 85% PHB of cell dry 

weight, while XL1-Blue accumulated 81% PHB of cell dry weight. However, yield per gram of 

glucose was higher for XL1-Blue (0.37 g PHB/g glucose) than for JM109 (0.3 g PHB/g glucose). 

Cultivation of recombinant E. coli in defined medium led to reduced levels of PHB 

accumulation. Supplementation of complex nitrogen sources to defined media restores the 

normal levels of PHB accumulation (Lee and Chang 1995). For cost reduction purpose, cheap 

carbon sources such as molasses, whey etc. have been used for PHA production (Zhang et al. 

1994, Kim 2000). For enhanced PHA production in defined media by recombinant E. coli, ftsZ 

gene was expressed in E. coli to suppress the filamentation (Lee and Lee 1996). 

During PHBV production, incorporation of 3HV by recombinant E. coli requires the function of 

ackA (acetate kinase) and pta (phosphotransacetylase) genes (Rhie and Dennis 1995). Propionate 

was provided for the PHBV production in recombonant E. coli. Since E. coli does not easily 

import propionate, cultures were adapted on acetate and then a glucose-propionic acid mixture 

was added (Slater et al. 1992). Further, this system was improved by using E. coli strains that 

have constitutive expression of the ato operon and fad regulon to fully express fatty acid 

utilization enzymes (Fidler and Dennis 1992, Slater et al. 1992). The 3HV fraction in the 

copolymer was dependent on the percentage of propionate used during the fermentation. E. coli 

is resistant to 100 mM propionate while 30 mM is already toxic to R. eutropha (Ramsay et al. 

1990), making PHBV fermentations more efficient with E. coli strains (Slater et al. 1992). 

Recombinant E. coli cells harboring A. latus PHA biosynthetic genes were grown in fedbatch 

culture with the pH-stat feeding strategy in a chemically defined medium (Choi and Lee 1999b). 

An improved nutrient feeding strategy to obtain glucose and propionic acid concentration at 110 
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mM and 20 mM respectively, acetic acid induction and oleic acid supplementstion led to high 

level of PHBV production, 2.88 g of P(3HB-3HV)/l/h (Choi and Lee 1999b). 

Expression of R. eutropha PHA synthase gene and the Clostridium kluyveri orfZ encoding for 4-

hydroxybutyrate-CoA transferase in E. coli led to the accumulation of P(4HB) homopolymer, 

when grown in presence of glucose. In the absence of glucose, a P(3HB-4HB) copolymer 

accumulated with up to 72% 3HB incorporation, even though phbA and phaB were absent. This 

indicates that in E. coli an unknown pathway allows the conversion of 4HB to 3HB (Hein et al. 

1997). Valentin and Dennis (1997) coexpressed succinate degradation pathway from Clostridium 

kluyveri and PHB biosynthetic pathway from R. eutropha in E. coli. Resulting recombinant 

accumulated 46% P(3HB-4HB) of cell dry weight with 1.5% 4HB incorporation. To provide 

4(HB)- CoA for poly(3HB-4HB) synthesis from glutamate, an acetyl-CoA:4-hydroxybutyrate 

CoA transferase from C. kluyveri, a 4-hydroxybutyrate dehydrogenase from R. eutropha, a γ-

aminobutyrate:2-ketoglutarate transaminase from Escherichia coli and glutamate decarboxylases 

from Arabidopsis thaliana or E. coli were expressed in succinic semialdehyde mutant E. coli CT 

101 (Valentin et al. 2000). In the recombinant P(3HB-4HB) was accumulated with only 1.2 to 2 

mol% 4HB. Nevertheless, these observations are important since in plant plastids, succinyl-CoA 

is not available at high levels but glutamate being the intermediate of amino acid metabolism is 

present at sufficiently high levels. Subsequent studies in this direction will be useful to obtain a 

desirable polyester composition and in sufficient amounts in plants, since plants have the 

potential to generate PHAs at lower costs (Valentin et al. 2000). 

Expression of Pseudomonas aeruginosa PHA synthases, phaC1 and phaC2 in E. coli fadB 

mutant resulted in msc-PHA accumulation when grown in presence of C8-C14 fatty acids 

(Langenbach et al. 1997, Qi et al. 1997). The E. coli fadB mutant LS1298 containing phaC1Pa 

gene accumulated 21% PHA of cellular dry weight composed of mainly 3-hydroxydecanoate 

(72.5 mol%) and 3-hydroxyoctanoate (20 mol%) when grown in LB medium containing 

decanoate (Langenbach et al. 1997). Using acrylic acid, intermediates of fatty acid synthesis 

were chanelled to PHA synthesis in recombinant E. coli harboring the phaC1Pa gene (Qi et 

al.1998). The recombinant E. coli fadR mutant RS3097 grown in presence of 0.24 mg/ml acrylic 

acid and decanoate revealed msc-PHA accumulation contributing to about 60% of cellular dry 

weight. For msc-PHA synthesis from gluconate, E. coli JMU193 was engineered for expression 
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of phaCPo and thioesterase I leading to a maximum msc-PHA accumulation of 2.3% of cell dry 

weight (Klinke et al. 1999). 

1.1.8.5. Metabolic engineering of PHA biosynthetic pathways in higher organisms 

A. Saccharomyces cerevisiae 

The phaCRe gene of the R. eutropha was used to construct a yeast plasmid, which enabled 

expression of the functional synthase enzyme in S. cerevisiae. These cells accumulated only up 

to 0.5% of cell dry weight as PHB, with accumulation occurring in the stationary phase of batch 

growth. In these recombinant yeast cells, PHB synthesis is catalyzed by native cytoplasmic 

acetoacetyl-CoA thiolase, a native  - oxidation protein processing D-3HB-CoA dehydrogenase 

activity and heterologous pha synthase. Low levels of β-ketoacyl-CoA thiolase and acetoacetyl-

CoA reductase were detected. This eukaryotic system probably needs elevation of these activities 

for enhanced PHB production (Leaf et al. 1996). 

B. Insect Cells 

PHB synthesis by Spodoptera frugiperda cell lines has been reported by simultaneous 

transfection of mutant form of the rat fatty acid synthase and PHA synthase from R. eutropha. 

Approximately 1 mg of PHB was isolated from a one-litre culture of these cells corresponding to 

0.16% of cell dry weight. Though not an efficient system, however, provides an example of 

alternative, eukaryotic enzymes for the generation of P(3HB) intermediates (Williams et al. 

1996). 

C. Plants 

Plants are interesting targets for expression of PHA biosynthetic genes. Transgenic plants could 

produce PHAs directly from CO2 and solar energy and at least theoretically at costs which are 

comparable to those of other biopolymers already obtained from plants. PHA biosynthetic genes 

have been expressed in Arabidopsis thaliana (Poirier et al. 1992) and in agricultural crops such 

as Brassica napus, Gossypium hirsutum, Nicotiana tabacum, Solanum tuberosum and Zea mays 

(John and Keller 1996, Hahn et al. 1999, Houmiel et al. 1999, Nakashita et al. 1999, Steinbüchel 

2001). 
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Synthesis of PHA in plants was initially explored by the expression of PHA biosynthetic genes 

of the bacterium R. eutropha in the well-studied plant Arabidopsis thaliana (Poirier et al. 1992). 

But PHB accumulation of only 0.1% of the plant dry weight was achieved. Moreover, the growth 

of the transgenic plants was severely reduced probably due to depletion of one or more essential 

substrates for growth (Poirier et al. 1992). To overcome this problem, PHB biosynthetic pathway 

was targeted to the plastids of A. thaliana through an N-terminal transit peptide. This resulted in 

PHB accumulation of up to 14% of the dry weight with no deleterious effects on plant growth 

(Nawrath et al. 1994). Recently all three genes necessary for PHB biosynthesis were transformed 

to A. thaliana in a single transformation event (Bohmert et al. 2000). These plants accumulated 

more than 4% of their fresh weight (approximately 40% of their dry weight) of PHB in leaf 

chloroplasts. Accumulation of high levels of PHB in transgenic A. thaliana plants was not 

accompanied by any appreciable change either in the composition or the amount of fatty acids. 

Substantial changes were, however, observed in the levels of various organic acids, amino acids, 

sugars and sugar alcohols (Bohmert et al. 2000). Synthesis of msc-PHAs in A. thaliana was 

explored with the transformation of phaC1Pa from Pseudomonas aeruginosa modified for 

peroxisome targeting by addition at the carboxyl end of the protein with 34 amino acids from the 

Brassica napus isocitrate lyase (Mittendorf et al. 1998). Transgenic A. thaliana accumulated 

approximately 4 mg of msc-PHA per g of dry weight. The plant PHA contained saturated and 

unsaturated 3-hydroxyalkanoic acids ranging from 6-16 carbons with 41% of the monomers 

being 3-hydroxyoctanoic acid and 3-hydroxyoctenoic acid (Mittendorf et al. 1998). This 

achievement indicates that the β-oxidation of plant fatty acids can generate a broad range of 

saturated and unsaturated (R)–hydroxyalkanoate monomers that can be used to synthesize msc-

PHA. Arabidopsis and Brassica were engineered to produce PHBV in leaves and seeds 

respectively, by transforming threonine deaminase gene from E. coli and PHB biosynthetic genes 

from R. eutropha (Slater et al. 1999).  

Expression of phaBRe and phaCRe in tobacco and potato led to accumulation of very low levels 

of PHB (Poirier and Nawrath 1998, Nakashita et al. 1999). R. eutropha PHA biosynthetic genes 

were targeted to plant peroxisomes in Black Mexican Sweet maize suspension culture by adding 

a carboxy-terminal targeting sequence (Hahn et al. 1999). Up to 2 mg/g fresh weight PHB was 

produced in suspension cultures. P(3HB) up to 7.7% of fresh seed weight of mature seeds was 
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accumulated in oilseed leucoplasts of Brassica napus when PHA biosynthetic genes from R. 

eutropha were expressed (Houmiel et al. 1999). The novel perspective on the use of PHA 

synthesis was uncovered by the expression of the R. eutropha PHB biosynthetic pathway in 

cotton fiber cells (John and Keller 1996). Analysis of the transgenic fibers showed accumulation 

of PHB up to 0.3% of dry weight and they exhibited better insulating properties. 

D. In vitro biosynthesis of PHAs 

Six different systems have been described in the literature for in vitro biosynthesis of PHAs 

employing purified PHA synthases and other enzymes (Steinbüchel 2001). These include: (i) one 

step system for synthesis of poly(3HB) employing the PHA synthase of Ralstonia eutropha 

(Gerngross and Martin 1995), (ii) two step system for synthesis of poly(3HB) employing the 

propionyl-CoA transferase of Clostridium propionicum plus the PHA synthase of C. vinosum 

(Jossek and Steinbüchel 1998), (iii) three-step system for synthesis of poly(3HB) employing the 

acetyl-CoA synthetase of Saccharomyces cerevisiae, propionyl-CoA transferase of Clostridium 

propionicum plus the PHA synthase of C. vinosum (Jossek and Steinbüchel 1998), (iv) one-step 

system for synthesis of poly(3HV) employing the PHA synthase of R. eutropha (Steinbüchel 

2001), (v) three-step system for PHASCL consisting of 3HB, 4HB and/or 4HV employing the 

butyrate kinase of C. acetobutylicum, phosphotransbutyrylase of C. acetobutylicum, plus the 

PHA synthases of C. vinosum or Thiocapsa pfennigii (Liu and Steinbüchel 2000), (vi) two-step 

system for synthesis of poly(3HD) employing an acyl- CoA synthetase of Pseudomonas sp. plus 

the PHA synthase of P. aeruginosa (Qi et al. 2000). Advantages and limitations of in vitro 

synthesis and production processes are listed in Table. 1.4. 

 

1.1.9. Commercial status of PHAs 

Bacterial PHA was first commercialized way back in the early 1960s by an American company 

W. R. Grace. In 1970s ICI Bioproducts, UK produced PHBV on industrial scale from glucose 

utilizing mutant of R. eutropha with a glucose/propionic acid substrate mixtures as the carbon 

source and under phosphate limiting conditions (Steinbüchel 1991). The copolymer was 

marketed under the trade name ‗Biopol‘ and used for the manufacture of biodegradable films and 

bottles. Pilot plant polymer was offered at US$ 30/kg and material from a 5000 tons/year semi-
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commercial plant was projected to go down to US $ 8-10/kg. Fermentations with recombinant E. 

coli harboring A. latus PHA biosynthetic genes coupled with recovery method of simple alkali 

digestion, the production cost has been estimated to be US $ 3.32/kg PHB (Lee and Choi 2000). 

Another company involved in PHA fermentations was Austrian Chemie Linz (Wilke 1999). 
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Table 1.4. The pros and cons of in vitro metabolic engineering (Steinbüchel 2001). 

Advantages and Prospects Limitations and Problems 

Detailed biochemical studies through 

characterization of the enzyme (s) becomes 

possible 

Purified PHA synthase is required 

Application of non natural substrates 

PHAs with new constituents may be 

produced 

Additional enzymes must be available in a 

purified stage 

Rapid shifts of substrates applicable PHAs 

with a novel order of constituents may be 

produced (e. g. blockcopolyesters) 

 

Cell-free system  

Production is limited by the volume of the 

reactor and not by the volume of the 

cytoplasm 

All enzymes must be stable 

 

Increase of PHA produced per volume is 

possible  Synthesis may be performed in the 

presence of compounds or under conditions 

which are inhibiting cells No expression 

required 

Amount of enzymes can be easily varied 

ÑOnly few components required downstream 

processing will be easier Requires less efforts 

than in vivo metabolic engineering fast 

evaluation of the feasibility of a strategy and 

the functionality of a ―designed‖ pathway 

ÑSpecial applications in situ PHA formation 

becomes possible 

Coenzymes must be recycled 

 

Zeneca, earlier the part of ICI Bioproducts, UK sold its Biopol business in 1996 to Monsanto 

who continued the plant-based production approach to PHAs. In May 2001, Metabolix Inc. has 

purchased Monsanto‘s Biopol assets (http://www.metabolx.com/). Metabolix Inc., Cambridge, 
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Massachusetts founded in 1992, is actively involved in developing efficient technologies for 

PHA production (Williams and Peoples 1996). In a world with shrinking petroleum reserves and 

increasing environmental issues, PHA is a definitely a potential candidate that deserves further 

exploration. 

Among prokaryotes, actinomycetes constitute an important part of the microbial community 

responsible for degradation and recycling of natural substrates. These bacteria can be separated 

into different taxa based on partial sequencing of 16S ribosomal ribonucleic acids. These include 

Actinobacteria, Nocardioforms, Actinoplanetes, Thermomonosporas, Maduromycetes, 

Streptomycetes and multilocular sporangia forming Actinomycetes (Williams 1989). 

Actinomycetes are Gram positive bacteria characterized by the formation of substrate and aerial 

mycelia on solid media, the presence of spores and a high G+C content of the DNA (50–80 mol 

%). The majorities of these are soil bacteria and constitute a very important class that produce a 

number of varied and complex molecules such as antibiotics (Berdy 1984) and enzymes 

(Edwards 1993). 

Streptomyces belong to the streptomycetes group in that they are Gram positive, have a high 

G+C ratio (69-78 mol %) and have complex colony morphology resulting in the formation of 

arthospores. Their ability to produce a very diverse range of metabolic products, some of which 

have important roles in medicine and veterinary science, has excited the interest of biologists. 

The most common among these are antibiotics, immune system modulators and enzyme 

inhibitors. Of the approximately 9000 known antibiotics about 6000 were identified in 

actinomycetes, of which 5000 were identified from streptomycetes alone. About 500 new 

antibiotics are identified every year and still a very healthy proportion are from the 

streptomycetes. This incredible diversity of biologically active natural molecules is reflected in 

the great importance of streptomycetes to the pharmaceutical industry (Hodgson 2000). 

Streptomycetes have certain biological characteristics in common with eukaryotic organisms 

such as the presence of reiterated sequences within the chromosomes e.g. in S. reticuli and S. 

coelicolor. (Schrempf 1982). Streptomycetes also have DNA repair system akin to the 

eukaryotes (Stonesifer and Baltz 1985). 

Accumulation of Polyhydroxyalkanoates (PHAs) is reported in nine different strains of 

Streptomyces (Kannan and Rehacek 1970, Manna et al. 1999). These have been implicated in the 
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supply of two-carbon units for the biosynthesis of polyketide derived phenolic metabolites such 

as actinorhodin in Streptomyces coelicolor A 3 (2) or antimycin in Streptomyces antibioticus 

(Kannan and Rehacek 1970, Packter and Flatman 1983). PHB (Poly-3-hydroxybutyrate) 

accumulation in Streptomyces venezuelae mycelia precedes the period of rapid chloramphenicol 

synthesis. This is suggested to indicate, that the stored polymer might be one of the sources of 

acetoacetyl-CoA for the synthesis of dichloroacetyl substituent of chloramphenicol (Ranade and 

Vining 1993). However, PHB might not be the sole source for acetoacetyl- CoA. 

Streptomyces aureofaciens NRRL 2209, a chlortetracycline producer, has been reported to 

accumulate upto 1.1% PHB of the cell dry weight (Kannan and Rehacek 1970). However, very 

little is known about the biosynthesis of the polymer in these bacteria. Also no molecular data is 

available about the Streptomyces genes involved in the process. Hence, S. aureofaciens was 

chosen as an experimental system for the present study. Among actinomycetes, gene encoding 

for PHA synthase has been reported from Nocardia corallina (now known as Gordonia 

rubripertinctus) and Rhodococcus ruber (earlier known as Nocardia rubra). Both belong to the 

group Nocardioforms. Remaining taxa of actinomycetes are as yet unexplored with regards to the 

PHA synthesizing genes. Gordonia sp. may cause opportunistic infections, in particular 

bacteremia and endocarditis, in patients with severe underlying diseases and indwelling central 

catheters (Lesens et al. 2000), while R. ruber phaC gene can not be expressed in E. coli, thus 

limiting its exploitation for biotechnological purpose (Pieper and Steinbüchel 1992).  

Since discovery microbial polyester has been extensively investigated in both the biological and 

polymer sciences. Historically, poly (3-hydroxybutyrate) [P(3HB)] has been studied most 

extensively and has triggered the commercial interest in this class of polymers. P(3HB) is the 

most common type of PHA, and the ability to accumulate P(3HB) is often used as a taxonomic 

characteristic. Bacteria synthesizing PHAs can be broadly subdivided in two groups: one group 

including the bacterium Alcaligenes eutrophus, produces short chains PHAs with C3-C5 

monomers, while a distinct group, including Pseudomonas oleovorans, synthesizes medium 

chain PHAs with C6-C14 monomers (Anderson and Dawes, 1990; Yan et al., 2001). Ralstonia 

eutropha (formerly A. eutrophus) is the most widely employed bacterium for the production of 

P(3HB) since it accumulates a large amount of P(3HB) in a relatively simple medium (Byrom, 

1987; Kim et al., 1994; Lee and Chang, 1995). A glucose-utilizing mutant of R. eutrophus 
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accumulates up to 80% (wt/wt) PHB with glucose as the carbon source (Holmes, 1985). When 

propionic acid is included in the medium, a random copolymer containing both 3HB and 3HV 

(3-hydroxyvalerate) monomer units is produced (Holmes,  1988). With propionic acid as the sole 

carbon source, a 3HV content of 43 mol% has been achieved (Doi et al., 1986). Apart from the 

production of PHB, other C3-C5 PHAs synthesized in R. eutrophus are directly related to the 

structure of the carbon source used. Thus, addition of 3-hydroxypropionate, 4-hydroxybutyrate, 

4-hydroxyvalerate, or 5-hydroxyvalerate to the growth media leads to synthesis of the 

corresponding PHA. 

Several Pseudomonas species have been reported to accumulate P(3HA) copolymers. In 1983 De 

Smet et al. found that P. oleovorans accumulated a polyester containing a 3-hydroxyoctanoate 

when grown on octane. This study was further extended by Lageveen et al. (1988) who 

demonstrated the accumulation of polymer containing two or more 3-hydroxyacids from single 

n-alkanes (C8 to C12) as the sole carbon source. P. oleovorans can incorporate a proportion of 

branched chain 3-hydroxyacids into PHA when 5-, 6-, or 7-methyloctanoate is provided as a 

cosubstrate with octanoic acid (Fritzsche et al., 1990). Other Pseudomonads, including P. putida 

can synthesize PHA copolymer containing C6-C14 monomers when grown on glucose, with the 

major constituent being 3-hydroxydecanoate (Haywood et al., 1990; Timm and Steinbüchel, 

1990). Other genera such as Sphaerotilus, Agrobacterium, Rhodobacter, Actinobacillus and 

Azotobacter have also been studied for PHA production by several investigators. Wild type 

isolates of bacterium Sphaerotilus natans, a typical inhabitant of activated sludge, produces 

P(3HB) up to 30% of the cell dry weight (Takeda et al., 1995). 

Rhodobacter sphaeroides has been studied for the formation of PHA from anaerobically treated 

palm oil mill effluent (Hassan et al., 1997). Rhodospirillum rubrum is capable of producing 

PHAs containing C4 to C6 3-hydroxy acids from a range (C2-C10) of n-alkanoic acids (Brandl 

et. al., 1989). Actinobacillus species strain EL-9 was studied for the conversion of the reduced 

sugar components in alcoholic distillery waste water to PHA (Song and Yoon, 1996). 

Azotobacter species accumulate a large amount of polymer. Azotobacter vinelandii UWD was 

studied for P(3HB) formation on complex carbon sources such as corn syrup, cane molasses 

(Page, 1989), fatty acids (Page et al., 1992) or swine waste liquor (Cho et al., 1997). Bacillus 

species have been shown to accumulate PHB during the sporulation of bacterial growth and have 
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been investigated for possible application in industry (Lee, 1996; Nickerson et al., 1981; Aslim 

et al., 2002). Recently, the biosynthesis of polyhydroxyalkanoates (PHAs) was studied, for the 

first time, in the thermophilic bacterium Thermus thermophilus, using sodium gluconate (1.5% 

w/v) or sodium octanoate (10 mM) as sole carbon sources (Anastasia et al., 2003). 

Whereas natural PHA producers have become accustomed to accumulating PHA during 

evolution, they often have a long generation time and relatively low optimal growth temperature, 

are often hard to lyse, and contain pathways for PHA degradation (Madison and Huisman, 1999). 

P(3HB) production with recombinant systems may be able to overcome these obstructions. For 

enhancing PHA synthetic capacity, homologous or heterologous expression of the PHA 

biosynthetic enzymes has been attempted (Lee and Choi, 2001). The first indication that P(3HB) 

could be synthesized in heterologous hosts was obtained when phb genes from R. eutropha were 

cloned in E. coli and directed the formation of P(3HB) granules (Peoples and Sinskey, 1989; 

Schubert et al., 1988). Recombinant E. coli has been considered a strong candidate as a PHB 

producer due to several advantages over wild type PHB producers, such as a wide range of 

utilizable carbon sources (Lee et al. 1997; Lee, 1998; Zhang et al., 1994; Ahn et al., 2001), PHB 

accumulation to a high content, fragility of cells allowing easy recovery of PHB (Choi and Lee, 

1999), and no degradation of PHB during fermentation due to the lack of intracellular 

depolymerases (Fidler and Dennis, 1992; Lee, 1997). However, the highest productivity obtained 

with recombinant E. coli was 3.4 g PHB/litre /hour (Wang and Lee, 1997b), considerably lower 

than that obtained with Alkaligenes latus (4.94 g PHB/litre/hour) (Wang and Lee, 1997a). One of 

the challenges of producing P(3HB) in recombinant organisms is the stable and constant 

expression of the phb genes during fermentation. Constitutive phb expression places a 

tremendous metabolic burden on the cell, retards cell growth, and often results in rapid selection 

of mutations that lead to loss of the PHB-producing phenotype (Zhang et al., 1994). Many 

strategies have been designed to reduce the problem of metabolic burden in recombinant E. coli 

(Balbas and Bolivar, 1990). Of these, the most frequently used methods are to regulate the 

expression of genes via a heterologous promoters or alternatively, to regulate expression by 

controlling gene dosage. Despite all these problems, the diversity of natural PHAs has rapidly 

been conferred to E. coli, and several short-side-chain- PHAs (ssc-PHAs) and medium-side-

chain PHAs (msc-PHAs) have been synthesized in recombinant bacteria, albeit with various 
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degrees of success. Since PHAs are not natural products of E. coli, the responses by high cell-

density culture to nutrient limitations that trigger subsequent feeds are unpredictable and 

optimization of fermentation systems for these recombinant organisms will remain a challenge. 

The first phb gene to be isolated was from Z. ramigera (Peoples et al., 1987). It was found that 

phbA and phbB form an operon,
 
while phbC is located elsewhere on the chromosome of 

Z. ramigera
 
(Peoples and Sinskey, 1989). Since the original discovery of these phb genes, many 

genes encoding enzymes from the PHA pathway have been cloned from different
 
organisms. 

Slater et al. (1988) and Schubert et al. (1988) have independently cloned and expressed in E. 

coli, the genes involved in the biosynthesis of PHB by R. eutropha. The recombinant strains of 

E. coli were capable of accumulating a substantial amount of PHB as intracellular granules. 

Cloning of various PHA biosynthesis genes not only has provided detailed information on the 

structure and organization of the PHA biosynthesis genes but also has allowed the creation of 

genetically engineered microorganisms for more efficient production of these biodegradable 

polymers and for the production of novel PHAs. 

The production of P(3HB) has been extensively investigated in batch cultures of the respective 

bacterium under different fermentation conditions. The pioneering study of P(3HB) fermentation 

was done by Macrae and Wilkinson in 1958. They found that the rate of P(3HB) accumulation in 

Bacillus megaterium increased as the ratio of glucose to NH4Cl increased. Subsequently, 

Schlegel et al., (1961) demonstrated that R. eutropha accumulated up to 65% of the total dry cell 

weight when chemolithotropic growth was limited due to ammonium consumption in a batch 

culture. Since R. eutropha accumulates a large amount of polymer in a simple glucose-salts 

medium (Kim et al. 1994) therefore it has been the focus of attention as a producer of PHB and 

was the production organism of choice for ICI in the development of commercial production 

facilities for P(3HB-3HV). Based on R. eutropha, the random copolymers, referred as Poly(3HB-

co-3HV), had properties that could be tailored to fit a wide range of material needs. As the 

biosynthetic pathways became better understood, the importance of oxygen and phosphorous 

starvation rather than nitrogen limitation in the growth medium made possible the attainment of 

yields of Poly(3HB-co-3HV) as high as 85-90% based on the dry weight of bacteria. A. latus has 

also been drawing much attention as a candidate for PHA production since it grows fast and 

accumulates PHA during growth without nutrient limitation (Hrabak, 1992). Since it can utilize 
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sucrose as a carbon source, cheap substrates such as raw sugar, beets, or cane molasses can also 

be used.   

Sasikala and Ramana (1996) summarized nutrient limiting conditions that led to PHA 

accumulation in different microorganisms. In addition to nitrogen, phosphorus, oxygen, and 

sulfate limitations, limitations of the following compounds also stimulate the accumulation of 

PHA: iron, magnesium, manganese, potassium, and sodium. According to Doi (1990), when 

growth conditions are unbalanced, acetyl-CoA cannot enter the tricarboxylic acid (TCA) cycle to 

obtain energy for cells due to high concentrations of NADH. According to Dawes (1990), the 

high concentration of NADH is resulted from the cessation of protein synthesis, a process closely 

coupled to ATP generation by electron transport chain, during nutrient limitation. The high 

concentrations of NADH inhibit enzyme citrate synthase, one of the key enzymes of the TCA 

cycle, leading to an increase in the level of acetyl-CoA. Acetyl-CoA is then used as substrate for 

PHA biosynthesis by a sequence of three enzymatic reactions. In addition, high intracellular 

concentrations of CoA inhibit enzyme 3-ketothiolase, one of the three enzymes of PHA 

biosynthesis. When the entry of acetyl-CoA to the TCA cycle is not restricted, free CoA is 

released as the acetyl moiety from citrate synthase  activity, i.e., acetyl-CoA is utilized, 

intracellular CoA concentration increases, and PHA synthesis is inhibited. PHA can serve as a 

carbon or energy source for microorganisms during starvation periods. 

PHAs have been considered one of the most promising biodegradable plastic because of its 

physical properties similar to petrochemical plastics and complete biodegradability. Commercial 

processes for PHA production were initially developed by W. R. Grace in the 1960, and later 

developed by Imperial Chemical Industries Ltd. (ICI), in the United Kingdom in the1970 and 

1980s. ICI started marketing BIOPOL in 1982. However, one of the problems hindering 

commercial application of PHA is the high production cost of PHA compared with 

petrochemically based polymers. According to Leaversuch (2002), cost is a stumbling block for 

synthetically derived biodegradable plastic materials when they are directly compared with their 

conventional counterparts From an economical point of view, the cost of substrate (mainly 

carbon source) contributes most significantly to the overall production cost of P(3HB) (Choi and 

Lee, 1997). To reduce the substrate cost, recombinant strains utilizing a cheap carbon source and 

corresponding fermentation strategies have been developed (Lee, 1996). 
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Shimizu et al. (1994) investigated the PHA production from R. eutropha H16 (ATCC 17699) fed 

with butyric and valeric acids. Optimum conditions for PHB production using butyric acid by 

this organism were at the concentration of 3 g/L butyric acid and pH of 8.0. PHV or other PHAs 

was not reported in this study. PHB content of 75 % was obtained under these conditions, while 

lower PHB contents were achieved when pH was kept at 8 and butyric acid concentrations were 

0.03, 0.3, 10 g/L, i.e., PHB contents were 44%, 55%, and 63%, respectively. When butyric acid 

was kept at 3 g/L, PHB content was lower as pH changed from the optimum value (pH 8). PHB 

contents of 53% and 58% were obtained at pH values of 6.9 and 7.5, respectively, while no 

production of PHB was obtained when pH was greater than 8.4. When propionic and butyric 

were used as substrates, 3HB-3HV copolymers were produced, however, the production of 

copolymers were lower than that of homopolymer produced by butyric alone. PHA content of 

48% and 35% were obtained as the fraction of valeric acid was increased to 40% and 100%, 

respectively. Steinbüchel and Pieper (1992) studied the production of PHB-PHV copolymer by 

R. eutropha strain R3 under nitrogen limitation. PHA contents were 47%, 35.7%, 29.5%, 21.5% 

and 43.2% when fructose, gluconate, acetate, succinate and lactate were used as a carbon source, 

respectively. PHV contents in the copolymer produced from this organism were in the range of 

4-7% from all substrates used.  

There have been several reports on the production of P(3HB) from cheap carbon sources by 

wild-type P(3HB) producers (Kim and Chang, 1998). Gouda et al., 2001 reported a Bacillus 

megaterium strain producing PHB to 40.8% of cell dry weight using sugar cane molasses and 

corn steep liquor as sole carbon and nitrogen sources. A. latus, a growth associated producer of 

PHB, grows readily on sucrose which is less expensive than the glucose-based media that are 

typically used in A. eutrophus fermentations (Grothe et al., 1999). However, the P(3HB) 

concentration and P(3HB) content obtained were  considerably lower than those obtained using 

purified carbon substrates. Several bacterial strains can produce P(3HB) from waste products 

(Cho et al.,1997). If waste product/stream can be used as a substrate for the production of 

P(3HB), combined advantages of reducing disposal cost and production of value-added products 

can be realized. A. vinelandii UWD is able to produce PHA without nutrient limitation. This 

strain was employed for the production of PHA from swine waste liquor, which is rich in organic 

and inorganic compounds. A. vinelandii UWD grew to 2.0 g dry cell weight/l with concomitant 
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production of P(3HB-co-3HV) up to 34% of dry cell weight in two-fold diluted swine waste 

liquor. When 30 g/l of glucose was supplemented, dry cell weight and P(3HB-co-3HV) content 

reached were 9.4 g/l and 58.3%, respectively. 

A different approach taken was metabolic engineering of non-PHA producing bacteria for the 

production of PHA from waste products. Whey is a major byproduct from the manufacture of 

cheese, representing 80-90% of the volume of milk transformed. It contains approximately 4.5% 

(w/v) lactose, 0.8% (w/v) protein, 1% (w/v) salts and 0.1-0.8% (w/v) lactic acid. Its high 

biological oxygen demand makes it difficult to dispose of. E. coli strains which were 

metabolically engineered by transforming with a plasmid containing the R. eutropha PHA 

biosynthesis genes were used for the production of P(3HB) from whey. Using shake flask 

cultures of metabolically engineered E. coli strain using whey as a nutrient, the P(3HB) 

concentration and P(3HB) content obtained were as high as 5.2 g/l and 81% of dry cell weight, 

respectively (Lee et al., 1997). 

In addition to the costs of maintaining pure cultures and the high costs of organic substrates, 

polymer recovery process is another factor that contributes to the high overall cost of PHA 

production. In the past 2 decades, several recovery processes have been investigated and studied 

in order to find an economic way to isolate and purify PHA. According to Doi (1990), Lee 

(1996), Steinbüchel (1996), and Braunegg et al. (1998), several methods have been used as a 

recovery process for PHA. These methods include solvent extraction, sodium hypochlorite 

digestion, and enzymatic digestion. In most cases, bacterial biomass is separated from substrate 

medium by centrifugation, filtration or flocculation. Then, the biomass is freeze dried 

(lyophilized). Basically, mild polar compounds, e.g., acetone and alcohols, solubilize non-PHA 

cellular materials whereas PHA granules remain intact. Non-PHA cellular materials are nucleic 

acids, lipids, phospholipids, peptidoglycan and proteinaceous materials. On the other hands, 

chloroform and other chlorinated hydrocarbons solubilize all PHAs. Therefore, both types of 

solvents are usually applied during recovery process. Finally, evaporation or precipitation with 

acetone or alcohol can be used to separate the dissolved polymer from the solvent.  

Solvent extraction is used on a small scale for laboratory experiments as well as on a large scale 

for commercial production. This method is a widely used method because it is applicable to 

many PHA producing microorganisms. However, a large amount of solvent is employed because 



54 

 

PHA solution is highly viscous. According to Lee (1996), approximately 20 parts of solvent is 

employed to extract 1 part of polymer. This requirement makes solvent extraction a costly 

method. PHAs are soluble in solvents, such as chloroform, methylene chloride or 1,2-

dicholoroethane. These 3 solvents can be used to extract PHA from bacterial biomass. In 

addition, other solvents were also reported to be used to extract PHA, e.g., ethylene carbonate, 

1,2-propylene carbonate, mixtures of 1,1,2-trichloroethane with water, and mixtures of 

chloroform with methanol, ethanol, acetone or hexane. Doi (1990) described a chloroform 

extraction method. PHA is extracted with a hot chloroform in a soxhlet apparatus for over 1 

hour. Then, PHA extracted is separated from lipids by precipitating with diethyl ether, hexane, 

methanol, or ethanol. Finally, PHA is redissolved in chloroform and further purified by 

precipitation with hexane. Ramsay et al. (1994) examined the recovery of PHA from three 

different chlorinated solvents (chloroform, methylene chloride, and 1,2-dichloroethane). They 

obtained the best recovery and purity when biomass was pretreated with acetone. The optimum 

digestion time for all three solvents was 15 minutes. Further digestion resulted in degradation in 

the weight molecular weight (MW) of PHA. The degree of recovery when the biomass were 

pretreated with acetone were 70, 24, and 66% when refluxed for 15 minutes with chloroform, 

methylene chloride, and 1,2-dichloroethane, respectively, whereas the level of purity of these 3 

solvents under these optimum conditions were 96, 95, and 93%, respectively. Temperatures used 

for these three solvents were 61, 40,and 83°C, respectively. The authors emphasized that 

extraction conditions have a great impact on the degradation of PHA during the recovery 

process. 

Sodium hypochlorite solubilizes non-PHA cellular materials and leaves PHA intact. Then, PHA 

can be separated from the solution by centrifugation. A severe degradation of polymers during 

sodium hypochlorite digestion is frequently reported. Berger et al. (1989) observed 50% 

reduction in the MW of the polymers when the biomass was digested with sodium hypochlorite 

(Lee, 1996). Because sodium hypochlorite is a strong oxidant, care has to be taken to select for 

suitable digestion conditions in order to maintain a high molecular weight of the polymers. 

Ramsay et al. (1990a) examined the PHA recovery process from R. eutropha using hypochlorite 

digestion with surfactant pretreatment. Two different surfactants were investigated: Triton X-100 

and sodium dodecyl sulfate (SDS). Improvements in purity and molecular weight can be 
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obtained by pretreating with surfactant prior to the extraction with sodium hypochlorite. They 

reported that surfactant removed approximately 85% of the total protein and additional protein 

(10%) was further removed by sodium hypochlorite digestion. They also stated that this method 

resulted in a high MW of extracted PHA and the recovery time was reduced when compared to 

surfactant-enzymatic treatment or solvent extraction. In addition, a native PHA granule could be 

maintained during this treatment, which allows PHA to be used for more diverse applications in 

comparison to solvent extraction method. Ramsay et al. (1990a) stated that the roles of surfactant 

are well understood. Generally, surfactant disrupts the phospholipid bilayer of the cell membrane 

and separates PHA granules from other cell materials. In addition, surfactant denatures or 

solubilizes proteins, i.e., facilitating the cell disruption (anionic surfactants, SDS, denature 

protein, whereas non-ionic surfactants, Tritox-100, solubilize protein). Chen et al. (1999) studied 

the recovery process of PHB from R. eutropha using a surfactant chelate aqueous system. They 

reported that the amount of surfactant used, the chelate-to-dry biomass ratio, pH, temperature, 

and treatment time determined the degree of purity and the level of recovery. However, only pH 

and temperature had an effect on the MW of the extracted PHB. The optimum conditions 

reported from their study were a surfactant-to-dry mass ratio of 0.12, a chelate-to-dry biomass 

ratio of 0.08, a pH value of 13, a temperature at 50°C, and a 10-minutes treatment time. A purity 

and recovery rate of 98.7 and 93.3% were obtained under the optimum conditions, respectively. 

The MW of the extracted PHB was 316,000 from an original MW of 402,000. Holmes and Lim 

(1990) stated that one disadvantage of using direct solvent extraction is that the high viscosity of 

the PHA solution prevents removal of residual biomass (Hahn et al., 1994). Hahn et al. (1994), 

however, recommended the method called dispersion with hypochlorite and chloroform. They 

claimed that this method removes most of the non-PHA cellular materials during hypochlorite 

digestion, which facilitates the separation of PHA from the cells. In addition, digestion with 

hypochlorite reduced the viscosity of the chloroform phase. Specifically, they investigated 

optimum conditions for PHA recovery from R. eutropha using dispersions of sodium 

hypochlorite and chloroform. The optimum conditions from their experiments were reported to 

be 90 minutes digestion time with 30% hypochlorite concentration and a chloroform-to-aqueous 

phase ratio of 1:1 (v/v). They obtained a degree of recovery of 91% and a level of purity of 

higher than 97%. The MW reported to be 1,020,000 compared to an original value of 1,272,000. 
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The melting temperature (MT) of the PHA, however, was not affected by the digestion methods. 

The MT of 176°C was obtained either from hypochlorite digestion or dispersion technique. They 

recommended that varying the concentration of hypochlorite and digestion time during the 

dispersion could vary the MW of the extracted PHA to obtain a desired one for a specific 

application. The roles of the solvents used were also summarized. Sodium hypochlorite caused 

the cells to disrupt, digested non-PHA cellular materials, reduced viscosity of the solvent 

solution, and acted as bleaching reagent. Chloroform was used to extract and purify PHA, and 

help protect PHA molecules from hypochlorite. The degradation of MW during the recovery 

process of PHA from R. eutropha using sodium hypochlorite was also observed in the study by 

Hahn et al. (1995). The degradation rate increased as the concentration of sodium hypochlorite 

increased. However, insignificant degradation of the MW was observed from the recombinant E. 

coli. When dispersion of sodium hypochlorite and chloroform was used, the change in MW and 

degree of purity were the same for these two microorganisms. When the biomasses were treated 

with sodium hypochlorite, the degree of purity obtained from R. eutropha and recombinant E. 

coli were 86 and 93%, respectively. The degree of purity increased grater than 98% when both 

organisms were treated with the dispersion technique. Roh et al. (1995) reported that adding an 

anti-oxidant, e.g., sodium bisulfate, improved the MW of PHB extracted. In addition, the degree 

of purity could be increased by increasing pH to 12 or adding surfactant. 

Due to the high cost of solvent extraction, the enzymatic digestion method was developed by ICI 

(Holmes and Lim, 1990). Steps of this process include thermal treatment (100-150°C) to lyse 

cells and denature nucleic acids, enzymatic digestion, and washing with anionic surfactant to 

solubilize non-PHA cellular materials. Finally, concentrated PHA from centrifugation is 

bleached with hydrogen peroxide. According to Steinbüchel (1996), ICI used a mixture of 

various enzymes during the enzymatic digestion step. These enzymes are lysozyme, 

phospholipase, lecithinase, proteinase alcalase and others. These enzymes hydrolyze most of the 

non-PHA cellular materials but PHA remains intact. Braunegg et a1. (1998) reported that ICI 

used proteolytic enzymes, e.g., trypsin, pepsin, and papain, and mixtures of those enzymes. 

Fidler and Dennis (1992) investigated a system to recover PHB granules from E. coli by 

expressing T7 bacteriophage lysozyme gene. The lysozyme penetrates and disrupts the cells, and 

causes PHB granules to be released. The system developed by Fidler and Dennis (1992) used a 
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separate plasmid and expressed it at a low level throughout the cell cycle. At the end of the 

accumulation phase, the cells were harvested and resuspended in the chelating agent, 

ethylenediaminetetraacetate. This activated the lysozyme to disrupt the cell structure and release 

PHA granules at the time that PHA accumulation reached the maximum. Triton X-100 was also 

added to assist the cell disruption. They reported the efficiency of lysis was greater than 99%. 

More recently, Rosch et al. (1998) studied the release and purification of PHB from E. coli by 

expressing the cloned lysis gene E of bacteriophage PhiX174 from plasmid pSH2 (E-lysis 

method). This method has been used to open cells and to release gene products. E-lysis causes 

cells to open and release PHB through the orifice of the transmembrane tunnel (40-200 mm. in 

diameter) produced during the process. The driving force to release PHB through the tunnel is 

the osmotic pressure different of the cytoplasm and the outside medium.  

PHB has some properties similar to polypropylene with three unique features: thermoplastic 

processability, 100% resistance to water, and 100% biodegradability (Hrabak, 1992). Booma et 

al. (1994) stated that PHB is an aliphatic homopolymer with a melting point of 179 °C and 

highly crystalline (80%). It can be degraded at the temperature above its melting point. 

According to de Koning (1995), Barham et al. (1984) reported that the molecular weight of PHB 

was decreased to approximately half of its original value when it was held at 190°C for 1 hour. 

PHAs can have physical properties that range from brittle and thermally unstable to soft and 

tough, depending upon their compositions, i.e., PHV/PHB ratios. The physical properties of 

PHB, e.g., crystallization, and tensile strength, depend on molecular weight, which is influenced 

by the strain of microorganism employed, growth conditions, and the purity of the sample 

obtained. Byrom (1990) summarized two major advantages of the PHB-PHV copolymer over the 

PHB homopolymer. Firstly, the copolymer has a lower melting point. However HV content in 

the copolymer does not significantly decrease temperature at which molecular weight 

degradation occurs. This important feature allows the copolymer to be processed with a larger 

range of temperature conditions. Secondly, it has a lower flexural modulus or level of 

crystallinity, which makes it tougher and more flexible. However, a disadvantage of having a 

low crystallization is that it takes a longer cycle time in the processing step, e.g., the injection 

moulding process (Hrabak, 1992). Booma et al. (1994) recommended that the PHV content 

could be varied to obtain composition for the appropriate application. Materials with high PHV 
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content tend to be soft and tough, while materials with low PHV content are hard and brittle. 

Fractions of PHV in the PHB-PHV copolymer ranging from zero to 30 % have been used by 

BIOPOL. 

The molecular weight of PHA in the range of 2x10
5
 to 3x10

6 has been reported in the literature 

(Lee, 1996).  High molecular weight of PHB is more useful and desirable for industrial 

applications. Bourque et al. (1995) stated that the molecular weight of PHB can be reduced 

during the polymer processing step. In addition, Lafferty et al. (1988) stated that some reduction 

of PHB molecular weight could occur during the biomass extraction process. Shimizu et al. 

(1994) found that the average molecular weight of PHB decreased as the concentration of butyric 

acid increased but pH had an insignificant effect on the average molecular weight. The highest 

average molecular weight of 3.3x10
6
 was obtained with a butyric acid concentration of 0.3 g/L, 

while the average molecular weight of 2x10
6
 was obtained at the optimum conditions for PHA 

production (butyric acid concentration of 3 g/L at pH 8). Molecular weights that ranged from 

1.6x10
6
 to 3.3x10

6
 were reported from this study. 

The ability to degrade PHA is widely distributed among bacteria and fungi (Kim and Rhee, 

2003) and depends on the secretion of specific extracellular PHA depolymerases (e-PHA 

depolymerases), which are carboxyesterases (EC 3.1.1.75 and EC 3.1.1.76), and on the physical 

state of the polymer (amorphous or crystalline) (Jendrossek and Handrick, 2002). 

1.1.10. Uses and applications of PHAs 

According to Lafferty et al. (1988), the possible applications of bacterial PHA is directly 

connected with their properties such as biological degradability, thermoplastics characteristics, 

piezoelectric properties, and depolymerization of PHB to monomeric D(-)-3-hydroxybutyric 

acid. The applications of bacterial PHAs have concentrated on 3 principal areas: medical and 

pharmaceutical, agricultural, and commodity packaging (Holmes, 1985; Huang et. al, 1990; 

Lafferty et al., 1988; Lee, 1996). Such applications require that PHA be produced at a constant 

and reproducible quality. To date this can be achieved best through bacterial production in 

continuous culture where growth conditions are kept constant (chemostat) (Zinn et al., 2001). 

According to Lafferty et al. (1988), the most advanced development of bacterial PHAs is in the 

medical field, especially pharmaceutical applications although they have a considerable potential 
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as consumer goods products. Another promising application that started appearing in the past 

decade is the use of PHAs as the solid substrate for denitrification of water and wastewater 

(Hiraishi and Khan, 2003). 

1.1.10.1. Medical and pharmaceutical applications 

The degradation product of P(3HB), D(-)-3-hydroxybutyric acid, is a common intermediate 

metabolic compound in all higher organisms (Lafferty et al., 1988 and Lee, 1996). Therefore, it 

is plausible that it is biocompatible to animal tissues and P(3HB) can be implanted in animal 

tissues without any toxicity. Some possible applications of bacterial PHAs in the medical and 

pharmaceutical applications include: biodegradable carrier for long term dosage of drugs inside 

the body, surgical pins, sutures, and swabs, wound dressing, bone replacements and plates, blood 

vessel replacements, and stimulation of bone growth and healing by piezoelectric properties. The 

advantage of using biodegradable plastics during implantation is that it will be biodegraded, i.e., 

the need for surgical removal is not necessary. 

1.1.10.2. Agricultural applications 

PHAs are biodegraded in soil. Therefore, the use of PHAs in agriculture is very promising. They 

can be used as biodegradable carrier for long-term dosage of insecticides, herbicides, or 

fertilizers, seedling containers and plastic sheaths protecting saplings, biodegradable matrix for 

drug release in veterinary medicine, and tubing for crop irrigation. Here again, it is not necessary 

to remove biodegradable items at the end of the harvesting season. 

1.1.10.3. Biodegradable commodity packaging 

According to Lafferty et al. (1988), PHB homopolymer and PHB-PHV copolymer have some 

properties, i.e., tensile strength and flexibility, similar to polyethylene and polystyrene. 

According to the authors, PHAs can be used in extrusion and moulding processes and blended 

with synthetic polymer, e.g., chlorinated polyethylene, to make heteropolymers. Also, small 

additions of PHA improve the property of some conventional polymers, e.g., addition of a small 

amount of PHA reduces the melt viscosity of acrylonitrile. Tsuchikura (1994) reported that 

―BIOPOL‖ with high PHV content is more suitable for extrusion blow moulding and extrusion 

processes, e.g., made into films, sheets, and fibres, while ―BIOPOL‖ with low PHV content is 

more suitable for general injection moulding processes. According to Lafferty et al. (1988), one 
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particular property of PHB films that make it possible to be used for food packaging is the 

relatively low oxygen diffusivity. Plastics produced from PHAs have been reported to be 

biodegraded both in aerobic and anaerobic environments (Page 1995). In summary, possible 

applications of PHAs for commodity goods include packaging films, bags and containers, 

disposal items such as razors, utensils, diapers, and feminine products. 

1.1.10.4. Water and wastewater treatment 

PHAs, as the solid substrate for denitrification of water and wastewater, termed here "solid-phase 

denitrification", has several advantages over the conventional system supplemented with liquid 

organic substrate. PHAs serve not only as constant sources of reducing power for denitrification 

but also as solid matrices favorable for development of microbial films. In addition, in contrast to 

conventional processes, the use of PHAs has no potential risk of release of dissolved organic 

carbon with the resultant deterioration of effluent water quality. If the production cost of PHAs 

can be brought down, its application to the denitrification process will become economically 

more promising. A number of PHA-degrading denitrifying bacteria have been isolated and 

characterized from activated sludge and continuous flow-bed reactors for denitrification with 

PHAs (Hiraishi and Khan, 2003). 

The knowledge of physiology, biochemistry and molecular genetics of PHA biosynthesis in 

bacteria provides sound basis for a thorough evaluation of the biochemistry and catalytic 

mechanisms of PHA synthesis. The formation of PHA inclusions in the cytoplasm and the design 

of pathways for the synthesis of known or novel PHAs, not only in recombinant bacteria but also 

in transgenic plants and other eukaryotic organisms would also be evaluated. 

The PHA biosynthesis genes were first identified, cloned, and characterized in Zoogloea 

ramigera by Peoples et al. (1987), and in Ralstonia eutropha by Schubert et al. (1988), Slater et 

al. (1988) and Peoples and Sinskey (1989b). Several more representatives of these genes have 

been identified and cloned in other organisms (Peoples and Sinskey 1989b, c, Huisman et al. 

1991, Liebergesell and Steinbüchel 1992, Timm and Steinbüchel 1992, Liebergesell and 

Steinbüchel 1993, Schembri et al. 1994, Schembri et al. 1995, Yabutani et al. 1995, Fukui and 

Doi 1997, Hein et al. 1998, Matsusaki et al. 1998, Umeda et al. 1998, Taroncher-olderberg et al. 

2000). Biosynthesis of P(3HB), the most extensively studied amongst PHAs, involves three 



61 

 

sequential enzymatic reactions catalyzed by three distinct enzymes. The first enzyme of the 

pathway, b-ketothiolase (encoded by phaA gene), catalyzes reversible condensation of two 

acetyl-CoA moieties to form acetoacetyl-CoA. NADPH dependent acetoacetyl- CoA reductase 

(encoded by phaB gene) subsequently reduces acetoacetyl-CoA to R-(-)- 3-hydroxybutyryl-CoA, 

which is then polymerized by the action of PHA synthase (encoded by phaC gene) to form PHB. 

In order to reduce the confusion over the years a nomenclature has been evolved to depict the 

genes involved in PHAs synthesis. Hence, genes encoding for enzymes involved in the 

biosynthesis of PHA are referred to in an alphabetical order as phaA (b- ketothiolase), phaB 

(acetoacetyl-CoA reductase), phaC (PHA synthase), phaG (3- hydroxyacyl-acyl-carrier protein-

coenzyme A transferase), phaJ (enoyl-CoA hydratase) and so on, whereas the genes required for 

the degradation are referred to in a reverse alphabetical order such as phaZ for PHA 

depolymerases, phaY, phaX, phaW, etc. The genes for phasins are referred to as phaP. The origin 

of a gene or a protein is indicated by the first letter of the genus and the species, which is added 

as a subscript (Rehm and Steinbüchel 1999). Thus PHA synthase gene, phaC, from Ralstonia 

eutropha will be depicted as phaCRe. 

Based on the data available for PHA synthesizing genes from various organisms, different types 

of arrangements of the genes on the genome have been observed (Madison and Huisman 1999, 

McCool and Cannon 2001). In Acinetobacter sp., Burkholderia sp., Alcaligenes latus, 

Pseudomonas acidophila and R. eutropha, the phaC, phaA and phaB genes are placed in tandem 

on the chromosome although not necessarily in the same order (Schembri et al. 1995, Peoples 

and Sinskey 1989a, b, Umeda et al. 1998, Madison and Huisman 1999, Rodrigues et al. 2000,). 

The genes may also be unlinked as phaAB and phaC loci in Paracoccus denitrificans, Rhizobium 

meliloti and Zoogloea ramigera (Peoples and Sinskey 1989c, Tombolini et al. 1995, Yabutani et 

al. 1995, Lee et al. 1996, Ueda et al. 1996). 

In Allochromatium vinosum (formerly called Chromatium vinosum), Thiocystis violacea, 

Thiocapsa pfennigii and Synechocystis the PHA polymerase is a two-subunit enzyme encoded by 

the phbE and phbC genes (Liebergesell and Steinbüchel 1992, Liebergesell and Steinbüchel 

1993, Hein et al. 1998, Liu and Steinbüchel 2000). But, the arrangement of PHA synthesizing 

genes is different amongst these organisms. In A. vinosum and T. violacea, phbAB and phbEC 

are in one locus but divergently oriented (Liebergesell and Steinbüchel 1992, Liebergesell and 
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Steinbüchel 1993). However, in Synechocystis pha genes are localized in different sections of the 

genome with arrangement similar to that in Z. ramigera (Taroncher-oldenburg et al. 2000). The 

pha loci in A. vinosum, P. acidophila, R. eutropha, R. meliloti and T. violacea have an additional 

gene, phaF, of a hitherto unknown function in PHA metabolism (Madison and Huisman 1999). 

The PHA synthase gene in Aeromonas caviae is flanked by phaJ encoding for Rspecific enoyl-

CoA hydratase (Fukui and Doi 1997). In msc-PHA producing P. oleovorans and P. aeruginosa, 

the pha loci contain two phaC genes separated by phaZ, which encodes an intracellular PHA 

depolymerase (Huisman et al. 1991, Timm and Steinbüchel 1992). In Bacillus megaterium the 

phaC gene is similar to that of A. vinosum in size and sequence. However, unlike phaCAv, 

phaCBm requires phaRBm for PHA accumulation, but not phaE (McCool and Cannon 1999, 

McCool and Cannon 2001). PhaRBm is probably an orthologous replacement for phaEBm. 

In Methylobacterium extorquens, Rhizobium etli and Rhodobacter sphaeroides only the PHA 

synthase gene (phaC) has been identified thus far (Hustede and Steinbüchel 1993, Valentin and 

Steinbüchel 1993, Cevallos et al. 1996, Ji-Hoe and Lee 1997). The PHA synthase gene of 

Rhodococcus ruber and Nocardia corallina is not clustered with genes encoding b-ketothiolase, 

NADPH dependent acetoacetyl-CoA reductase or PHA depolymerase (Pieper and Steinbüchel 

1992, Hall et al. 1998). In Chromobacterium violaceum and Comamonas acidovorans, phaC and 

phaA genes are arranged in an operon (Sudesh et al. 1998, Kolibachuk et al. 1999). 

Identification and characterization of PHA synthesizing genes from different organisms will help 

in in vitro and in vivo metabolic engineering for efficient biosynthesis of known as well as novel 

PHAs. Knowledge of new PHA synthase genes would also help to elucidate the evolution of 

PHA synthase genes (Hein et al. 1998). Furthermore, the availability of sequence information 

and the cloned phaC genes from different organisms makes possible the application of gene 

shuffling (Stemmer 1994) and directed evolution (Moore et al. 1997) to engineer new or 

improved PHA synthase(s) for the synthesis of novel biodegradable polymers. Insight gained at 

molecular genetic level will provide necessary tools for developing the biopolymer engineering 

approach to produce these materials in recombinant organisms and it would aid in their in vitro 

production as well. 
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In conclusion, the production of biodegradable polyesters on a large scale is limited because of 

the relative expensive of the substrate required, low polymer production per unit of substrate 

utilized, and the cost of maintaining axenic cultures. According to Yamane (1993), higher 

production costs, especially raw material costs, make it difficult for PHA biodegradable plastics 

to compete with conventional petroleum-base plastics in the commercial marketplace. Also, 

Byrom (1987) stated that although the fermentation technology and polymer extraction process 

have been improved, PHA production could not compete with synthetic plastics for large-scale 

production because of the high cost of fermenting substrate. Lee (1996) reported that the price of 

BIOPOL is $16/Kg, while the price of synthetic plastics is a lot less expensive, e.g., less than 

$1/Kg for polypropylene. A good candidate for PHA production would be a culture that can store 

high PHA concentrations while growing on an inexpensive growth substrate. Lee (1996) also 

suggested that the growth rate of a microorganism and its polymer synthesis rate are factors that 

should be considered when selecting a potential candidate of PHA production. Polymer recovery 

process is another factor that contributes to the high cost of PHA production. According to Lee 

(1996), extraction with solvent is the most commonly used method for the recovery process. Due 

to the high viscosities of PHA solutions, a large amount of solvent is used, i.e., 20 parts of 

solvent to extract 1 part of polymers. An enzyme-mediated extraction process is used by ICI 

because it does not significantly damage the molecular mass of PHA extracted (Page et al., 

1992). However, it is a costly process. Because of the high cost of substrate such as glucose and 

propionic acid, many microorganisms grown on cheap substrates have been investigated in order 

to reduce substrate expense.  

PHA production cost can be reduced by several means including the use of cheap substrates, 

especially carbohydrates such as sugars or molasses (Page, 1989, Zhang, 1994, Hepner, 1996). 

Page, et al. (1992) studied the production of PHA by A. vinelandii UWD using beet molasses and 

reported that the production cost using beet molasses was one-third of that of glucose. One of the 

most attractive approaches is to use heterologous microorganisms, such as Escherichia coli, 

(Langenbach, 1997, Qi, et al., 1997, 1998, Klinke, 1999, Kolibachuk, et al, 1999, Prieto, 1999) 

and Saccharomyces cervisiae (Poirier, et al., 2001) for PHA production. This is because using 

recombinant microorganisms for production of biopolymer has several potential advantages, 

including fast growth, a wide range of possible carbon substrates, well-understood genetics and 
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metabolic pathways, the availability of well established high-cell-density culture techniques, and 

possibly easier and less costly downstream processing techniques. E. coil holds promise as a 

source of economical PHA production because of its high productivity, the easy purification of 

PHA, and lack of depolymerase system degrading the synthesized polymer (Lee, 1996). 

However, the lack of stability of recombinant microorganisms is often a major drawback for the 

production of sufficient amount of PHA. Moreover, transgenic plants potential candidates for 

large-scale production at relatively low prices, if PHAs can amount to 20% to 40% of the dry 

weight (Poirier, et al., 1995, van der Leij, 1995). 
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2.0. M A T E R I A L S   A N D   M E T H O D S 

2.1. Screening and Isolation of PHB 

2.1.1. Microorganisms used in study 

Locally isolated Pseudomonas putida, Pseudomonas fluorescens, and Bacillus spp. were used for 

screening of PHB and E. coli strains e.g. DH5α and BL21 codon plus (BL21C
+
)were used as 

host for  transformation with plasmids, for PHB accumulation and expression studies. 

2.1.2. Plasmids used in study 

pTZ57R/T was used for TA cloning and  pET21a was used as an expression vector. 

2.1.3. Cultivation and Maintenance of Microorganisms 

The cultures were routinely propagated on Luria-Bertani (LB) agar. 

LB agar: 

Tryptone    1.0 g 

Yeast extract    0.5 g 

Sodium Chloride   1.0 g 

Distilled water    up to 100 mL 

Agar     1.5 g 

pH of medium was adjusted with 1N NaOH. The medium was autoclaved at 121
 o

C for 20 

minutes. LB broth was prepared with the ingredients mentioned above omitting the agar. 

After sufficient growth, the cultures were held at 4
 o
C until needed. 

Glycerol stocks were prepared as follows: each of bacterial strain was inoculated separately in 

20mL LB medium contained in 250mL shake flask. All the cultures were incubated overnight at 

37
o
C at 250-rpm shaking. When OD600 reached approximately 2.0, the cultures were mixed with 

an equal quantity of glycerol 50% (v/v) and then dispensed into cryostore vials, stored at -70
o
C 

freezer for future use. Purity of cultures was checked by Gram staining. 



66 

 

2.1.4. Screening of bacterial strains for the presence of Polyhydroxybutyrate 

Basterial colonies were grown on LB agar plates containing 0.5 µg/mL of Nile Red and 

visualized under UV light. The reddish tint present in some of the colonies indicated the presence 

of PHB granules in bacteria. On the basis of these observations PHB producing bacterial strains 

were selected for shake flask studies. Comparatively high quantities of PHB were produced form  

Bacillus Spp. so this was the only strain used for further experimentation.  

2.1.5. Gram’s staining 

Drop of the suspended culture was transferred on a clean glass slide with an inoculation loop to 

an even thin film over a circle of 1.5 cm in diameter. The culture was air-dried and fixed it over a 

gentle flame. Added crystal violet stain over the fixed culture for 40 to 60 seconds. Poured off 

the stain and gently rinsed the excess stain with water. Added the iodine solution on the smear 

for 40 to 60 seconds and poured off. Added a few drops of decolourizer (alcohol or acetone) and 

rinsed it off with water after 5 seconds. Counterstained with safranine solution for 40 to 60 

seconds. Washed off the solution with water. The slide was air dried and observed under 

microscope. 

2.1.6. Growth curve study 

The growth curves of bacterial cultures of Bacillus spp. were monitored spectrophotometrically 

by reading the optical density at 600 nm. A starter culture was prepared by inoculating a single 

colony from a freshly streaked LB plate into 10 ml of LB medium. The cultures were grown at 

37
o
C with vigorous shaking till the optical density (OD600) reached 1.0. One ml of starter culture 

was then transferred to 99 ml of the same medium and ―0‖ hour reading was noted in 

spectrophotometer at 600 nm against blank (uninoculated LB broth). Further photometric 

measurements of cell density were made with 1 h interval for 10 h and then with 6 h interval for 

rest of the 24 h (Tables 2.1). Finally the growth curve was plotted. 
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Table 2.1 Spectrophotometric measurement of cell density of Bacillus spp. 

 

Time  (hour) OD600 

0 0.027 

1 0.68 

2 0.585 

3 1.207 

4 1.680 

5 1.707 

6 1.786 

7 1.864 

8 1.939 

9 2.061 

16 2.305 

22 2.325 

24 2.325 

 

2.1.7. Optimization of cheap culture medium for PHB production 

In order to select best as well as cheap carbon and nitrogen sources, different media were used. 

The carbon sources employed were glucose, sucrose, starch and molasses. Yeast extract, 
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ammonium chloride, ammonium Sulphate and corn steep liquor were used as nitrogen sources 

(Table 2.2). Batch fermentations were carried out in 250ml Erlenmeyer flasks containing 90ml of 

medium. All the media were sterilized at 121
 o

C for 20 minutes and cooled to 30
 o

C prior to use. 

In all cases the pH was adjusted to 7.5 with 5N NaOH. Inoculum for each culture was prepared 

by inoculating a single colony from LB plate in 10ml LB broth and growing it for 6 to 8 h with 

shaking. The culture was then used to inoculate 90 ml of medium. All the media were incubated 

at 37
o
C and 250 rpm for 24 to 72 h. Polymer accumulation was monitored by Sudan Black 

staining. 
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Table2.2. Composition of culture media 

 

 

No. Composition of Media 

1 Luria Bertani broth (LB) 

2 LB+Glucose 2% 

3 LB+Sucrose 2% 

4 LB+Starch 2% 

5 Corn steep liquor (CSL) 1%+KH2PO4 0.05%+Sucrose 0.2% 

6 CSL 1%+KH2PO4 0.05%+ Sucrose  1% 

7 CSL 2%+KH2PO4 0.05%+ Sucrose  1% 

8 CSL 1% 

9 CSL 1%+yeast extract 0.5% 

10 CSL 1%+yeast extract 1% 

11 CSL 2% 

12 CSL 2%+yeast extract 0.5% 

13 CSL 2%+yeast extract 1% 

14 Corn steep liquor 4% 

15 Corn steep liquor 5% 
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2.1.8. Effect of inoculum size on PHB production 

In a set of experiments, the media 4%CSL and 5% CSL showing the maximum PHB 

accumulation was selected to study the effect of inoculum size on PHB production. Portions (10 

to 100 ml) of exponential phase culture grown in LB broth were used to inoculate 900 to 990 ml 

of medium. After inoculation flasks were incubated at 37ºC and 250 rpm for 48 h. the culture 

was then harvested, washed, dried and weighed. The PHB was recovered by dispersion method. 

2.1.9. Cell dry mass 

Biomass content was determined by gravimetry. Culture samples (10 ml) were centrifuged 

(6,000 rpm, 10 min, 4
 o

C), and the cell pellete was washed in deionized water, recovered (6,000 

rpm, 10 min, 4
 o
C), dried to constant weight (90 

o
C, 24 h) and weighed. 

2.1.10. Shake flask optimization experiments 

A set of experiments was performed in order to select the strain producing maximum PHB in the 

cheapest medium (4%CSL). Optimization was carried out in 250ml Erlenmeyer flasks containing 

90ml of medium. Growth medium (4%CSL) was sterilized at 121
 o

C for 20 minutes and cooled 

to 30
 o

C while prior to use. pH was adjusted to 7.5 with 5N NaOH. Inoculum for each culture 

was prepared by inoculating a single colony from LB plate in 10ml LB broth and growing it for 6 

to 8 hours with shaking. The culture was then used to inoculate 90 ml of medium. All the media 

were incubated at 37ºC and 250 rpm for 24 to 72 h. 

2.1.11. Large Scale fermentation (PHB production ) 

To check PHB production, batch fermentations were conducted in a 10L stirred tank fermentor 

(New England biolab, USA).  The medium used for fermentation was 4%CSL. The pH was 

adjusted to 7.5 with 5N NaOH. After dispensing the medium (9.5 L) in the fermentor tank it was 

autoclaved at 121
 o

C for 20 minutes and cooled to 37
o
C. Inoculum was grown in 25ml LB in 

250ml Erlenmeyer flask and transferred to 2
nd

 inoculum (475ml of 4%CSL) in 2L Erlenmeyer 

flask. Both the Inocula were grown overnight at 37ºC and 250 rpm. 2
nd

 inoculum was transferred 

to fermentor. Fermentation was carried out at 37ºC and 250 rpm for 48 hours. 
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Optical density, pH change and purity of culture were checked at various intervals. Polymer 

accumulation was monitored by Sudan Black staining. At the end of fermentation, the culture 

was harvested, washed, dried and weighed. Finally the polymer was recovered by dispersion. 

2.1.12. Staining for PHB and spores 

Accumulation of PHB granules inside the bacterial cells was detected by staining with Sudan 

Black B (Burdon, 1946). 

The culture was spreaded on a clean, grease-free slide, using the loop. The smear was air dried 

and then heat fixed by passing it horizontally through a small Bunsen flame 2-3 times. A few 

drops of 0.3% Sudan Black B solution in ethanol were placed on the fixed preparation. After 10 

minutes the slide was immersed in 70% ethanol until it is completely decolorized. The slide was 

flooded with counter stain, safranine (1% aqueous solution) for 30 seconds to one minute, gently 

rinsed with tap water and air dried. Approximate estimates of cell contents of PHB were made 

under oil immersion lens of microscope. The average number and size of the inclusions/cell were 

recorded in terms of an arbitrary scale of ‗+‘ signs. The scale ranged from ‗+‘ for an average of a 

few small inclusions/cell through ‗+‘ ‗++‘ for increasing number of large inclusions to ‗+++‘ for 

culture in which nearly all the cells were packed with masses of inclusions. 

Spores were stained with hot malachite green for 5 minutes, washed and counterstained with 

safranine for 30 seconds. 

2.1.13. Recovery of PHB 

PHB was extracted from cells using the Hahn et al. (1994) method with a slight modification. A 

1 g portion of dried cell mass (obtained as described above) was treated with a dispersion 

containing 50 ml of chloroform and 50 ml of 20% sodium hypochlorite. The cell mass was 

treated at 37
o
C for 90 min. the dispersion was centrifuged at 5,000 rpm for 20 minutes. Three 

phases were obtained. The upper phase was hypochlorite solution, the middle phase contained 

non-PHB cell materials and undisrupted cells, and the bottom chloroform phase contained PHB. 

First the hypochlorite solution was removed with a pipette and then the chloroform phase was 

obtained by filtration. The chloroform was evaporated, and the polymer was removed and 

weighed. 
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2.1.14. Biodegradation test 

PHB film was obtained by dissolving the PHB obtained in chloroform at 3% (w/w), spreaded in 

an aluminium tray followed by drying in a vacuum oven at 40°C for 24 h to obtain a constant 

weight. Equal quantity of soil was taken in four Petri dishes. One was sterilized at 121°C for 

20 minutes to be used as control sample. 

In order to monitor the effect of temperature the experiment was carried out at 28, 37, and 60°C. 

At predetermined intervals, polymer specimens were removed from the soil, cleansed, and dried 

in a vacuum oven. Dried films were weighed to calculate the weight loss. 
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2.2. Characterization of phbB gene 

2.2.1. Genomic DNA isolation 

Seed culture was grown in 10 ml LB broth by inoculation of 1 colony of LB agar plate of 

Bacillus spp. Grown overnight at 37 ºC. 10ml seed culture was diluted in 90ml LB broth and 

grown at 37ºC for 6-7 hours or when OD600 reached at 1.0. Centrifuged the 100ml culture at 

6500 RPM at 4 ºC for 5 minutes, discarded the supernatant. Washed pellet with 20ml TEN buffer 

(10mM Tris-HCl pH 7.6, 1mM EDTA, 10mM NaCl). Centrifuged again at 6500 RPM at 4 ºC for 

5 minutes. Supernatant was discarded and added 10ml SET buffer (20% Sucrose, 50mM EDTA, 

50mM Tris-HCl pH 7.6) to the pellet. 1ml of freshly prepared lysozyme (5mg/ml in TEN buffer) 

was added and incubated at 37 ºC for 30 minutes. Added 5ml of TEN buffer and 0.5ml of 25% 

SDS, inverted tube until lysis occurred. And incubated tube at 60ºC for 15min. mixture was 

cooled and added 1ml of 5M sodium chloride. DNA solution was treated with equal volume of 

phenol chloroform (1:1). Mixed well and centrifuged at 6500 RPM at 4ºC for 5minutes. Shifted 

aqueous layer in new tube and added equal volume of chloroform. Mixed well and centrifuged 

again at 6500RPM at 4ºC for 5mimutes. Transferred aqueous layer in new tube and DNA was 

precipitated by adding double volume of ice cold absolute ethanol. Spooled out DNA and rinsed 

with 70% ethanol dried and dissolved in deionized water. Analyzed on 0.8 % agarose gel. 

2.2.2. Quantification of genomic DNA 

2.2.2.1. Spectrophotometry of DNA 

The appropriate dilution of DNA was made and optical density (OD) was noted at both 260 nm 

and 280 nm. An OD of 1 at 260 nm corresponds to 50 µg/mL of double stranded DNA. So 

concentration was calculated using the formula 

µg/mL of nucleic acid= OD260   x  50  x  dilution factor     

      1000 

Purity of nucleic acid was calculated from the ratio of OD at 260 nm and 280 nm. Pure DNA 

sample has OD260/OD280 value of 1.8. 
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2.2.2.2. Mini gel quantification of DNA 

Through this method possibility of RNA in DNA samples can be analyzed. Quantity of DNA can 

be measured by comparing the intensity of DNA bands with DNA ladder having known 

concentration. 

2.3. Cloning of Acetoacetyl-CoA reductase (phbB) 

2.3.1. Primer designing 

Acetoacetyl-CoA reductase (phbB) gene sequences of Bacillus species were searched and 

downloaded from http://www.ncbi.nlm.nih.gov and aligned, primers (phbB F and phbB R) were 

designed from conserved regions. By using program oligo property calculator 

(http://www.unc.edu/~cail/biotool/oligo/) primers were checked for minimum possibilities of self 

priming loop formation, primer dimer. Quality of primers was also analyzed for melting 

temperature Tm, GC content, 3‘ and 5‘ end stability, which greatly affects the efficiency of PCR 

amplification. All primers were synthesized commercially by Gene Link USA. 

phbB F = CATATGACNACNTTRCARGGNAARGTNGCN 

phbB R = AGYATHTAYTAYATGTAYAARCCNCCN 

The underline bases in primer sequence are the site recognized by restriction endonuclease Nde1. 

2.3.2. PCR optimization 

The PCR conditions for phbB gene were optimized. For this purpose, PCR reactions were set 

with different magnesium concentrations, primers concentration, Taq polymerase units and 

annealing temperatures. After an extensive experimentation, the reaction conditions were set on 

which it was possible to amplify the template DNA with proper magnesium, Primer, Taq 

polymerase and annealing temperature conditions. 

PCR reaction mixture was prepared in sterile 200µL tube containing 100ng of Bacillus genomic 

DNA, 1X PCR buffer (75mM Tris-HCl pH 8.8 at 25 °C, 20mM (NH4)2SO4 and 0.01% Tween 

200), 50 mM KCl, 2.5 mM MgCl2, 200 µM dNTPs mixture (dATP, dTTP, dGTP, dCTP), 

100pmol of each of sense (forward) and antisense (reverse) primers and 2.5U of Taq polymerase. 

Total volume of each reaction mixture was adjusted to 25 µL with sterile distilled water. A 

http://www.ncbi.nlm.nih.gov/
http://www.unc.edu/~cail/biotool/oligo/
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negative control was also prepared containing all reaction components except the template DNA. 

Amplification was carried out in GeneAmp® PCR system ABI 2700 (Applied Biosystems. USA) 

thermal cycler at 95 °C for 5 minutes, 30 cycle of 45 seconds at 94 °C, 45 seconds at 53 °C and 1 

minute at 72 °C, final extension of 10 minutes at 72°C and final soak at 25 °C. After completion 

of PCR, the product was analyzed on 1% agarose gel as described by Sambrook and Russell, 

2001. 

2.3.3. Agarose gel electrophoresis 

Amplified products were analyzed on agarose gel. The agarose gel was prepared by mixing 0.3g 

of agarose with 30 mL 1X TAE buffer (40 mM Tris-Acetate, 1 mM EDTA pH 8.0. Mixture was 

heated in a microwave oven until no gel particle was seen, cooled to 55-60 °C, added ethedium 

bromide (0.5µg/mL), mixed gently and then poured into a gel casting plate. An appropriate comb 

was placed in the gel slot and gel was allowed to solidify at room temperature (~20-30 min). 

PCR product was concentrated on concentrator (eppendorf concentrator 5301) at 45°C for 10-15 

min, mixed with 6X loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% 

glycerol in water) in 5:1 (v/v) ratio. Electrophoresis was carried out at 100 volts in 1X TAE 

buffer. Gel was visualized on UV
TM

 Transilluminator. Image was captured and saved using 

Dolphin-DOC gel documentation system (WELTEC). The required fragment was sliced from gel 

and transferred to a sterile microfuge tube for purification of PCR product. 

2.3.4. Purification of PCR product from gel 

The DNA extraction from the agarose gel was carried out with GeneJET™ Gel Extraction Kit  

by Fermentas kit method. The agarose gel slice containing DNA was weighed and 3 volumes of 

DNA binding solution (6 M NaI solution) was added and incubated at 56ºC, until gel slice was 

dissolved completely, then added 10ul of silica bead suspension, mixed by inverting tube several 

times and incubated at 56ºC for 5 minutes. Centrifuged at 12,000 rpm for 1 minute and discarded 

supernatant. To the pellet added 500ul of ice cold wash buffer (5.3 mL of concentrated wash 

buffer/ 100 mL of absolute ethanol) and resuspended the pellet. Incubated at 56ºC for 5 minutes. 

Centrifuged again at 12,000 rpm for 1 minute and discarded supernatant. Repeated washing 3 

times. Discarded supernatant carefully and dried pellet. Added 50ul of sterile water to the dried 

pellet and incubated at 56ºC for 5 minutes. Centrifuged for 1 minute and transferred supernatant 
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in new tube. Added 50ul water again in pellet and repeated the process. Concentrated the 100ul 

eluted product to 20ul for ligation reaction. 2ul of 20ul was run on agarose gel to quantify the 

recovered amount as described above.  

2.3.5. Cloning of PCR product 

The cloning process involved following steps: 

2.3.5.1. Ligation in pTZ57R/T vector 

Taq polymerase has terminal deoxynucleotidyle transferase activity i.e. it adds extra adenine 

nucleotide at 3‘ end of PCR product. This dA overhang of PCR product helps in its cloning into 

linearized vector with 3‘ dT overhang. PCR product was ligated into  pTZ57R/T cloning vector 

supplied in PCR TA cloning kit (Fermentas Life Sciences). Gel purified PCR product was 

quantified both by spectrophotometry and mini gel procedure. The ligation mixture (30 µL) 

contained 1X ligation buffer (40 mM Tris-Cl pH 7.8 at 25 °C, 10 mM MgCl2, 10 mM DTT and 5 

mM ATP), 55ng pTZ57R/T vector, ~200ng (10 µL) PCR product and 5Units of T4 DNA ligase. 

The contents were mixed by finger flicking and centrifuged briefly. The ligation mixture was 

kept at 22 °C in a temperature controlled water bath (Poly Science Temperature Controller) for 

12-16 hours. Heat shocked at 65
 °

C for 10 minutes to stop the reaction. Stored at 4
 °

C until 

needed for transformation. 
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Fig. 2.1 pTZ57R/T vector showing restriction map. 

The vector is pre-cleaved with Eco321 to prevent recircularization of vector during ligation. 3‘-

ddT overhangs are added at both ends. 

2.3.5.2. Preparation of competent Escherichia coli cells 

A slightly modified method of Cohen and coworkers was used to make Escherichia coli cells 

competent by using CaCl2 (Cohen et al., 1972). The strain used was E. coli (DH5α). Overnight 

grown culture of Escherichia coli was inoculated (1%) to 50 mL sterile LB Broth (0.5% yeast 

extract, 1% trypton, 1% NaCl pH 7.4) and incubated at 37 °C with shaking in New Burnswich 

Orbital Shaker at 150 rpm. When the OD600 to 0.4-0.6, the culture was poured into sterile falcon 

tube and placed on ice for 15 min. The ice cold culture was centrifuged at 6,000 rpm for 5 min at 

4 °C in Eppendorf 5804 R centrifuge. The supernatant was discarded and pellet was resuspended 

in 20 mL of ice cold 50 mM CaCl2 and placed on ice for 40 min. Cells were again centrifuged at 

6000rpm for 5 min at 4 °C. Discarded supernatant and pellet was resuspended in 2 mL ice cold 

50 mM CaCl2 by gentle swirling. In order to check the purity, the cells were streaked on LB-agar 

plates. 100 µL aliquots of competent cells were taken out directly for transformation while the 

remaining cells were dispensed into 100 µL aliquots and stored in 30% glycerol at -80 °C. 
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2.3.5.3. Transformation of E. coli and blue white selection 

E. coli (DH5α) cells were transformed using recommended procedure (Sambrook and Russell, 

2001). 100 µL of competent cells were taken in sterile microfuge tube and mixed with 10 µL of 

ligation mixture and gently mixed. The tube was placed on ice for 40 min followed by a heat 

shock of 90 sec at 42 °C. Again placed on ice for 5 min and incubated at 37 °C shaker for 60 min 

at 100 rpm after adding 800 µL of LB- broth in it. Following incubation, cells were spread over 

LB-agar plate containing 100 µg/mL ampicillin, 80 µg/mL 5-bromo, 4-chloro 3 indol β-D 

galactoside (X-Gal) and 0.1 mM isopropyl thio β-D-galactoside (IPTG). 

The plates were incubated at 37 °C for 14-16 hours till the appearance of colonies. In case of TA 

cloning, positive transformants were identified by blue white screening. Presence of insert in 

plasmid vector was confirmed with restriction digestion with suitable restriction enzymes after 

isolating the plasmid DNA from transformants. Overnight grown cultures of positive 

transformants were stored at -80 °C in 15% (final concentration) glycerol. 

2.3.6. Confirmation of Transformation 

The verification of successful transformation involved following steps: 

2.3.6.1. Isolation of phb B/pTZ57R/T plasmid 

Plasmid isolation was carried out by alkaline lysis method, with minor modifications of the 

method of Brimboim and Doly (1979). 5 mL LB ampicilline broth was inoculated with a single 

colony of the transformant containing the plasmid of interest and incubated at 37 °C in New 

Brunswick Orbital Shaker with shaking at 100 rpm for overnight growth. Following incubation, 

1 ml of culture was stored at -80 °C as 20% glycerol stock, while the remaining was centrifuged 

at 12,000 rpm for 2 min at 4 °C in a microfuge to harvest the cells. The medium was removed by 

aspiration, leaving the bacterial pellet. The bacterial pellet was resuspended in 100 µL of GTE 

solution (50 mM Glucose, 25 mM tris-Cl pH 8.0 and 10 mM EDTA pH 8.0) and kept at room 

temperature  for 5 min. A 200 µL of freshly prepared NaOH-SDS solution (0.2 N NaOH and 1% 

SDS) was added and gently inverted few times to facilitate the lysis of bacterial cells. After 5 

min, 150 µL of ice cold potassium acetate solution (60 mL of 5M potassium acetate, 11.5 ml 

glacial acetic acid and 28.5 mL of water) was added. The mixture was vortexed and placed on 

ice for 10 min. Potassium acetate caused covalently close circular DNA to anneal rapidly while 
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chromosomal DNA and proteins formed complex and precipitated. The tubes were centrifuged at 

12,000 rpm for 5 min at 4 °C, upper aqueous layer containing nucleic acids was transferred to 

fresh tube. The double stranded DNA was precipitated with 2 volumes of ethanol at room 

temperature and centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant was removed by 

gentle aspiration. The pellet of double stranded DNA was washed with 500 µL of 70 % ethanol, 

air dried and then dissolved in 30 µL of deionized water. 1 µL of RNase (20mg/ml) was added 

and incubated at 37 °C for 30 min. 3 µL of dissolved DNA was run on 1% agarose gel to check 

recovery and concentration of plasmid DNA. 

2.3.6.2. Colony PCR 

Prior to colony PCR, well isolated white colonies were spotted on LB agar plates containing 100 

µg/ml ampicilline and plates grown at 37 °C till the colonies were visible in diameter of 1-2 mm. 

Four to eight white colonies and a blue colony were selected from the plate. For colony PCR, 25 

µL of amplification reaction mixture contained 1X PCR buffer (75mM Tris-HCl pH 8.8 at 25 °C, 

20mM (NH4)2SO4 and 0.01 Tween 200), 50 mM KCl, 2.5 mM MgCl2, 200 µM dNTPs mixture 

(dATP, dTTP, dGTP, dCTP), 100pmol of each of sense (forward) and antisense (reverse) 

primers and 2.5U of Taq polymerase. Volume was made up to 25 µl with deionized water. Single 

colony was picked from the plate and transferred to the PCR reaction mixture. The reaction 

mixture was incubated in a thermal cycler at 95 °C for 5 minutes, 30 cycle of 45 seconds at 94 

°C, 45 seconds at 53 °C and 1 minute at 72 °C, final extension of 10 minutes at 72°C and final 

soak at 25 °C. After completion of PCR, the product was analyzed on 1% agarose gel to examine 

the presence or absence of insert in different clones. 

 

2.3.6.3. Restriction digestion of recombinant plasmid 

Double digestion of plasmid DNA was performed with specific restriction endonuleases to 

confirm the presence of desired insert in plasmid. Cloning vector with phb B gene was digested 

with NdeI and EcoRI restriction endonucleases. Reaction mixture contained 1 µg plasmid DNA, 

2X Tango Y buffer (66 mM Tris-Acetate pH 7.9 at 37 °C, 20 mM magnecium acetate, 132 mM 

potassium acetate and 0.2 mg/mL boine serum albumin (BSA)), 10 Units of each restriction 

endonuclease and autoclaved water to make volume up to 15µL. Reaction mixture was mixed 
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gently, centrifuged and incubated overnight at 37 °C in heat block (Techi Heater Ori Block 08-

3). Cut DNA fragments were resolved on 1% agarose gel and analyzed under UV light after 

staining with ethidium bromide. 

2.3.7. DNA Sequencing 

2.3.7.1. Purification of recombinant plasmids 

A single bacterial colony was inoculated in 10 mL of LB medium and grown overnight at 37 °C 

and 100 rpm. The overnight grown culture was centrifuged at 10,000 rpm for 2 min at room 

temperature and the resulting pellet of bacterial cells was resuspended in 250 µL of resuspension 

solution followed by the addition of 250 µL lysis solution. The contents of tube were mixed by 

inverting the tube gently until the solution became viscous and slightly clear. Then 350 µL of 

neutralization solution was added and mixed gently by inverting the tube 4-6 times. The sample 

was centrifuged at 12,000 rpm for 5 min at room temperature. The pellet was discarded and the 

supernatant was applied to the GeneJET
TM

 spin column. The sample was centrifuged for 1 min 

and flow through was discarded. The GeneJET
TM 

spin column was washed by adding 0.5 mL of 

the wash solution (provided with the kit) and centrifuged for 1 min. The flow through was 

discarded and column was centrifuged for an additional 1 min to recover residual wash buffer. 

To elute DNA, the spin column was placed in a clean 1.5 mL mirofuge tube and 50 µL of 

sterilized water was added to the centre of the column. The column was allowed to stand for 1 

min and centrifuged for 1 min at 12,000 rpm. The quality and quantity of the purified DNA was 

determined by agarose gel electrophoresis. 

2.3.8. Sequence Analysis 

Sequencing was carried out to characterize the Acetoacetyl CoA Reductase (phb B). Plasmid 

DNA isolated from positive transformants was subjected to sequence analysis on ABI PRISM 

310 genetic analyzer. Sequencing was performed both in forward and reverse directions using 

M13 universal primers.  

2.3.8.1. Sequencing Reaction 

Sequencing PCR either with forward or reverse primer was performed. 10 µL reaction mixture 

contained 2 µl purified recombinant Plasmid DNA, 1 µl Big dye sequencing mix, 1 µl of (10 
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µM) Forward or Reverse Primer, 1 µl of 5x dilution buffer (Tris-HCl 400 mM pH 9.0, MgCl2 10 

mM) and 5 µl of deionized distilled water. Sequencing reaction was carried out at 3 min initial 

denaturation at 95°C,  30 cycles of 30 sec at 94°C, 20 sec at 50°C, 4 min at 60°C and final 

incubation at 60°C for 10 minutes followed by hold at 4°C until purified.  

2.3.8.2. Purification of Product for Sequencing on ABI 310 Genetic Analyzer 

Sequencing reaction was set up and precipitated using ethanol. 18.9 µl of 95% ethanol and 1.1 µl 

of dH2O was added to the 10 µl sequencing reaction to make the final concentration of ethanol 

up 60± 3%. Tubes were inverted a few times to mix and kept at room temperature for 15 min to 

precipitate the extended products. Centrifuged at 6000 rpm for 30min and supernatant was 

discarded by inverting the tube on a paper towel. 150 µl of 70% ethanol was added to tube to 

rinse the pellet, and centrifuged again at 6000 rpm for 20 min. Finally ethanol was discarded. 

Pellet was air dried and dissolved in 12 µl of deionized Hi-DiTM Formamide (ABI). Samples 

were denatured at 95°C for 5 min and quick chilled by placing on ice before loading on the ABI 

PRISM® 310 Genetic Analyzer. 

2.3.8.3. Analysis of DNA Sequences 

After run, the samples were analyzed using the ABI PRISM sequencing analysis software 

version 3.7. Sequence was analyzed manually by using Chromas software version (v1.45). The 

sequence was also blast against normal sequence by using either Nucleotide-nucleotide BLAST 

(blastn) or Nucleotide-protein BLAST (blastp). 

2.3.9.  Expression of Acetoacetyl-CoA reductase (phb B) 

2.3.9.1. Plasmid and host strain for expression 

pET expression system (pET-21a(+) containing T7 promoter was used to construct recombinant 

vectors for expression of acetoacetyl-CoA reductase (phbB) in E. coli BL21 CodonPlus (DE3)-

RIL. This strain contains extra copies of argU, proL, iluY and leuW tRNAs. Cells having 

recombinant plasmids were grown in different media having ampicilline at final concentration of 

100 µg/mL. 
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Fig. 2.2. pET-21a(+) vector showing Multiple cloning sites 

 

 

2.3.9.2. Construction of recombinant plasmids for expression of acetoacetyl-

CoA reductase (phb B) 
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2.3.9.3.Double restriction of recombinant plasmid phb B/ pTZ57R/T and pET 21a(+) 

Both pTZ-phb B and pET21a(+) were digested with same pair of restriction endonucleases. 

Reaction mixture contained 1 µg plasmid DNA, 2X Tango Y buffer (66 mM Tris-Acetate pH 7.9 

at 37 °C, 20 mM magnecium acetate, 132 mM potassium acetate and 0.2 mg/mL boine serum 

albumin (BSA)), 10 Units of each restriction endonuclease and autoclaved water to make volume 

up to 50µL. Reaction mixture was mixed gently, spun shortly and incubated at 37 °C in heat 

block (Techi Heater Ori Block 08-3) for 4 hours. Cut DNA fragments were resolved on 1% 

agarose gel. Desired DNA bands were cut under UV light after staining with ethidium bromide 

and DNA was eluted from gel. DNA was concentrated and 1-2 µL DNA was analyzed on 1.2% 

agarose gel to quantify. 

2.3.9.4. Plasmid pET21a (+) Preparation 

Competent cells of E. coli (DH5α) were prepared using the protocol mentioned in section 

2.3.5.2. The cells were transformed with 5 µL of pET21a (+) plasmid (about 10 µg of DNA), 

using procedure described in section 2.3.5.3.  

2.3.9.5. Ligation of phb B double restricted fragment in pET21a (+) expression vector 

5 µL of restriction plasmid (about 0.6 2 µg) was ligated with 2 µg of phb B (restriction digested 

from pTZ57R/T), The ligation conditions were same as explained in section 2.3.5.1. The 

competent cells of E. coli BL21 CodonPlus (DE3)-RIL were prepared as described in section 

2.3.5.2 and transformed. The only difference was that LB-agar plates contained 100 µg of 

ampicillin per mL of medium and no IPTG and X-gal. 

2.3.9.6. Induction of protein expression 

Single colonies from the control and experimental plates were randomly picked and inoculated in 

5 mL LB-medium containing 100 µg of ampicillin per mL. The tubes were incubated in a shaker 

adjusted at 37 °C and 100 rpm for 16 hrs. 1 mL of bacterial culture from each tube was 

transferred to 100 mL conical flask containing 10 mL LB-medium containing 100 mg of 

ampicillin per mL. The flasks were incubated till the OD at 600 nm was at 0.4 to 0.5 and IPTG 

was added to the later mixture to a final concentration of IPTG to 0.5 mM. The flasks were again 

incubated for 5 to 6 hrs, under the same conditions as above. 2 mL culture from each of the flask 
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was transferred to autoclaved 1.5 mL microfuge tube, centrifuged at 9000x g for 5 min at 20 °C. 

The supernatant were discarded and pellets were stored at -20 °C. The remaining culture (after 

withdrawing samples) was centrifuged at 6000 rpm for 10 min, washed and resuspended in 100 

μl 50 mM Tris-Cl pH 8.8. Cells were lysed with sonication. Centrifuged and supernatant was 

stored in separate tube. Pellet was resuspended in 50 mM Tris-Cl. Both supernatant and pellet 

were checked for the presence of protein in soluble or insoluble form respectively. 

2.3.9.7.Effect of temperature on expression of acetoacetyl-CoA reductase 

Transformed E. coli cells were grown at different temperatures to get highest expression of the 

gene and to fold the protein properly in vivo e. g. 30 °C 

2.3.9.8. Detection of the expression of Acetoacetyl CoA reductase (phb B) protein on SDS 

PAGE 

The cell pellets were resuspended in 100 µL 10 mM Tris-HCl buffer pH 6.8, 20 µL of 6x SDS-

PAGE sample Buffer was mixed. The sample was heat denatured for 5 min in a water bath at 95 

°C and centrifuged at 12000x g for 5 min at 20 °C.  

2.3.9.9. Solutions and reagents used in SDS-PAGE are as follows: 

1.5 M Tris-HCl, pH 8.8 

Trizma Base      181.65 g 

Deionized water     upto 1 L 

The pH was adjusted to 8.8 with concentrated HCl and volume was made upto 1 L. The solution 

was filtered through Whatman filter paper. 

 

0.5 M Tris-HCl, pH 6.8 

Trizma Base      6.05 g 

Deionized water     up to 100 ml 

The pH was adjusted to 6.8 with concentrated HCl and volume was made upto 100ml. The 

solution was filtered through Whatman filter paper. 
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SDS 10% 

SDS        10.0 g 

Deionized water      100 ml 

 

Ammonium Persulphate (APS) 10% 

APS        1.0 g 

Deionized water       10.0 ml 

 

Acrylamide/Bisacrylamide 

Acrylamide       30.0 g 

Bisacrylamide       0.8 g 

Deionized water             up to 100 ml 

The solution was filtered through Whatman filter paper and stored at 4
o
C in brown bottle. 

 

6X SDS sample buffer (10 ml): 

Glycerol       4.0 ml 

1 M Tris-HCl, pH 6.8      3.5 ml 

Bromophenol blue      0.02 g 

SDS         1.0 g 

β-mercaptoethanol      0.8 ml 

Water             upto 10 ml 
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Separating gel (15%) 

Deionized Water      2.2 ml 

Acrylamide/Bisacrylamide     5.0 ml 

(30%/0.8% w/v)   

1.5 M Tris-HCl, pH 8.8     2.6 ml 

SDS (10%)       100 μl 

APS        100 μl 

TEMED (N, N, N‘, N‘-Tetramethylethylene diamine) 5 μl 

Total volume       10 ml 

 

Stacking gel (5%): 

Deionized Water       3.5ml 

Acrylamide/Bisacrylamide     0.83 ml 

(30%/0.8% w/v)   

1.5 M Tris-HCl, pH 6.8     0.73 ml 

SDS        50 μl 

APS        50 μl 

TEMED       5.0 μl 

Total volume       5 ml  

 

Electrophoresis buffer 10X 

Glycine       150.5 g  

Trizma base       30 g 

SDS        10 g 
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Deionized water      up to 1.0 L     

 

Bio-Rad mini gel vertical electrophopresis apparatus was used to perform sodium dodecyl 

sulphate poly acrylamide gel electrophoresis as described by Laemmli, 1970. Acrylamide 

concentration for resolving gel was 15% and for stacking gel 5%. The resolving gel was poured 

in the glass slabs and after polymerization of gel stacking gel was applied with comb, the comb 

was carefully removed after polymerization and the wells were washed with 1x Tris-glycine 

buffer. The cassette containing the polymerized gel was set into the electrophoresis apparatus 

and 1x Tris-glycine buffer was applied in the upper and lower reservoir. The protein samples 

(10-15 µg) were loaded into the gel and the electrophoresis process was started at 60 volts for 15 

min. The voltage was then increased to 85 volts and electrophoresis process was carried out until 

the bromophenol blue dye had reached the bottom of the resolving gel. The gel was removed 

from glass plates and stained in coommassie Brilliant Blue R-250 staining solution for 30 min. 

The gel was then immersed in destaining solution until the backgroung of the gel became clear. 

The gel was photographed by Vilber Lourmat gel documentation system. The protein patterns 

were observed. 

2.3.9.10. Protein estimation 

Protein concentration was estimated by dye-binding method of Bradford using BSA as standard 

(Bradford, 1976). The dye binding reagent was prepared by dissolving 100 mg of Coomassie 

brilliant blue G250 in 50 mL ethanol and 100 mL Ortho-phosphoric acid. Volume was made up 

to 1 litre with distilled water and the reagent was filtered twice before use. For assay, 

appropriately diluted protein sample was mixed with 5 mL dye-binding reagent and incubated at 

room temperature for 10-15 min prior to absorbance measurements at 595 nm. A standard curve 

was thereafter plotted with known concentrations of BSA and used to calculate the concentration 

of protein in the test samples. 

2.3.9.11. Purification of recombinant acetoacetyl-CoA reductase (phb B) 

The recombinant phb B was produced on large scale using shake flask method. 500 mL LB-

medium was autoclaved in a 2 litre conical flask, inoculated with 10 mL culture grown from a 

single colony of BL21 CodonPlus (DE3) cells transformed with plasmid. The flask was 
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incubated in a shaker at 100 rpm, 37 °C till tha absorbance of culture at 600 nm was 0.4-0.6. The 

culture was induced with 0.5 mM IPTG and incubated as above for 5 hours. The O. D. 600 nm of 

final culture was 1.5-1.8. The culture was centrifuged at 6000 rpm for 10 min at 4 °C. 

Resuspended pellet in 20 mL of 50mM Tris-Cl pH 8.8. The cells were disrupted by sonication 

and centrifuged at 6000 rpm for 10 min at 4 °C. The supernatant was separated and made 70% 

saturated by adding ammonium sulphate at 4 °C, mixed for 20 min by stirring gently and allowed 

to settle down for 15 min in an ice box. The mixture was centrifuged at 12000 rpm and 4 °C for 

20 min. Centrifuged and discarded supernatant. The precipitate was dissolved in ice chilled 

phosphate buffer (pH 7.5) and dialyzed in the same buffer.  

Clear dialyzate was loaded on to the column at a flow rate of 5 mL per min. The column was 

washed with phosphate buffer (pH 7.5) to remove the unbound proteins. Bound proteins were 

eluted with 0.0 to 0.5 M NaCl linear gradient. Fractions were collected and analyzed for enzyme 

activity and subjected to SDS-PAGE. The fractions with reasonably high specific activity were 

pooled together and concentrated. The final solution was stored at -20 °C as 20% glycerol stock 

for future use.  

2.3.9.12. Gel Filtration 

Size exclusion chromatography of purified recombinant phb B was carried out on an FPLC 

column. The column Superdex 200, with a bed volume of 24 mL, void volume (VO) 8 mL, 

column volume 25 mL and particle size 13 µm was used in the process. 50 mM sodium 

phosphate buffer pH 7.5 containing 150 mM NaCl was used as an elution buffer and flow rate 

was maintained at 400 µL per min. 

2.3.10. Enzyme Activity Assay of phb B (Acetoacetyl CoA Reductase) 

The assay method is based on the reaction in which acetoacetyl-CoA is converted to D(-)-β-

hydroxybutyryl-CoA by NADPH according to equation below: 

 

acetoacetyl-CoA + NADPH
   

  D(-)-β-hydroxybutyryl-CoA+NADP
+ 

 + H
+
 

 

Enzyme activity (U per 

mL) 
Acetoacetyl –CoA reductase 
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The assay was performed according to the method of Senior and Dawes (1973). 1 mL reaction 

mixture contained  25 μl of Enzyme extract (Acetoacetyl CoA reductase) in 500 μl Potassium 

phosphate buffer (pH 5.5) containing 24 mM MgCl2 and 1 mM dithiothreitol, 25 μl of freshly 

prepared NADPH (10 mM) and 445 μl deionized water. The cells containing the reagents were 

placed in a spectrophotometer (SHIMADZU BioSpec-1601) equipped with a temperature control 

device. After 5 min of equilibration at 25 °C, The reaction was started by adding 5 μl 

Acetoacetyl CoA (7mM). 

The change in absorbance at 340 nm was monitored, generally for 5 min. The amount of 

acetoacetyl-CoA consumed per minute was calculated by Beer-Lambert Law, which gives the 

relationship of absorbance (at λ maximum) with extinction coefficient and molar concentration 

of the substance under spectrophotometric analysis. It is shown by the equation below: 

 

A=ϵCL 

Where,  

A = Absorbance change per min at 340 nm 

ϵ = Molar extinction coefficient 

C = Concentration of NADPH 

L = Path length of cell (in cm) 

According to the reaction equation above, the amount of NADPH consumed (µ moles) is equal 

to the amount of acetoacetyl-CoA consumed per reaction mixture. 

One unit is the amount of enzyme that catalyzes the conversion of one micromole of acetoacetyl-

CoA per minute at 25 °C and pH 5.5. The protein content of the solution was calculated by using 

dye-binding method of Bradford.  The specific activity was calculated using the following 

formula: 

Specific activity (U per mg of protein) =        

   

 Enzyme activity (U per mL) 

     Protein content (mg) 
 

     Protein content (mg) 
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2.3.10.1. Effect of pH on phb B (Acetoacetyl CoA reductase) 

To determine the effect of pH variation on the activity of purified phb B (Acetoacetyl CoA 

reductase), buffer solutions of specific pH were prepared e.g potassium phosphate buffer (at pH 

5, 6 and 7), Tris-Cl buffer (at pH 7, 8 and 9) and Bicarbonate-NaOH buffer (at pH 9, 9.3, 10 and 

11).  

2.3.10.2. Effect of temperature on activity and stability of purified phb B (Acetoacetyl CoA 

reductase). 

To determine the stability of purified acetoacetyl CoA reductase the enzyme was incubated for 5 

min at different temperatures ranging from 15 °C to 50 °C and the activity was measured 

immediately after incubation. 

2.3.10.3. Effect of substrate (Acetoacetyl-CoA) concentration on the activity of acetoacetyl 

CoA reductase and calculation for Km and Vmax 

The enzyme activity was measured, keeping the NADPH concentration constant and by 

changing the concentration of acetoacetyl CoA. The values for Km and Vmax were calculated with 

Line-Weaver Burk plot. 

2.3.11. Sequence analysis and molecular modeling 

2.3.11.1. Alignment 

The alignment of amino acid sequence of the recombinant acetoacetyl-CoA reductase with other 

acetoacetyl-CoA reductases was done by using NCBI BLAST at 

http://blast.ncbi.nlm.nih.gov/Blast . Aminoacid composition, molecular mass calculation and 

theoretical PI of the proteins were carried out using Expasy program available at 

www.expasy.org.  

2.3.11.2. Prediction of secondary structure and 3D modeling 

The 3D models of acetoacetyl-CoA reductase was constructed on the basis of standard homology 

modeling protocol. Homology with different sequences, whose 3D structures were available in 

http://blast.ncbi.nlm.nih.gov/Blast
http://www.expasy.org/
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the Protein Data Bank (PDB), was found. Homologue structures were also found from ExPdb 

(modified PDB database) by submitting the query sequences to Swiss Model Server (Jones, 

1999).  

2.4. Cloning of PHB synthase (phb C) 

2.4.1. Primer designing 

The genomic DNA isolated from Bacillus spp was used as template for the amplification of the 

PHB synthase (phb C). Forward and reverse primers were designed from the DNA sequence 

information available in the NCBI database. Primers (phbC F and phbC R) were designed from 

conserved regions. properties of primers were checked by using program oligo property 

calculator (http://www.unc.edu/~cail/biotool/oligo/). The primers sequences are: 

phbC F = GAATTCGAYGGNAAYTCNTTRCGNG 

phbC R = CTNTTRTCNCARCCNCGNYTNTAYTTYA 

The underline bases in primer sequence are the site recognized by restriction endonuclease 

EcoR1. 

2.4.2. PCR amplification 

The PCR conditions for phb C gene were optimized and PCR reaction mixture was prepared in 

sterile 200µL tube containing 100ng of genomic DNA, 1X PCR buffer (75mM Tris-HCl pH 8.8 

at 25 °C, 20mM (NH4)2SO4 and 0.01 Tween 200), 50 mM KCl, 2.5 mM MgCl2, 200 µM dNTPs 

mixture (dATP, dTTP, dGTP, dCTP), 100pmol of each of sense (phbC F) and antisense (phbC 

R) primers and 2.5U of Taq polymerase. Total volume of each reaction mixture was adjusted to 

25 µL with sterile distilled water. The reaction mixture was incubated in thermal cycler at 95 °C 

for 5 minutes, and the underwent 30 amplification cycle of 45 seconds at 94 °C, 45 seconds at 53 

°C and 1 minute at 72 °C, followed by final incubation of 10 minutes at 72°C. The PCR product 

was then analyzed by 1% agarose gel electrophoresis. The PCR amplified DNA was purified 

from agarose gel as described before. 

2.4.3. Cloning of PCR product 

http://www.unc.edu/~cail/biotool/oligo/
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Purified PCR amplified gene fragment was quantified and about 300 ng of product was ligated 

into pTZ57R/T plasmid using T4 DNA ligase. LB-medium and competent cells of E. coli 

(DH5α) were prepared. The competent cells were transformed with ligation mixture. The 

transformed colonies were selected on the basis of blue-white colour. The presence of the PHB 

synthase (phb C) in the cloned plasmid was confirmed by colony PCR before plasmid isolation. 

The resulting recombinant plasmid was named phb C/pTZ57R/T. Plasmids were purified and 

restricted with EcoRI and SalI. Sequencing was performed with purified plasmids. The 

procedures and reaction conditions were same as decribed before. 

2.4.4. Sequence analysis and Protein structure prediction 

Sequence data analyses including nucleotide and amino acid sequences and molecular weight 

and isoelectric point calculations were performed by using www.expasy.org. Nucleotide 

sequence of PHB synthase was utilized to deduce protein sequence. The amino acid sequence 

was utilized to deduce protein sequence. The amino acid sequence was utilized for similarity 

search through Blast at NCBI selecting non-redundant database. Sequence was modeled utilizing 

Swiss Model (Schwede et, al. 2003). 

2.4.5. Expression of PHB synthase (phb C) 

Phb C/pTZ57R/T plasmid was digested with EcoRI-SalI and resolved on agarose gel. The gene 

fragment was purified from the gel and ligated with expression vector pET21a(+) which was also 

digested with the same restriction enzymes using the same procedure as above. Transformation 

of E. coli (DH5α) cells was performed as described previously. Transformants were selected on 

selection plate containing 100 µg/mL ampicillin. plasmid DNA from these transformants was 

isolated and presence of the PHB synthase gene was confirmed by digesting the recombinant 

plasmids with EcoRI-SalI.  The resulting plasmid was named phb C/pET21a.  

The plasmid phb C/pET21a was used to transform E. coli BL21 CodonPlus (DE3)-RIL. Single 

colonies from the control and experimental plates were randomly picked and inoculated in 5 mL 

LB-medium containing 100 µg of ampicillin per mL. The tubes were incubated in a shaker 

adjusted at 37 °C and 100 rpm for 16 hrs. 1 mL of bacterial culture from each tube was 

transferred to 100 mL conical flask containing 10 mL LB-medium containing 100 mg of 

ampicillin per mL. The flasks were incubated till the OD at 600 nm was at 0.4 to 0.5 and IPTG 

http://www.expasy.org/
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was added to the later mixture to a final concentration of IPTG to 0.5 mM. The flasks were again 

incubated for 5 to 6 hrs, under the same conditions as above. 2 mL culture from each of the flask 

was transferred to autoclaved 1.5 mL microfuge tube, centrifuged at 9000x g for 5 min at 20 °C. 

The supernatant were discarded and pellets were stored at -20 °C. The remaining culture (after 

withdrawing samples) was centrifuged at 6000 rpm for 10 min, washed and resuspended in 100 

μl 50 mM Tris-Cl pH 8.8. Cells were lysed with sonication. Centrifuged and supernatant was 

stored in separate tube. Pellet was resuspended in 50 mM Tris-Cl. Both supernatant and pellet 

were checked for the presence of protein in soluble or insoluble form respectively. 

2.4.5.1. Detection of the expression of PHB synthase (phb C) protein on SDS PAGE 

The cell pellets were resuspended in 100 µL 10 mM Tris-HCl buffer pH 6.8, 20 µL of 6x SDS-

PAGE sample Buffer was mixed. The sample was heat denatured for 5 min in a water bath at 95 

°C and centrifuged at 12000x g for 5 min at 20 °C.  

Bio-Rad mini gel vertical electrophopresis apparatus was used to perform sodium dodecyl 

sulphate poly acrylamide gel electrophoresis as described by Laemmli, 1970. Acrylamide 

concentration for resolving gel was 15% and for stacking gel 5%. The resolving gel was poured 

in the glass slabs and after polymerization of gel stacking gel was applied with comb, the comb 

was carefully removed after polymerization and the wells were washed with 1x Tris-glycine 

buffer. The cassette containing the polymerized gel was set into the electrophoresis apparatus 

and 1x Tris-glycine buffer was applied in the upper and lower reservoir. The protein samples 

(10-15 µg) were loaded into the gel and the electrophoresis process was started at 60 volts for 15 

min. The voltage was then increased to 85 volts and electrophoresis process was carried out until 

the bromophenol blue dye had reached the bottom of the resolving gel. The gel was removed 

from glass plates and stained in coommassie Brilliant Blue R-250 staining solution for 30 min. 

The gel was then immersed in destaining solution until the backgroung of the gel became clear. 

The gel was photographed by Vilber Lourmat gel documentation system. The protein patterns 

were observed. 

2.4.5.2. Protein estimation 

Protein concentration was estimated by dye-binding method of Bradford using BSA as standard 

(Bradford, 1976).  
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2.4.5.3. Purification of recombinant PHB synthase (phb C) 

The recombinant phb C was produced on large scale using shake flask method. 500 mL LB-

medium was autoclaved in a 2 litre conical flask, inoculated with 10 mL culture grown from a 

single colony of BL21 CodonPlus (DE3) cells transformed with plasmid. The flask was 

incubated in a shaker at 100 rpm, 37 °C till the absorbance of culture at 600 nm was 0.4-0.6. The 

culture was induced with 0.5 mM IPTG and incubated as above for 5 hours. The O. D. 600 nm of 

final culture was 1.5-1.8. The culture was centrifuged at 6000 rpm for 10 min at 4 °C. 

Resuspended pellet in 20 mL of 50mM Tris-Cl pH 8.8. The cells were disrupted by sonication 

and centrifuged at 6000 rpm for 10 min at 4 °C. The supernatant was separated and made 45% 

saturated by adding ammonium sulphate at 4 °C, mixed for 20 min by stirring gently and allowed 

to settle down for 15 min in an ice box. The mixture was centrifuged at 12000 rpm and 4 °C for 

20 min. Centrifuged and discarded supernatant. The precipitate was dissolved in ice chilled 

phosphate buffer (pH 7.5) and dialyzed in the same buffer.  

Clear dialyzate was loaded on to the column at a flow rate of 5 mL per min. The column was 

washed with buffer phosphate buffer (pH 7.5) to remove the unbound proteins. Bound proteins 

were eluted with 0.0 to 0.4 M NaCl linear gradient. Fractions were collected and analyzed for 

enzyme activity and subjected to SDS-PAGE. The fractions with reasonably high specific 

activity were pooled together and concentrated. The final solution was stored at -20 °C as 20% 

glycerol stock for future use.  

2.4.5.4. Gel Filtration 

Size exclusion chromatography of purified recombinant phb C was carried out on an FPLC 

column. The column Superdex-200, with a bed volume of 24 mL, void volume (VO) 8 mL, 

column volume 25 mL and particle size 13 µm was used in the process. 50 mM sodium 

phosphate buffer pH 7.5 containing 150 mM NaCl was used as an elution buffer and flow rate 

was maintained at 400 µL per min. Fractions with high enzyme activity were combined and 

analyzed on 15% SDS-PAGE. 

2.4.6. Enzyme Activity Assay of PHB synthase (phb C) 

Polyhydroxyalkanoate synthase (PHA) from Bacillus spp. catalyzes the conversion of 3-

hydroxybutyryl-CoA (HB-CoA) to polyhydroxybutyrate (PHB) and CoA. 
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3-Hydroxybutyral-CoA       PHB 

 

A discontinuous assay based on a previously published method (Müh et al., 1999) was used to 

determine activity of PHA synthase by use of dithionitrobenzoic acid (DTNB) to determine 

levels of free CoA. Final reaction volume was 1ml with the following components: 100 mM 

Tris-HCl, pH 8.0; 1 mM hydroxybutyryl-CoA substrate; and 40 μl of enzyme extract. Assay was 

performed at 37 °C. 50 μl samples were removed at various time points and immediately 

quenched with 50 μl of 1.0% trichloroacetic acid in 100 mM Tris-HCl, pH 8.0. This sample was 

centrifuged for 1 min for removal of any precipitates, , 95 μl of the supernatant was removed and 

combined with 905 μl of 100 mM Tris-HCl (pH 8.0) containing 1 mM DTNB, and absorbance at 

412 nm was monitored. The concentration of CoA was calculated by Beer-Lambert Law, using 

the extinction coefficient (412 nm) of 13,600 cm
-1

M
-1

. One unit was defined as the amount of 

enzyme required to convert 1 mmol of substrate in 1 min. 

Beer-Lambert Law, gives the relationship of absorbance (at λ maximum) with extinction 

coefficient and molar concentration of the substance under spectrophotometric analysis. It is 

shown by the equation below: 

A=ϵCL 

Where,  

A = Absorbance change per min at 412 nm 

ϵ = Molar extinction coefficient 

C = Concentration of CoA 

L = Path length of cell (in cm) 

 

HSCoA 

Synthase (Phb C) 
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The protein content of the solution was calculated by Bradford method.  The specific activity 

was calculated using the following formula: 

    

 Specific activity (U per mg of protein) =       

   

2.4.6.1. Effect of pH on PHB synthase (phb C) 

To determine the effect of pH variation on the activity of purified phb C (PHB synthase), buffer 

solutions of specific pH were prepared e.g potassium phosphate buffer (at pH 5, 6 and 7), Tris-Cl 

buffer (at pH 7, 8 and 9) and Bicarbonate-NaOH buffer (at pH 9, 9.3, 10 and 11).  

 

2.4.6.2. Effect of temperature on activity and stability of purified phb C (PHB synthase). 

To determine the stability of purified PHB synthase (phb C) the enzyme was incubated for 5 min 

at different temperatures ranging from 20 °C to 75 °C and the activity was measured 

immediately after incubation with the assay method. The effect of temperature on the enzyme 

activity was determined by adjusting the temperature of reaction mixture at varying temperatures 

ranging from 20 °C to 60 °C. 

2.4.6.3. Effect of substrate (hydroxybutyryl-CoA) concentration on the activity of PHB 

synthase and calculation for Km and Vmax 

The enzyme activity was measured by changing the concentration of hudroxybutyryl-CoA. The 

values for Km and Vmax were calculated with Line-Weaver Burk plot. 

2.4.7. Sequence analysis and molecular modeling 

The alignment amino acid sequence of the recombinant PHB synthase with other PHB synthases 

was done by using NCBI BLAST. Amino acid composition, molecular mass calculation and 

theoretical PI of the proteins were carried out using tools available at www.expasy.org. 

2.4.7.1. Prediction of secondary structure and 3D modeling 

Enzyme activity (U per mL) 

     Protein content (mg) 

http://www.expasy.org/
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The 3D model of PHB synthase was constructed on the basis of standard homology modeling 

protocol. Homology with different sequences, whose 3D structures were available in the Protein 

Data Bank (PDB), was found. Homologue structures were also found from ExPdb (modified 

PDB database) by submitting the query sequences to Swiss Model Server.  

2.5. In vitro Enzymatic Synthesis of PHB. 

In vitro reaction for synthesis of PHB was performed slightly modified as described by 

Gerngross and Martin, 1995, first hydroxybutyryl-CoA was synthesized from glucose and then 

PHB was produced from polymerization of hydroxybutyryl-CoA. Reaction was catalyzed by phb 

synthase. All reaction detail is as followed: 

2.5.1. Synthesis of Hydroxybutyryl-CoA.  

4 mL of reaction mixture contained 0.13 mmol Glucose, 10 mM NADPH, 12 units of glucose 

dehydrogenase, 3 Units of acetoacetyl-CoA reductase (phb B) and 31 mM acetoacetyl-CoA (pH 

7.5). The disappearance in absorbance at 304 nm in Tris buffer (0.1 M Tris, pH 8.1), 50 mM 

MgCl2. was monitored. The pH was adjusted to 5.5 and proteins were removed by centrifugal 

filtration.  

2.5.2. In vitro Enzymatic Synthesis of PHB. 

Reaction mixture contained phb synthase (1.0 mg/ml) in 130 mM potassium phosphate buffer 

(pH 7.0). Enzyme assays (Polymerization reactions) were initiated by removing 2 µL of the 

reaction mixture and adding it to 100 µL of 100 µM hydroxybutyryl-CoA in 200 mM potassium 

phosphate buffer (pH 8.0) at 25 °C. A control reaction was also set. 2 µL of the reaction mixture 

was added to 100 µL of 200 mM potassium phosphate buffer (pH 8.0) without hydroxybutyryl-

CoA and activity of reaction was monitored. Hydroxybutyryl-CoA was added and reaction was 

allowed to run to complete for 10-15 min. samples were drawn after regular time interval and 

activity was measured by calculating the rate of decrease in absorbance at 235 nm.  

10 µL of reaction mixture was removed after regular intervals of time for 25 min and the 

formation of insoluble granules was monitored by continuously measuring the turbidity at 600 

nm. The turbidity of the solution was increased as granules were formed, resulting in a 

corresponding increase of the OD at 600 nm. The OD reached a maximum when the substrate 
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was exhausted and after several minutes the granule suspension settled, resulting in a decrease of 

the OD. 

At the end of the reaction, the granules (pellet) were incubated with proteinase K in the presence 

of 2 mM CaC12 for 30 minute to digest PHA synthase bound to PHB granules, centrifuged at 

14,000 rpm for 10 min, and washed with distilled water and subjected to HPLC (High 

performance liquid chromatography) for further analysis.  

2.5.3. PHA Synthase Activity.  

PHA synthase activity was determined by use of dithionitrobenzoic acid (DTNB) to determine 

levels of free CoA. 50 μl sample (supernatant and pellet) was quenched with 50 μl of 1.0% 

trichloroacetic acid in 100 mM Tris-HCl, pH 8.0. This sample was centrifuged for 1 min for 

removal of any precipitates, 95 μl of the supernatant was removed and combined with 905 μl of 

100 mM Tris-HCl (pH 8.0) containing 1 mM DTNB, and absorbance at 412 nm was monitored. 

The concentration of CoA was calculated by using the extinction coefficient (412 nm) of 13,600 

cm
-1

M
-1

. One unit was defined as the amount of enzyme required to convert 1 mmol of substrate 

in 1 min. 

 

2.5.4. High performance liquid chromatography 

HPLC analysis was performed on Perkin Elmer series 200 autosampler. About 0.1mg granules 

(from section 2.5.2 & 2.1.1.1) were boiled with 1ml of concentrated H2SO4 for 30 minutes, 

neutralized with NaOH and diluted 50 times with 0.017N H2SO4. Filtered through 0.45 micron 

membrane filter and injected in C18 universal column (250 x 4.6 x 5 µm particle size) pre-

equilibrated with 0.017N H2SO4. 3-hudroxybutyrate (Sigma) was used as standard. The 

chromatography was performed at a flow rate of 1ml/ min and elution was monitored by UV 

absorbance at 210 nm. Total Chrome Navigate software system was used for HPLC analysis. 
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3.0. R E S U L T S 

 

3.1. Screening and Isolation of PHB 

3.1.1. Screening of PHB producing strain: 

On the basis of fluorescence of bacterial colonies when grown on nile red containing plates and 

PHB recovery Bacillus Spp. was found best for PHB accumulation. It accumulated 5-7times 

more PHB content as compared to P. putida and P. fluorescens. Based on these observations 

Bacillus Spp. was selected for all experimentation. 

 

Fig. 3.1 Bacterial colonies grown on LB agar plate containing nile red 

3.1.2. Growth curve of Bacillus spp.: 

Progression of cell growth in LB broth was studied spectrophotometrically at 600 nm and the 

growth curve was plotted (Fig. 3.1.). As it is clear from the curve, the culture reached the log 

phase in 1 h and remained in this phase for 6 to 8 h. Therefore, in all the fermentation 

experiments 6-8 h culture in LB was used as inoculum.   
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Fig. 3.1.1.        Growth Curve of Bacillus spp. in LB medium at 37 
o
C. 

3.1.3. Effect of carbon and nitrogen sources on PHB accumulation. 

Shake flasks studies showed that with complex nitrogen source such as yeast extract there was 

significant increase in biomass as was observed microscopically but there was little accumulation 

of polymer (Table 3.1.).  

The organism grew well on glucose but no PHB was produced. However, sucrose proved to be a 

stimulant for PHB production coupled to an increase in the biomass. All the experiments with 

corn steep liquor (CSL), a cheap source of starch and nitrogen, supplemented with different 

carbon sources showed polymer accumulation to various extents. However, biomass increase 

was observed only in combinations with yeast extract. As can be seen in Table 3.1, increasing 

the concentration of yeast extract from 0.50 to 1% while keeping the concentration of CSL 

constant resulted in a decrease in polymer accumulation from 3 to 4 granules per cell to 1 or 

none at all. 

Maximum accumulation was observed in medium-14 after 24 h. Since sporulation had been 

started so further incubation resulted in lysis of cell and release of granules and spores. 

Commencement of sporulation is an indication nutrient exhaustion. Therefore, in the next 

experiment the concentration of CSL was increased to 5% (medium-15). Interestingly not only 

the polymer accumulation was decreased, the cell also started lysing thus releasing granules and 

spores.   
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Table 3.1. Effect of carbon and nitrogen source on PHB accumulation 

C/N source 

No. of cells 

per 

microscopic 

field  

PHB accumulation 

(staining reaction) 
a
 

Sporulation 
b
 

24h 48h 72h 24h 48h 72h 

Luria Bertani broth (LB) ++ + + lysis - + + 

LB+Glucose 2% ++ - - - - - - 

LB+Sucrose 2% ++ + ++ ++ - - - 

LB+Starch 2% ++ + + ++ - - - 

Corn steep liquor (CSL) 1%+KH2PO4 

0.05%+Sucrose 0.2% + ++ lysis lysis 
+ + + 

CSL 1%+KH2PO4 0.05%+ Sucrose  1% + ++ lysis lysis + + + 

CSL 2%+KH2PO4 0.05%+ Sucrose 1% + + lysis lysis + + + 

CSL 1% ++ ++ +++ lysis - + + 

CSL 1%+yeast extract 0.5% + + ++ ++ - - - 

CSL 1%+yeast extract 1% + + + + - - - 

CSL 2% ++ + ++ ++ - - - 

CSL 2%+yeast extract 0.5% ++ + + + - - - 

CSL 2%+yeast extract 1% ++ + + + - - - 

Corn steep liquor 4% +++ +++ +++ + - + + 

Corn steep liquor 5% +++ + + + - - - 

 

a
‗+‘ one or no granule per cell, ‗+‘ few tiny granules per cell, ‗++‘ large granules per   cell, ‗+++‘ 

cells loaded with granules. 

b
 ‗+‘ spores, ‗-‗ no spores. 

  



102 

 

3.1.4. Effect of inoculum size: 

Following the results of shake flask experiments medium 6 and 8 (Table 2.2.) were selected for 

further studies. Fermentations were carried out in 2 L flasks for 48 h with different inoculum 

sizes (1-10%). Effect of inoculum size on the PHB production in the two cultural conditions is 

depicted in Fig. 3.2. In contrast to microscopic observations, the medium containing 5% CSL 

and yeast extract did not give any significant amount of PHB with any of the inoculum size when 

recovered by dispersion method although the biomass increase was there. Whereas, in case of 

medium containing 4% CSL resulted in increased polymer content though biomass increase was 

not so significant. 
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Fig. 3.2. Effect of inoculum size on cell dry mass (CDM) and PHB. 

(A)Culture in 5%CSL; (B) culture in 4%CSL 
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3.1.5. Shake flask studies for comparison of PHB accumulation in 4% CSL  

Experiments were carried out in flasks at at 37
o
C and 200 rpm for 48 h with medium containing 

4% CSL (Table 3.2.). At the end of fermentation total biomass and PHB were 3.44 g/L and 34.4 

mg/g, respectively in Bacillus spp while in P. putida and P. fluorescens biomass was high 4.98 

and 6.70 g/l respectively but PHB content was very low i, e. 7.02 and 4.50 mg/g respectively.  

 

Table 3.2.  Shake flask studies for comparison of polymer (PHB) accumulation in 4% CSL 

Sr. 

# 

Bacterial 

strains 

Growth 

Temperature (
o
C) 

Time for polymer 

accumulation (Hours) 

Total dry weight 

yield (g/l) 

PHA yield 

(mg/g) 

1 P. putida 37 72 4.98 7.02 

2 P. fluorescens 37 68-72 6.70 4.50 

3 Bacillus Spp. 37 48 3.44 34.4 

 

3.1.6. Batch production of PHB: 

Keeping these results in view the final fermentation was carried out in 10 L stirred-tank 

fermentor at 37
o
C and 200 rpm for 48 h with medium containing 4% CSL (Table 3.3.). At the 

end of fermentation total biomass and PHB were 4.36 g/L and 39.5 mg/g, respectively. The pH 

dropped from 7 after 4 h of inoculation to 5.5 at the time of harvest. OD600 was 0.233 after 4 h of 

inoculation and increased to 2.51 at the time the culture was harvested. Sudan black staining 

showed that the cells were loaded with granules at 24 h as compared to culture grown in LB (Fig. 

3.3). It is clearly visible in the micrographs that by the time the sporulation started in the 

fermentation medium (24 h) the culture in LB had little accumulation of PHB. Lysis of cells and 

the spores in the surroundings is prominent in 48 h culture in 4%CSL medium. 

Table 3.3.  10 L fermentation of bacterial strains in 4% CSL 

Sr. 

# 

Bacterial 

strains 

Growth 

Temperature (
o
C) 

Time for polymer 

accumulation (Hours) 

Total dry weight 

yield (g/l) 

PHA yield 

(mg/g) 

1 P. putida 37 24 5.84 6.28 

2 P. fluorescens 37 24 5.62 6.23 

3 Bacillus Spp. 37 24 4.36 39.5 

 



105 

 

 



106 

 

 

 

Fig.3.3.        Bacillus spp. in LB and 4%CSL.  

Pictures 1, 3, 5, 7 and 9 represent culture at 4, 8, 24, 30 and 48 h post inoculation in 

LB. 

Pictures 2, 4, 6, 8 and 10 represent culture at 4, 8, 24, 30 and 48 h post inoculation in 

fermentation medium 4%CSL. 

Arrows indicate PHB granule; in picture 9 and 10 spores can also be seen. 

 

 



107 

 

3.1.7. Biodegradation test 

Biodegradation of PHB was characterized by the soil burial experiment in the lab. Fig. 3.4. 

shows the weight loss of polymers buried in soil for 4-8 weeks 8.5% - 57.3% at 28
o
C, 11.6% - 

86.7% at 37
o
C and then decreased at 60

o
C 7.2% - 25.9%. PHB degradation in soil after 8 week is 

shown in Fig. 3.5, 3.6 and 3.7 at 28, 37 and 60 
o
C respectively. 

 

 

 

Fig. 3.4.              Degradation of PHB at different temperatures. 
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Fig. 3.5.    Showing PHB degradation in soil at 28 °C after 8 week. 
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Fig. 3.6.   Showing PHB degradation in soil at 37 °C after 8 week. 
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Fig. 3.7.   Showing PHB degradation in soil at 60 °C after 8 week. 
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3.2. Isolation of genomic DNA 

Genomic DNA was isolated and analyzed on 0.8 % agarose gel and quantified by comparison 

with standards of known concentration (Fig. 3.8).  Purity of isolated DNA was checked on 

agarose gel as well as by spectrophotometrically as described in section 2.2.1. The concentration 

of genomic DNA was 200ng/µl.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8. Ethidium bromide stained 0.8% agarose gel showing genomic DNA isolated from 

Bacillus Spp. 5 µl was loaded 0.8 % agarose gel. 

M:  1Kb DNA Ladder 

Lane 1: Genomic DNA 

 

3.3. Molecular characterization of Acetoacetyl-CoA reductase 

(phbB) 

3.3.1. Amplification of Acetoacetyl-CoA reductase (phb B) gene 

Acetoacetyl-CoA reductase (Phb B) gene was amplified by PCR using Forward primer phbB F 

(CATATGACNACNTTRCARGGNAARGTNGCN) and reverse primer phbB R 

(AGYATHTAYTAYATGTAYAARCCNCCN) under the conditions described in Materials and 

Methods (Section, 2.3.2). Amplified product was analyzed on 1% agarose gel electrophoresis 

and quantified by using standards of known concentration (Fig. 3.9). This set of primers 

 M 1 

 Genomic DNA 
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amplified a fragment of 744 bp from Bacillus Spp. The concentration of PCR product was also 

determined spectrophotometrically after purifying the amplified fragment from agarose gel (Fig. 

3.10). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9. Ethedium Bromide stained 1% agarose gel demonstrating 744 bp PCR amplified 

acetoacetyl-CoA reductase (phb B) gene. 

M:  1Kb DNA Ladder 

Lane 1: PCR product of Acetoacetyl-CoA (phb B) gene 

 

  

 M 1 

 744 bp phb B 
1 Kb 
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Fig. 3.10. Ethedium bromide stained 1% agarose gel showing 744 bp purified PCR product  

of acetoacetyl-CoA reductase (phb B) gene. 

M:  1Kb DNA Ladder 

Lane 1: PCR product of Acetoacetyl-CoA (phb B) gene 

 

3.3.2. Cloning of Acetoacetyl-CoA reductase (phb B) in Ptz57R/T (phb 

B/pTZ57R/T) 

Amplified fragment of Acetoacetyl-CoA reductase gene (phb B) was purified from agarose gel 

and quantified by comparing it with standard markers of known concentration and 

spectrophotometrically. Approximately 200 ng of purified acetoacetyl-CoA reductase amplicon 

was ligated into 55 ng of pTZ57R/T vector using T4 DNA ligase. E. coli DH5α competent cells 

were transformed with the ligation mixture containing the recombinant plasmid. The 

transformants were spread on LB medium agar plates containing 100 µg/mL ampicillin, 130 

µg/mL isopropyl-β-D-thiogalactopyranoside (IPTG) and 270 µg/mL 5-bromo-4-chloro-3-

indolyl-β-D-galactoside (X-gal). 3-5 white colonies were picked from each DNA sample plate 

and plasmid was isolated on mini scale (Fig.3.11) and screened for the presence of recombinant 

plasmid by restriction with NdeI and EcoRI restriction endonucleases. 

  

 M 1 

 744 bp phb B 
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Fig. 3.11. Ethedium Bromide stained 1% agarose gel showing pTZ57R/T vector ligated with 

acetoacetyl-CoA reductase (phb B) gene.  

 

M:  1Kb DNA Ladder 

Lane 1-4: pTZ-phb B plasmid isolated from E. coli (DH5α) 

 

3.3.3. Confirmation of cloning 

3.3.3.1. Colony PCR 

Transformants carrying phb B/pTZ57R/T were picked randomly and colony PCR was performed 

using phb B specific primers. Positive PCR confirmed the presence of phb B (Fig. 3.12). 

 

  

1 Kb 

 M 1       2       3        4 

1.5 Kb 
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Fig. 3.12. Colony PCR of phb B/pTZ57R/T confirming the presence of phb B. 

 

M:  1Kb DNA Ladder 

Lane 1&2: phb B/pTZ57R/T restricted with Nde 1 and EcoRI 

 

3.3.3.2. Restriction analysis of phb B/pTZ57R/T 

Double restriction of recombinant plasmid, phb B/pTZ57R/T was performed with NdeI and 

EcoRI restriction endonucleases in Tango Y Buffer. After overnight incubation at 37 °C, samples 

were analyzed on 1% agarose gel. Double restriction of recombinant plasmids showed 744 bp 

fragment that confirmed the successful ligation for further applications (Fig. 3.13). 

 

 

  

744 bp 

 1      2      M 

Plasmid 
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Fig. 3.13. Restriction Analysis of phb B/pTZ57R/T with Nde 1 and EcoRI. DNA was 

isolated from positive transformants and restricted with Nde1 and EcoRI 

endonucleases to confirm the presence of phb B. 

 

M:  1Kb DNA Ladder 

Lane 1: phb B/pTZ57R/T plasmid restricted with Nde 1 and EcoRI 

Lane 2: phb B/pTZ57R/T plasmid restricted with EcoRI showing ~ 4.0 Kb band 

 

3.3.4. Cloning of acetoacetyl-CoA reductase (phb C) in pET21a(+) (phb 

B/pET21a) 

Nde I-EcoRI digested Phb C/pTZ57R/T plasmid was resolved on agarose gel. The gene fragment 

was purified from the gel and ligated with expression vector pET21a(+) which was also digested 

with the same restriction enzymes.  E. coli (DH5α) cells were transformed with phb C/pET21a. 

Transformants were selected on selection plate containing 100 µg/mL ampicillin. plasmid DNA 

1 Kb 

 M        1         2  

744 bp 
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 1      2      M 

from these transformants was isolated (Fig. 3.14) and presence of the PHB synthase gene was 

confirmed by digesting the recombinant plasmids with Nde I-EcoRI (Fig. 3.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14. Ethidium bromide stained 1 % agarose gel showing phb B/pET21a(+) plasmid 

DNA isolated from positive transformants on small scale. 

M:  1Kb DNA Ladder 

Lane 1&2: phb B/pET21a(+) plasmid 
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Fig. 3.15.  Ethidium bromide stained 1 % agarose gel showing phb B/pET21a(+) plasmid. 

DNA isolated from positive transformants on small scale and restricted with 

Nde1-EcoRI endonucleases. 

 

M:  1Kb DNA Ladder 

Lane 1&2: Nde1-EcoRI  restricted phb B/pET21a(+) plasmid 

 

3.3.5. Sequencing of phb B 

Recombinant plasmid was isolated by using GeneJET
TM

 Plasmid Miniprep Kit. Fluorescence 

sequencing was performed on both the DNA strands using universal M13 forward and Reverse 

primers in ABI 310 Genetic Analyzer. The open reading frame was consisted of 744 bp with a 

deduced protein consisting of 247 amino acids. The nucleotide sequence was translated and a 

protein of 26,094 Da with calculated pI 6.92 was found. The sequence of acetoacetyl-CoA 

reductase (phb B) is shown in fig. 3.16. Sequences obtained were analyzed for variability or 

homogeneity through NCBI Blast. DNA sequence of acetoacetyl-CoA reductase (phb B) was 

 M      1        2 

1 Kb 

744 bp 



119 

 

found to be 99% identical to the sequence of PHB synthase of Bacillus megaterium. Putative 

protein sequence is also shown in Fig. 3.16. 

3.3.6. Nucleotide and protein sequence analysis 

The whole DNA and aminoacid sequence is given. 

1        ATGACAACATTACAAGGTAAAGTAGCAATCGTAACAGGCGGATCTAAAGGTATCGGGGCA 60 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215230  ATGACAACATTACAAGGTAAAGTAGCAATCGTAACAGGCGGATCTAAAGGTATCGGGGCA 1215289 

 

61       GCAATTACACGTGAGCTTGCTTCTAATGGAGTAAAAGTAGCAGTAAACTATAACAGCAGT 120 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215290  GCAATTACACGTGAGCTTGCTTCTAATGGAGTAAAAGTAGCAGTAAACTATAACAGCAGT 1215349 

 

121      AAAGAATCTGCAGAAGCAATCGTAAAAGAAATTAAAGACAACGGCGGAGAAGCTATTGCG 180 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215350  AAAGAATCTGCAGAAGCAATCGTAAAAGAAATTAAAGACAACGGCGGAGAAGCTATTGCG 1215409 

 

181      GTTCAAGCTGACGTGTCTTATGTAGATCAAGCAAAACACCTAATCGAAGAAACAAAAGCT 240 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215410  GTTCAAGCTGACGTGTCTTATGTAGATCAAGCAAAACACCTAATCGAAGAAACAAAAGCT 1215469 

 

241      GCGTTTGGTCAATTAGACATTCTAGTAAACAATGCTGGAATTACGCGCGACCGTTCATTC 300 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215470  GCGTTTGGTCAATTAGACATTCTAGTAAACAATGCTGGAATTACGCGCGACCGTTCATTC 1215529 

 

301      AAGAAGTTAGGTGAAGAAGATTGGAAAAAAGTGATTGATGTAAACTTACATAGCGTATAC 360 

         |||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||| 

1215530  AAGAAGTTAGGTGAAGAAGATTGGAAAAAAGTAATTGATGTAAACTTACATAGCGTATAC 1215589 

 

361      AACACAACATCAGCTGCGCTAACGCACCTTTTAGAATCTGAAGGTGGTCGTGTTATCAAT 420 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215590  AACACAACATCAGCTGCGCTAACGCACCTTTTAGAATCTGAAGGTGGTCGTGTTATCAAT 1215649 

 

421      ATTTCATCAATTATTGGTCAAGCGGGCGGATTTGGTCAAACAAACTACTCAGCTGCTAAA 480 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215650  ATTTCATCAATTATTGGTCAAGCGGGCGGATTTGGTCAAACAAACTACTCAGCTGCTAAA 1215709 

 

481      GCAGGTATGCTAGGATTCACTAAATCATTAGCGCTTGAACTAGCTAAGACAGGCGTAACA 540 

         |||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||| 

1215710  GCAGGTATGCTAGGATTCACTAAATCATTAGCTCTTGAACTAGCTAAGACAGGCGTAACA 1215769 

 

541      GTTAATGCAATTTGCCCAGGATTAATTGAAACGGAAATGGTGATGGCAATTCCTGAAGAT 600 

         ||||||||||||||||||||||| |||||||||||||||||||||||||||||||| ||| 

1215770  GTTAATGCAATTTGCCCAGGATTTATTGAAACGGAAATGGTGATGGCAATTCCTGAGGAT 1215829 

 

601      GTTCGTGCAAAATTTGTTGCGAAAATCCCAACTCGTCGCCTAGGCCATGCTGAAGAAATT 660 

         |||||||||||| ||||||||||||| |||||||||||| |||||||||||||||||||| 

1215830  GTTCGTGCAAAAATTGTTGCGAAAATTCCAACTCGTCGCTTAGGCCATGCTGAAGAAATT 1215889 

 

661      GCCCGTGGAGTTGTTTACTTAGCAAAAGACGGCGCGTACATTACAGGACAACAGTTAAAC 720 

         || ||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

1215890  GCACGTGGAGTTGTTTACTTAGCAAAAGACGGCGCGTACATTACAGGACAACAGTTAAAC 1215949 
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721      ATTAACGGCGGCTTATACATGTAA  744 

         |||||||||||||||||||||||| 

1215950  ATTAACGGCGGCTTATACATGTAA  1215973 

 

Fig. 3.16. Pair wise alignment of nucleotide sequences Acetoacetyl-CoA reductase of 

Bacillus spp. with Bacillus megaterium. 

 

3.3.6.1. Phb B (Aminoacid sequence) 

        10         20         30         40         50         60  

MTTLQGKVAI VTGGSKGIGA AITRELASNG VKVAVNYNSS KESAEAIVKE IKDNGGEAIA  

 

        70         80         90        100        110        120  

VQADVSYVDQ AKHLIEETKA AFGQLDILVN NAGITRDRSF KKLGEEDWKK VIDVNLHSVY  

 

       130        140        150        160        170        180  

NTTSAALTHL LESEGGRVIN ISSIIGQAGG FGQTNYSAAK AGMLGFTKSL ALELAKTGVT  

 

       190        200        210        220        230        240  

VNAICPGLIE TEMVMAIPED VRAKFVAKIP TRRLGHAEEI ARGVVYLAKD GAYITGQQLN  

 

    247 

INGGLYM 

Fig. 3.17. Amino acid sequence of acetoacetyl-CoA reductase of Bacillus spp. 

3.3.6.2. Amino Acid Count 

The amino acid sequence analysis revealed the following percentage of each amino acid. 

Composition showed the presence of Hydrophobic, hudrophilic and neutral amino acids 30, 54 

and 16 % respectively.  
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Table 3.4. Amino acid composition of Acetoacetyl-CoA reductase 

Amino 

Acid 

Total 

number percentage Amino Acid 

Total 

number percentage 

Ala (A) 29 11.74 Lys (K) 18 7.29 

Arg (R  ) 8 3.24 Met (M) 5 2.02 

Asn (N) 13 5.26 Phe (F) 5 2.02 

Asp (D) 9 3.64 Pro (P) 3 1.21 

Gln (Q) 8 3.24 Ser (S) 14 5.67 

Glu (E) 17 6.88 Thr (T) 16 6.48 

Gly (G) 27 10.93 Tyr (Y) 7 2.83 

His (H) 4 1.62 Val (V) 22 8.91 

Ile(I) 22 8.91 Trp (W) 1 0.4 

Leu(L) 18 7.29 Cys (C ) 1 0.4 

 

3.3.7. Protein induction 

50 mL bacterial culture was grown at 37 °C. 2 mL of bacterial culture grown after 2, 4, 6 and 8hr 

of IPTG induction was drawn centrifuged at 6,000 rpm and 20 °C for 1 min, supernatant was 

discarded and pellet was resuspended in100 µL 10 mM Tris-HCl buffer pH 6.8. 20 µL of 6x 

SDS-PAGE sample buffer was mixed, boiled at 95 °C for 5min and analyzed on 15% SDS-

PAGE. After 8hr all remaining culture was centrifuged at 6,000 rpm and 20 °C for 1 min, 

supernatant was discarded and pellet was resuspended in 4-5 mL 10 mM Tris-HCl buffer pH 6.8. 

Pellet was sonicated and centrifuged again to check the presence of expressed protein in pellet or 

supernatant. A prominent expression of target protein in E. coli was achieved in pellet as shown 

in fig. 3.18. 
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Fig. 3.18 15% SDS PAGE gel showing phb-B expression when cells were grown at 37ºC 

for 8 hours. Samples were drawn after interval of 2 hours after induction. 

M: Protein Marker (KDa)   4: 6 hours after induction 

1: Un-induced     5: 8 hours after induction 

2: 2 hours after induction  6: Pellet 

3: 4 hours after induction  7: Supernatant 

3.3.7.1. Effect of temperature on protein induction 

Expressed recombinant protein was observed in pellet. For proper intracellular refolding of 

protein culture was grown at 22 °C. 2 mL of bacterial culture grown after 2, 4, 6 and 8hr of IPTG 

induction was drawn centrifuged at 6,000 rpm and 20 °C for 1 min, supernatant was discarded 

and pellet was resuspended in100 µL 10 mM Tris-HCl buffer pH 6.8. 20 µL of 6x SDS-PAGE 

sample buffer was mixed, boiled at 95 °C for 5min and analyzed on 15% SDS-PAGE. After 8hr 

all remaining culture was centrifuged at 6,000 rpm and 20 °C for 1 min, supernatant was 

discarded and pellet was resuspended in 4-5 mL 10 mM Tris-HCl buffer pH 6.8. Pellet was 

sonicated and centrifuged and checked on SDS-PAGE. Expression of target protein in E. coli 

was achieved in supernatant as shown in fig. 3.19. 

  

 M       1      2      3     4      5        6      7 
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  93.6 
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Fig. 3.19 15% SDS PAGE gel showing phb-B expression when cells were grown at 22ºC 

for 24 hours. Samples were drawn after interval of 6 hours after induction. 

M: Protein Marker (KDa)   4: 18 hours 

1: Un-induced     5: 24 hours 

2: 6 hours     6: Pellet 

3: 12 hours     7: Supernatant 

 

3.3.8. Purification of Acetoacetyl-CoA reductase (phb B) 

Bacterial pellet was brought to 4 °C and sonicated to break the cells. 300 mL of clear supernatant 

was obtained after centrifugation. Acetoacetyl-CoA reductase was purified by ammonium 

sulphate precipitation and ion exchange chromatography. Most of the enzyme was precipitated 

between 55% to 65% ammonium sulphate saturation at 4 °C, when the total protein content of 

the solution was between 9 to 10 mg per mL of sample. The enzyme was bound to the Resource 

Q column and was eluted completely at 0.5 M NaCl gradient in 10 mM sodium acetate buffer pH 

6.5. The purified enzyme fraction had specific activity of 79 IU per mg of protein and gave a 

M     1       2      3       4      5       6      7 

106.9 

  93.6 

  52.2 

 

 

  37.2 

  28.2 
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single band on 15% SDS-PAGE (Fig. 3.20). The total recovery of the enzyme was 16% and it 

was purified up to 3.8 folds. The enzyme was quite stable when stored at -20 °C in 20% glycerol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.20 15% SDS PAGE gel showing purified acetoacetyl-CoA reductase (phb-B)  

M: Protein Marker (KDa)    

1 & 2: Purified Acetoacetyl-CoA reductase   

    

Table 3.5. Purification of acetoacetyl-CaA reductase.  One unit is the amount of enzyme that 

catalyzes the conversion of one micromole of acetoacetyl-CoA per minute at 25 

°C in 50 mM sodium phosphate buffer pH 5.5. The table 3.5 describes the 

purification steps of recombinant enzyme. 

Purification steps 
Volume  

(ml) 

Protein 

 (mg) 

Activity  

(Units) 
U/mg Fold purification % Yeild 

Crude Sonicated supernatant 50 530 11130 21 1.0 100 

Amm. Sulfate Precipitation 40% 15 144 5760 40 1.9 52 

Resource Q 10 65 3900 60 2.9 35 

Superdex 200 15 22 1738 79 3.8 16 
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3.3.9. Gel- Filtration analysis of Acetoacetyl-CoA reductase 

Monomeric or dimeric structure of protein was confirmed by size exclusion chromatography of 

purified enzymes. The standard curve was prepared using six proteins of known Mr and structure 

 

Table 3.5.1 Molecular weights of different known proteins determined by FPLC. The FPLC 

column was equilibrated and retention volumes (Vt) were calculated for different 

known proteins. The Vt values were used for the construction of standard curve 

(Fig. 3.20.1) 

No Sample protein Mr (Da) Log Mr Vt (mL) 

1 Lysozyme 14388 4.1580004 19.09 

2 Myoglobin 16900 4.2278867 17.1 

3 Xylanase 38000 4.5797836 15.96 

4 Human Serum Albumin 69000 4.388491 13.9 

5 Lactate Dehydrogenase 140000 5.146128 12.6 

6 Ferritin 440000 5.6434527 10.59 

 

 

 

Fig. 3.20.1. Standard curve for the FPLC analysis derived from the molecular weight and 

retention volume of known proteins 
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The standard curve above was used to analyze the structure of recombinant Acetoacetyl-CoA 

reductase 

Sample Observed Rt Log Mr Mr (Da) 

Acetoacetyl-CoA reductase 16.57 4.41 26100 

 

The Mr (Da) of intact proteins was calculated from the retention volume and standard curve 

equation. It was clear that enzyme exist as monomer having Mr 26 KDa.  

 

 

Fig. 3.20.2. FPLC peak for Acetoacetyl-CoA reductase 

 

3.3.10. Characterization of enzyme 

After successful expression of acetoacetyl-CoA reductase, the enzyme activity was examined at 

different conditions. 

 

3.3.10.1. Effect of pH on the activity of acetoacetyl-CoA reductase 

Enzyme activity of acetoacetyl-CoA was estimated at different pH using buffers e.g potassium 

phosphate buffer (at pH 5, 6 and 7), Tris-Cl buffer (at pH 7, 8 and 9) and Bicarbonate-NaOH 
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buffer (at pH 9, 9.3, 10 and 11). The enzyme exhibited highest activity at pH 5.5 to 6.5. The 

enzyme showed reasonable activities of 94% and 75% at pH 7 and 8 respectively (Fig 3.21). 

 

 

Fig 3.21. Effect of pH on activity of acetoacetyl-CoA reductase (phb B) 

 

 

 

3.3.10.2. Effect of temperature on the activity of acetoacetyl-CoA reductase 

The activity of recombinant acetoacetyl-CoA reductase was examined at different temperatures i, 

e. 15, 20, 25, 30, 35, 40, 45 and 50 °C. The enzyme showed highest activity at 35 °C (Fig. 3.22 

and Table 3.6).  
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Table 3.6. Effect of temperature on activity of acetoacetyl-CoA reductase 

 

No Temperature °C Percentage activity 

1 15 6.247 

2 20 42.445 

3 25 63.470 

4 30 93.523 

5 35 100 

6 40 85.692 

7 45 31.088 

8 50 30.204 

 

 

 

 

Fig. 3.22. Effect of temperature on activity of acetoacetyl-CoA reductase 
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3.3.10.3. Effect of temperature on stability of acetoacetyl-CoA reductase. 

The enzyme was quite stable when incubated for 5 min up to 40 °C and was completely 

denatured by incubation at 60 °C for 5 min. Optimum temperature for enzyme was 35 °C. The 

results are shown in table 3.7 and fig.3.23. 

 

Table 3.7. Effect of temperature on stability of acetoacetyl-CoA reductase 

 

No Temperature °C Percentage activity 

1 20 98.04214 

2 25 97.05389 

3 30 98.04214 

4 35 100 

5 40 98.04214 

6 45 44.1171 

7 50 25.48946 

8 55 9.789297 

9 60 0 
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Fig. 3.23. Effect of temperature on stability of acetoacetyl-CoA reductase 

 

3.3.10.4. Determination of Km and Vmax for acetiacetyl-CoA reductase. 

The Kinetic parameters of the enzyme for reduction of acetoacetyl-CoA were determined at 35 

°C and pH 6.0 by plotting initial velocities towards various substrate concentrations. The enzyme 

exhibited Michaelis-Menten behavior. The Kinetic constant were calculated using Lineweaver-

Burk plot as shown in Fig. 3.23.1. The Vmax and Km values for the enzyme activity towards 

reduction of acetoacetyl-CoA were 250 umol per min per mg and 17.0 mM. 
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Fig. 3.23.1. Lineweaver-Burk plot for calculations of Km and Vmax values of acetoacetyl-

CoA reductase while using acetoacetyl-CoA as a substrate. The calculations from 

graph were Vmax = 250 umol per min per mg and Km = 17.0 mM. 

3.3.11. Prediction of secondary structure and 3D modeling of Acetoacetyl-CoA 

3D model of Acetoacetyl-CoA reductase was constructed on the basis of homology with 

different protein sequences, whose 3D structures were available in the protein Data Bank (PDB) 

(Fig. 3.24). For this purpose query sequence was submitted to Swiss Model Server. Theoretical 

model described the secondary and tertiary structure of protein.  There were 10 helixes and 7 

sheets in  theoretical structure of acetoacetyl-CoA reductase (fig. 3.25). 
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Fig. 3.24. Theoretical Model of structure of acetoacetyl-CoA reductase showing helixes, 

sheets and coils. 
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Fig. 3.25. Sequence Feature scan of the acetoacetyl-CoA reductase showing helixes, sheets 

and coils. 
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 M 1 

3.4. Molecular characterization of PHB synthase (phb C)  

3.4.1. Amplification of PHB synthase (phb C) gene 

PHB synthase (Phb C) gene was amplified by PCR using Forward primer phb C F 

(GAATTCGAYGGNAAYTCNTTRCGNG) and reverse primer phbC R 

(CTNTTRTCNCARCCNCGNYTNTAYTTYA) under the conditions described in Materials and 

Methods (Section, 2.4.2). Amplified product was analyzed on 1% agarose gel electrophoresis 

and quantified by using standards of known concentration (Fig. 3.26). The PCR resulted in 

amplification of 1089 bp DNA fragment from Bacillus Spp. The concentration of PCR product 

was also determined spectrophotometrically after purifying the amplified fragment from agarose 

gel (Fig.3.27). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.26. Ethedium Bromide stained 1% agarose gel showing 1089 bp PCR amplified PHB 

synthase (phb C) gene fragment from Bacillus Spp. 

M:  1Kb DNA Ladder 

Lane 1: PCR product of PHB synthase (phb C) gene 

 

 

  

 1Kb 1089 bp 
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Fig. 3.27. Ethedium Bromide stained 1% agarose gel showing 1089 bp PCR purified PHB 

synthase (phb C) gene. 

M:  1Kb DNA Ladder 

Lane 1: 744 bp PCR product of acetoacetyl-CoA reductase (phb B) gene 

Lane 2: 1089 bp PCR product of PHB synthase (phb C) gene 

 

3.4.2. Cloning of PHB synthase (phb C) in pTZ57R/T (phb C/pTZ57R/T) 

Amplified fragment of PHB synthase (phb C) was purified from agarose gel and quantified by 

comparing it with standard markers of known concentration and spectrophotometrically. 

Approximately 200 ng of purified PHB synthase (phb C) amplicon was ligated into 55 ng of 

pTZ57R/T vector using T4 DNA ligase. E. coli DH5α competent cells were transformed with the 

ligation mixture containing the recombinant plasmid (phb C/pTZ57R/T). The transformants were 

spread on LB medium agar plates containing 100 µg/mL ampicillin, 130 µg/mL isopropyl-β-D-

thiogalactopyranoside (IPTG) and 270 µg/mL 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-

gal). 3-5 white colonies were picked from each DNA sample plate and plasmid was isolated on 

mini scale (Fig. 3.28) and screened for the presence of recombinant plasmid by restriction with 

SalI and EcoRI restriction endonucleases. 

  

 M     1      2 
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1 Kb 

 744 bp (phb B) 



136 

 

 M      1       2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.28. Ethedium Bromide stained 1% agarose gel showing phb C/pTZ57R/T vector. 

M:  1Kb DNA Ladder 

Lane 1&2: phb C/pTZ57R/T plasmid isolated from E. coli (DH5α) 

 

 

3.4.3. Confirmation of cloning 

3.4.3.1. Colony PCR 

Transformants carrying phb C/pTZ57R/T were picked randomly and colony PCR was performed 

using phb C specific primers. Positive PCR confirmed the presence of phb C (Fig. 3.29). 
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Fig. 3.29. Ethidium bromide stained agarose gel showing 1089 bp phb C gene fragment 

amplified after colony PCR confirming the presence of phb C. 

 

M:  1Kb DNA Ladder 

Lane 1-3: 1089 bp amplified fragment of phb C 

 

3.4.3.2. Restriction analysis of phb C/pTZ57R/T 

Double restriction of recombinant plasmid, phb C/pTZ57R/T was performed with SalI and 

EcoRI restriction endonucleases in Tango Y Buffer. After overnight incubation at 37 °C, samples 

were analyzed on 1% agarose gel. Double restriction of recombinant plasmid showed 1089 bp 

band that confirmed the successful ligation for further applications (Fig. 3.30). 

 

  

 M    1      2  3    

Plasmid 

1089 bp PHB synthase gene 



138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.30. Ethidium bromide stained agarose gel showing restriction analysis of phb 

C/pTZ57R/T with Sal 1 and EcoRI. DNA was isolated from positive transformant 

and restricted with Sal1 and EcoRI endonucleases to confirm the presence of phb 

C. 

M:  1Kb DNA Ladder 

Lane 1: phb C/pTZ57R/T plasmid restricted with Sal 1 and EcoRI 

 

 

3.4.4. Cloning of PHB synthase (phb C) in pET21a(+) (phb C/pET21a) 

Phb C/pTZ57R/T plasmid was digested with EcoRI-SalI and resolved on agarose gel. The gene 

fragment was purified from the gel and ligated with expression vector pET21a(+) which was also 

digested with the same restriction enzymes.  E. coli (DH5α) cells were transformed with phb 

C/pET21a. Transformants were selected on selection plate containing 100 µg/mL ampicillin. 

plasmid DNA from these transformants was isolated (Fig.3.31) and presence of the PHB 

synthase gene was confirmed by digesting the recombinant plasmids with EcoRI-SalI (Fig. 3.32).  
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Fig. 3.31. phb C/pET21a(+) plasmid DNA was isolated from positive transformants on 

small scale. 

M:  1Kb DNA Ladder 

Lane 1&8: phb C/pET21a(+) plasmid 

Lane 9: negative control (miniprep from untransformed DH5α) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.32. phb C/pET21a(+) plasmid DNA was isolated from positive transformants on 

small scale and restricted with Sal1- EcoRI endonucleases. 

M:  1Kb DNA Ladder 

Lane 1&2: Sal1- EcoRI digested phb C/pET21a(+) plasmid 

 M         1         2 

1 Kb 1089 bp 
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3.4.5. Sequencing of PHB synthase (phb C) 

Recombinant plasmid was isolated and sequenced using universal M13 forward and Reverse 

primers in ABI 310 Genetic Analyzer. The open reading frame was consisted of 1089 bp with a 

deduced protein consisting of 362 amino acids. The nucleotide sequence was translated and a 

protein of 41,490 Da with calculated pI 8.25 was found. The sequence of PHB synthase (phb C) 

is shown in fig. 3.33. Sequences obtained were analyzed for variability or homogeneity through 

NCBI Blast. DNA sequence of PHB synthase was found to be 99% identical to the sequence of 

PHB synthase of Bacillus megaterium. Putative protein sequence is also shown in fig. 3.34. 

 

  1     ATGGCAATTCCTTACGTGCAAGAGTGGGAAAAATTAATCAAATCAATGCCAAGTGAATATA  61 

         |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5578  GTGGCAATTCCTTACGTGCAAGAGTGGGAAAAATTAATCAAATCAATGCCAAGTGAATATA  5638 

 

  62    AAAGTTCTGCAAGACGTTTTAAGCGTGCATATGAAATTATGACAACAGAAGCGGAACCGG   121 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5639  AAAGTTCTGCAAGACGTTTTAAGCGTGCATATGAAATTATGACAACAGAAGCGGAACCGG   5698 

 

  122   AAGTTGGATTAACACCAAAAGAGGTTATTTGGAAAAAGAACAAAGCGAAATTATATCGCT   181 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5699  AAGTTGGATTAACACCAAAAGAGGTTATTTGGAAAAAGAACAAAGCGAAATTATATCGCT   5758 

 

  182   ATACGCCAGTAAAAGATAACCTGCATAAAACACCAATCTTACTCGTATATGCATTGATCA   241 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5759  ATACGCCAGTAAAAGATAACCTGCATAAAACACCAATCTTACTCGTATATGCATTGATCA   5818 

 

  242   ATAAACCGTATATTTTGGATTTAACACCTGGAAACAGCCTTGTTGAATACTTATTAAACC   301 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5819  ATAAACCGTATATTTTGGATTTAACACCTGGAAACAGCCTTGTTGAATACTTATTAAACC   5878 

 

  302   GCGGTTTTGACGTGTATTTGCTTGACTGGGGAACTCCTGGGCTTGAAGACAGCAATATGA   361 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5879  GCGGTTTTGACGTGTATTTGCTTGACTGGGGAACTCCTGGGCTTGAAGACAGCAATATGA   5938 

 

  362   AGCTAGATGATTATATTGTAGATTATATTCCAAAAGCGGCGAAAAAGGTGCTGCGCACTT   421 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5939  AGCTAGATGATTATATTGTAGATTATATTCCAAAAGCGGCGAAAAAGGTGCTGCGCACTT   5998 

 

  422   CTAAATCTCCTGATTTGTCTGTTCTTGGTTACTGCATGGGCGGAACTATGACATCTATTT   481 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  5999  CTAAATCTCCTGATTTGTCTGTTCTTGGTTACTGCATGGGCGGAACTATGACATCTATTT   6058 

 

  482   TTGCTGCATTAAATGAAGACTTGCCGATTAAAAACTTAATTTTTATGACAAGTCCATTTG   541 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6059  TTGCTGCATTAAATGAAGACTTGCCGATTAAAAACTTAATTTTTATGACAAGTCCATTTG   6118 

 

  542   ATTTTTCGGATACAGGTTTATACGGAGCATTCCTAGATGATCGCTACTTTAATTTAGATA   601 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6119  ATTTTTCGGATACAGGTTTATACGGAGCATTCCTAGATGATCGCTACTTTAATTTAGATA   6178 
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  602   AAGCAGTAGATACATTCGGAAACATCCCTCCAGAGATGATTGACTTTGGAAACAAGATGT   661 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6179  AAGCAGTAGATACATTCGGAAACATCCCTCCAGAGATGATTGACTTTGGAAACAAGATGT   6238 

 

  662   TAAAGCCAATCACGAATTTCTACGGCCCGTATGTAACGTTGGTGGACCGTTCGGAAAATC   721 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6239  TAAAGCCAATCACGAATTTCTACGGCCCGTATGTAACGTTGGTGGACCGTTCGGAAAATC   6298 

 

  722   AGCGGTTTGTTGAAAGCTGGAAGCTAATGCAAAAGTGGGTTGCTGACGGAATCCCATTTG   781 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6299  AGCGGTTTGTTGAAAGCTGGAAGCTAATGCAAAAGTGGGTTGCTGACGGAATCCCATTTG   6358 

 

  782   CTGGCGAAGCTTATCGTCAGTGGATTCGTGACTTCTATCAACAAAACAAACTAATCAATG   841 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6359  CTGGCGAAGCTTATCGTCAGTGGATTCGTGACTTCTATCAACAAAACAAACTAATCAATG   6418 

 

  842   GTGAACTTGAAGTTCGCGGACGCAAAGTAGATTTAAAAAATATTAAAGCTAATATTTTAA   901 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6419  GTGAACTTGAAGTTCGCGGACGCAAAGTAGATTTAAAAAATATTAAAGCTAATATTTTAA   6478 

 

  902   ACATTGCTGCTAGCCGTGATCATATTGCGATGCCGCATCAAGTGGCAGCTTTAATGGACG   961 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6479  ACATTGCTGCTAGCCGTGATCATATTGCGATGCCGCATCAAGTGGCAGCTTTAATGGACG   6538 

 

  962   CTGTTTCAAGTGAAGATAAAGAGTATAAATTGTTGCAAACAGGTCACGTATCTGTTGTAT   1021 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6539  CTGTTTCAAGTGAAGATAAAGAGTATAAATTGTTGCAAACAGGTCACGTATCTGTTGTAT   6598 

 

  1022  TTGGTCCAAAAGCAGTGAAGGAAACATATCCTTCAATCGGCGATTGGCTAGAAAAACGCT   1081 

        |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

  6599  TTGGTCCAAAAGCAGTGAAGGAAACATATCCTTCAATCGGCGATTGGCTAGAAAAACGCT   6658 

 

  1082  CTAAATAA  1089 

        |||||||| 

  6659  CTAAATAA  6666 

 

Fig. 3.33. Pair wise alignment of nucleotide sequences PHB synthase  of Bacillus spp. with 

Bacillus megaterium. 

 

3.4.6. Putative protein sequence 

 

 

        10         20         30         40         50         60  

MAIPYVQEWE KLIKSMPSEY KSSARRFKRA YEIMTTEAEP EVGLTPKEVI WKKNKAKLYR  

 

        70         80         90        100        110        120  

YTPVKDNLHK TPILLVYALI NKPYILDLTP GNSLVEYLLN RGFDVYLLDW GTPGLEDSNM  
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       130        140        150        160        170        180  

KLDDYIVDYI PKAAKKVLRT SKSPDLSVLG YCMGGTMTSI FAALNEDLPI KNLIFMTSPF  

 

       190        200        210        220        230        240  

DFSDTGLYGA FLDDRYFNLD KAVDTFGNIP PEMIDFGNKM LKPITNFYGP YVTLVDRSEN  

 

       250        260        270        280        290        300  

QRFVESWKLM QKWVADGIPF AGEAYRQWIR DFYQQNKLIN GELEVRGRKV DLKNIKANIL  

 

       310        320        330        340        350        360  

NIAASRDHIA MPHQVAALMD AVSSEDKEYK LLQTGHVSVV FGPKAVKETY PSIGDWLEKR  

 

362 

SK  

Fig. 3.34. Amino acid sequence of PHB synthase of Bacillus spp. 

 

3.4.6.1. Amino Acid Count 

The amino acid sequence analysis revealed the following percentage of each amino acid. 

Composition showed the presence of Hydrophobic, hudrophilic and neutral amino acids 32, 55 

and 13 % respectively. 

 

Table 3.8. Amino acid composition of PHB synthase 

Amino Acid Total number percentage Amino Acid Total number Percentage 

Ala (A) 23 6.35 Lys (K) 33 9.12 

Arg (R  ) 15 4.14 Met (M) 12 3.31 

Asn (N) 18 4.97 Phe (F) 15 4.14 

Asp (D) 25 6.91 Pro (P) 21 5.80 

Gln (Q) 8 2.21 Ser (S) 20 5.52 

Glu (E) 21 5.80 Thr (T) 17 4.70 

Gly (G) 20 5.52 Tyr (Y) 20 5.52 

His (H) 4 1.10 Val (V) 23 6.35 

Ile(I) 23 6.35 Trp (W) 7 1.93 

Leu(L) 36 9.94 Cys (C ) 1 0.28 
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3.4.7. Protein induction 

50 mL bacterial culture was grown at 37 °C. 2 mL of bacterial culture grown after 2, 4, 6 and 8hr 

of IPTG induction was drawn centrifuged at 6,000 rpm and 20 °C for 1 min, supernatant was 

discarded and pellet was resuspended in100 µL 10 mM Tris-HCl buffer pH 6.8. 20 µL of 4x 

SDS-PAGE sample buffer was mixed, boiled at 95 °C for 5min and analyzed on 15% SDS-

PAGE. After 8hr all remaining culture was centrifuged at 6,000 rpm and 20 °C for 1 min, 

supernatant was discarded and pellet was resuspended in 4-5 mL 10 mM Tris-HCl buffer pH 6.8. 

Pellet was sonicated and centrifuged again to check the presence of expressed protein in pellet or 

supernatant. A prominent expression of target protein in E. coli was achieved in supernatant as 

shown in fig. 3.35. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Fig. 3.35. 15% SDS PAGE gel showing phb-C expression when cells were grown at 37ºC 

for 8 hours. Samples were drawn after interval of 2 hours after induction. 

M: Protein Marker (KDa)    4: 6 hours after induction 

1: Un-induced      5: 8 hours after induction 

2: 2 hours after induction    6: Pellet 

3: 4 hours after induction    7: Supernatant 

85 

120 

 60 

  M     1     2      3     4       5     6      7 

  50 

40 

  30 

150 
200 

70 

100 

25 



144 

 

3.4.8. Purification of PHB synthase (phb C) 

Bacterial pellet was brought to 4 °C and sonicated to break the cells. 300 mL of clear supernatant 

was obtained after centrifugation. PHB synthase (phb C) was purified by ammonium sulphate 

precipitation and ion exchange chromatography. Most of the enzyme was precipitated between 

40% to 50% ammonium sulphate saturation at 4 °C.  The enzyme was bound to the Resource Q 

column and was eluted completely at 0.4 M NaCl gradient in 10 mM sodium acetate buffer pH 

6.0. The purified enzyme fraction exhibited specific activity of 151 U per mg of protein and gave 

a single band on 15% SDS-PAGE (Fig. 3.36). The total recovery of the enzyme was 12.6% and 

it was purified up to 10.75 folds (Table 3.9). The enzyme was quite stable when stored at -20 °C 

in 20% glycerol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.36. 15% SDS PAGE gel showing purified PHB synthase (phb C)  

M:  Protein Marker (KDa)    

1:  Uninduced 

2:  Induced 

3:  Purified PHB synthase 
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Table 3.9. showing purification of PHB synthase.  One unit is the amount of enzyme 

required to convert 1 mmol of substrate in 1 min at 37 °C in 100 mM Tris-Cl 

buffer pH 8.0. The table describes the purification steps of recombinant enzyme. 

 

Purification Steps Volume (mL) Activity Units IU/mg Protein (mg) Fold Purification % Yeild 

Crude extract 123 35775 14.05 2546 1.0 100 

40 % Amm. Sulphate 30 23081.5 20.81 1109 1.48 64.5 

Resource Q 20 16011 57.18 280 4.07 44.7 

Superdex 200 30 4531 151.03 30 10.75 12.6 

 

3.4.9. Gel- Filtration analysis of PHB synthase 

Monomeric or dimeric structure of protein was confirmed by size exclusion chromatography of 

purified enzymes using the same standard as described earlier. 

 

Sample Observed Rt Log Mr Mr (Da) 

PHB synthase 13.58 4.9216 83495 

 

The Mr (Da) of intact proteins was calculated from the retention volume (Rt) and standard curve 

equation. It was clear that enzyme exist as dimer having Mr more than 41 KDa.  
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Fig. 3.36.1. FPLC peak for PHB synthase 

3.4.10. Characterization of enzyme 

After successful expression of PHB synthase, the enzyme activity was examined at different 

conditions. 

3.4.10.1. Effect of pH on the activity of PHB synthase (phb C) 

Enzyme activity of PHB synthase was estimated at different pH using buffers e.g potassium 

phosphate buffer (at pH 5, 6 and 7), Tris-Cl buffer (at pH 7, 8 and 9) and Bicarbonate-NaOH 

buffer (at pH 9, 9.3, 10 and 11). The enzyme exhibited highest activity at pH 8.0 in Tris-Cl 

buffer. The enzyme showed reasonable activities of 92% and 88% at pH 7 and 9 respectively 

(Fig. 3.37). 
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Fig. 3.37. Effect of pH on activity of PHB synthase (phb C) 

3.4.10.2. Effect of temperature on the activity of PHB synthase (phb C) 

The activity of recombinant PHB synthase was examined at different temperatures i, e. 15, 20, 

25, 30, 35, 40, 45, 50, 55 and 60 °C. The enzyme showed highest activity at 40 °C (Fig. 3.38 and 

Table 3.10).  
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Table 3.10. Effect of temperature on activity of PHB synthase (phb C) 

 

No Temperature °C Percentage activity 

1 15 30.667 

2 20 45.333 

3 25 65.333 

4 30 77.333 

5 35 93.333 

6 40 100 

7 45 94.667 

8 50 73.333 

9 55 55.333 

10 60 31.333 

 

 

 

Fig. 3.38. Effect of temperature on activity of PHB synthase (phb C) 
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3.4.10.3. Effect of temperature on stability of PHB synthase (phb C). 

The enzyme was quite stable when incubated for 5 min up to 45 °C and was completely 

denatured by incubation at 75 °C for 5 min. Optimum temperature for enzyme was 40 °C. The 

results are shown in table 3.11 and fig. 3.39. 

 

 

Table 3.11. Effect of temperature on stability of PHB synthase (phb C) 

 

No Temperature °C Percentage activity 

1 20 100 

2 25 98.692 

3 30 99.230 

4 35 99.230 

5 40 100 

6 45 99.0 

7 50 73.846 

8 55 55.384 

9 60 41.538 

10 65 24.615 

11 70 11.538 

12 75 0 
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Fig. 3.39. Effect of temperature on stability of PHB synthase (phb C) 

 

 

3.4.10.2. Determination of Km and Vmax for PHB synthase. 

The Kinetic parameters of the enzyme for condensation of hydroxybutyryl-CoA were determined 

at 40 °C and pH 8.0 by plotting initial velocities towards various substrate concentrations. The 

enzyme exhibited Michaelis-Menten behavior. The Kinetic constant were calculated using 

Lineweaver-Burk plot as shown in Fig. 3.39.1. The Vmax and Km values for the enzyme activity 

towards reduction of acetoacetyl-CoA were 76.92 umol per min per mg and 4.93 mM. 
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Fig. 3.39.1. Lineweaver-Burk plot for calculations of Km and Vmax values of PHB synthase 

while using acetoacetyl-CoA as a substrate. The calculations from graph were Vmax = 76.92 umol 

per min per mg and Km = 4.93 mM. 

 

 

3.4.11. Three dimensional structure prediction 

3D theoretical structure prediction was performed utilizing swiss Model (Schwede et al., 2003). 

For this purpose query sequence was submitted to Swiss Model Server (Fig. 3.40). Theoretical 

model described the secondary and tertiary structure of protein.  There were 14 helixes and 14 

sheets in theoretical structure of PHB synthase (Fig. 3.41). 
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Fig. 3.40. Theoretical Model of structure of acetoacetyl-CoA reductase showing helixes and 

sheets 
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Fig.3.41. Sequence Feature scan of the acetoacetyl-CoA reductase showing helixes, sheets 

and coils. 

 

3.5. In vitro Enzymatic Synthesis of PHB. 

3.5.1. Phb synthase activity 

Enzyme was added to 100 µM Hydroxybutyryl-CoA in 200 mM potassium phosphate buffer (pH 

8.0) at 25 °C. Samples were drawn after regular time interval and decrease in O. D. was 

monitored up to 15 min (Fig. 3.42). Activity decreased considerably upto 10 min. After 10 min 

substrate exhausted so no further decrease was observed. 
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Fig. 3.42. PHB synthase activity was assayed by monitoring decrease in O. D. at 235 nm.  

 

3.5.2. In vitro synthesis of PHB granules 

Enzyme was added to 100 µM Hydroxybutyryl-CoA in 200 mM potassium phosphate buffer (pH 

8.0) at 25 °C. Samples were drawn after regular time interval and decrease in O. D. was 

monitored for 25 min (Fig. 3.43). An increase in O.D600 was monitored due to formation of 

granules. A significant decrease in O.D600 was observed when granules settled down. 
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Fig. 3.43.  In vitro synthesis of PHB granules 

 

3.5.3. HPLC analysis of native and in vitro synthesized PHB granules 

About 0.1mg granules were boiled with 1ml of concentrated H2SO4 for 30 minutes, neutralized 

with NaOH and diluted 50 times with 0.017N H2SO4. Filtered through 0.45 micron membrane 

filter and injected in C18 universal column pre-equilibrated with 0.017N H2SO4. 3-

hudroxybutyrate (Sigma, USA) was used as standard. The chromatography was performed at a 

flow rate of 1ml/ min and elution was monitored by UV absorbance at 210 nm. Total Chrome 

Navigate software system was used for HPLC analysis. PHB was eluted same as standard was 

eluted. Standard, cellular PHB and in vitro synthetic granules showed a retention time of 13.87, 

13.60 and 13.45 min respectively (Fig. 3.44, 3.45 and 3.46). HPLC peak shown at 2.43 min is 

solvent front. 
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Fig. 3.44 HPLC analysis of 3-hydroxybutyrate (standard). Peak at 2.43 min is solvent front 

and at 13.87 min is crotonic acid which is hydrolyzed product of 3-

hydroxybutyrate and PHB. Flow rate was 1ml/ min and elution was monitored by 

UV absorbance at 210 nm. 
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Fig. 3.45 HPLC analysis of celluler PHB granules produced by Bacillus spp. using 4%CSL 

as culture medium. Peak at 2.43 min is solvent front and at 13.60 min. Flow rate 

was 1ml/ min and elution was monitored by UV absorbance at 210 nm. 
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Fig. 3.46 HPLC analysis of in vitro synthesized PHB granules produced by enzymes cloned 

and purified from Bacillus spp. and expressed in E. coli. Peak at 2.43 min is 

solvent front and at 13.45 min. Flow rate was 1ml/ min and elution was monitored 

by UV absorbance at 210 nm. 
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4.0. D I S C U S S I O N 

 

During unbalanced growth numerous bacteria synthesized and accumulate intra-cellularly 

various polyesters as intracellular energy storage material called polyhydroxyalkanoates (PHAs) 

(Reddy et al., 2009). The best polyester among these PHAs is polyhydroxybutyrate (PHB) 

because of several reasons like its similarity to synthetic based plastics such as polypropylene 

(Mokhtari-Hosseini et al., 2009). In present time, the production of PHB is done by using Gram 

negative bacteria such as Cupriavidus necator (Vandamme and Coenye, 2004) Alcaligenes latus 

and recombinant Escherichia coli (Choi et al., 1998). But PHB produced by those organisms 

contain lipopolysaccharides (LPS) endotoxins as outer membrane that is involved in induction of 

strong immunogenic reaction and is undesirable for its use in biomedical science. (Chen and Wu, 

2005). However Gram positive bacteria (Bacillus) lack lipopolysaccharides, excreting protein in 

large quantity and is able to grow at cheaper raw material therefore preferred to be used for 

biomedical application (Valappil et al., 2007; Lopes et al., 2009; Singh et al., 2009). In present 

study same attempt was made by using Bacillus spp. for screening of PHB and E.coli strains. 

DH5α and BL21 codon plus were used as host for transformation with plasmids, for PHB 

producing enzymes expression studies. From the results as shown in Table 3.2. It is clearly 

evident that Bacillus Spp. was best for PHB accumulation. Bacillus spp. Yielded 34.4 mg/g of 

PHA as compared to 4.50 mg/g by P. fluorescens and 7.02 mg/g by P. putida kept at the same 

temperature in less time. These results are same as reported by Labuzek and Radecka, 2001; Wu 

et al., 2001; Belma et al., 2002; Borah et al., 2002; Hikmet et al., 2003; Tajima et al. 2003; 

Valappil et al., 2007; Adwitiya et al., 2009; Reddy et al., 2009) in which they reported a number 

of Bacillus species to accumulate 9 to 67% (Cell Dry Weight) CDW of PHA. 

Reduction of overall cost was the second goal of this study. It is important to produce PHA with 

high productivity and high yield. Ojumu, 2004 reported the different strategies adopted by 

scientist for cost reduction like use of inexpensive renewable carbon substrates for high 

productivity. In the present study an effort was done to produce PHA at low cost using corn steep 

liquor as growth medium. The results are shown in Table 3.1 clearly determined that out of 15 

concentrations of C/N sources used in this study high yield with low cost was obtained at Corn 

steep liquor 4% medium. These results coincide with results presented by (Kim et al., 2003; 
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Mokhtari-Hosseini et al., 2009; Ishizaki et al., 2001: Nikel et al., 2005; Nath et al., 2008; Pandian 

et al., 2010) in which they determined high yield of PHA at low cost by using agro-industrial by-

product and rice bran and sea water. The results taken from final fermentation in 10 L stirred-

tank fermentor at 37
o
C at 200 rpm shaking for 48 h with medium containing 4% CSL also 

indicate that total biomass and PHB were 4.36 g/L and 39.5 mg/g, respectively (Table 3.3). 

Medium optimization by application of statistical optimization method, compared to the common 

―one-factor-at-a-time‖ method, proved to be powerful and useful tool (Mu et al., 2009; Mokhtari-

Hosseini et al., 2009; Pandian et al., 2010). 

Biodegradation of PHB was characterized by the soil burial experiment in the lab. Fig. 3.4 to 3.7 

show the weight loss of polymers buried in soil for 4-8 weeks was 8.5% - 57.3% at 28 °C; 11.6% 

- 86.7% at 37 °C and then decreased at 60 °C 7.2% - 25.9%. PHB degraded more at 37°C than at 

28°C and 60 °C. Almost same results have been observed previously (Kima et al., 2000). 

In recent years, a combination of genetic engineering and molecular microbiology techniques has 

been applied to enhance PHB production in microorganisms. PHB biosynthesis genes were 

cloned and characterized from Bacillus spp.  Gene specific primers were used for DNA synthesis 

by polymerase chain reaction. Full length of acetoacetyl-CoA reductase (phb B) gene was found 

to be 744 bp and encoded protein was found to be contained 247 amino acids. The 744bp 

fragment of Acetoacetyl-CoA reductase (Phb B) was amplified, gel purified, quantified and 

ligated into pTZ57R/T vector using T4 DNA ligase. E. coli strain DH5α competent cells were 

transformed with the ligation mixture containing the recombinant plasmid. The transformants 

were spread on LB medium agar plates containing 100 µg/mL ampicillin, 130 µg/mL isopropyl-

β-D-thiogalactopyranoside (IPTG) and 270 µg/mL 5-bromo-4-chloro-3-indolyl-β-D-galactoside 

(X-gal). 3-5 white colonies were picked from each DNA sample plate and plasmid was isolated 

on mini scale (Fig. 3.11) and screened for the presence of recombinant plasmid by restriction 

with NdeI and EcoRI restriction endonucleases. The confirmation of successful cloning was done 

by double restriction of recombinant plasmids which showed 744 bp band (Fig. 3.12). 

Recombinant plasmid was isolated and sequenced by using the M-13 universal primers in ABI 

PRISM 310 automated capillary genetic analyzer. Sequences obtained were analysed for 

variability or homogeneity through NCBI Blast. The nucleotide sequence of acetoacetyl-CoA 

reductase has been shown maximum (99%) identity with that of Bacillus megaterium. The 
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protein sequence derived has also shown complete identity with that of Bacillus megaterium. 

Protein sequence variations were the minimum due to degeneracy of codon. The amino acid 

count which was done by using the software www.expasy.org. Composition showed the presence 

of Hydrophobic, hydrophilic and neutral amino acids 30, 54 and 16 % respectively. 

NdeI restriction site was introduced during primers designing. After nucleotide sequence analysis 

and comparison, the DNA fragment cloned in pTZ57R/T was restricted with NdeI- EcoRI and 

introduced in pET21a (+) plasmid. The competent cells of E. coli strain BL21 codonplus were 

transformed with pET21a (+) plasmid ligated with acetoacetyl-CoA reducytase. Synthesis of 

recombinant protein was induced in the LB-medium containing 1.0 mM IPTG. The entire 

recombinant enzyme was found in insoluble form at 37 °C (Fig. 3.18). For proper intracellular 

refolding of enzyme, cell culture was grown at 22 °C. The entire enzyme expressed was found in 

soluble protein fraction (3.19). To characterize the acetoacetyl-CoA reductase, it was 

overexpressed and purified with ammonium sulphate precipitation and resource Q column from 

E. coli BL21(DE3). The results of each purification stage are shown in table 3.5. The purity of 

enzyme was checked out on 15% SDS-PAGE as shown in fig.3.20. The structural, physical and 

kinetic properties or recombinant enzyme were studied. The percentage yield, fold purification 

and specific activity of the enzyme at important purification stages are described in table 3.5. 

Most of the enzyme fraction was precipitated between 55 to 65 % ammonium sulphate saturation 

at 4 °C. Thermostability and precipitation properties correlate with the previous studies of 

similar enzymes from different species (Tanaka et al., 2011).  The enzyme purified was almost 

free from other protein contamination, as it was shown by the SDS-PAGE (Fig. 3.20). 

The purified enzyme fraction had specific activity of 79 U per mg of protein. The total recovery 

of the enzyme was 16% and it was purified up to 3.8 folds.  (Table 3.5). The purified protein was 

run on 15% SDS-PAGE and 26,094 Da protein was characterized on molecular weight basis as 

done by Maehara et al 2002. Most of the expressed enzyme was found in the soluble protein 

fraction. Monomeric or dimeric structure of protein was confirmed by size exclusion 

chromatography of purified enzymes. The standard curve was prepared using six proteins of 

known molecular weight and structure namely Lysozyme, Myoglobin, Xylanase, Human serum 

albumen, Lactate dehydrogenase and Ferritin. The molecular weight (Mr) of intact proteins was 

calculated from the retention volume (Rt) and standard curve. The analysis of enzyme on gel 
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exclusion chromatography clearly indicates that enzyme exists as monomer having Mr 26,100 

Da. The retention volume is also clear from the FPLC peak as shown in Fig. 3.20.2. According to 

Chohan and Copeland, (1998) the molecular mass of acetoacetyl-CoA reductase from free-living 

and bacteroid cells was determined 90 to 95 kDa, as by size exclusion chromatography.  

The effects of variation in pH and temperature on the activity and stability of enzyme has been 

shown in fig (3.21). Enzyme activity of acetoacetyl-CoA was estimated at different pH using 

buffers e.g potassium phosphate buffer (at pH 5, 6 and 7), Tris-Cl buffer (at pH 7, 8 and 9) and 

Bicarbonate-NaOH buffer (at pH 9, 9.3, 10 and 11). Enzyme was found reasonably active in a 

wide range of pH. About 50 % of activity was retained in buffer solutions of pH range from 5 to 

9 (fig. 3.21). The optimum pH for the enzyme activity is 5.5 to 6.5. The enzyme showed 

reasonable activities of 94% and 75% at pH 7 and 8 respectively. Almost same results were 

observed previously (Kolattukudy and Rogers, 1986). The activity of recombinant acetoacetyl-

CoA reductase was examined at different temperatures i, e. 15, 20, 25, 30, 35, 40, 45 and 50 °C. 

The enzyme showed highest activity at 35 °C. Acetoacetyl-CoA reductase from Enterococcus 

faecalis have shown highest activity at 50 °C (Hedl,et al., 2002). The enzyme was quite stable 

when incubated for 5 min up to 50 °C and was completely denatured by incubation at 60 °C for 5 

min. The optimum temperature for enzyme was 35 °C. The results are shown in table 3.6 and fig. 

3.22. Same enzyme from Euglena gracilis has shown highest activity at 30 °C (Ernst-Fonberg, 

1986). The effect of change in the substrate (Acetoacetyl-CoA) concentration on the enzyme 

activity was determined by gradual increase in the Acetoacetyl-CoA concentration with excess. 

Km and Vmax values for acetoacetyl-CoA reductase are 250 µmol per min per mg and 17.0 mM 

respectively. The Km value reported previously have shown 50 µmol per min per mg and Vmax of 

8 μmol (Willis et al., 2011). 3D model of Acetoacetyl-CoA reductase was constructed on the 

basis of homology with different protein sequences, whose 3D structures were available in the 

protein Data Bank (PDB). For this purpose query sequence was submitted to Swiss Model 

Server. Theoretical model described the secondary and tertiary structure of protein (Fig. 3.24).  

There were 10 helixes and 7 extended β-sheets in theoretical structure of acetoacetyl-CoA 

reductase (fig. 3.25) as described previously in plant systems (Singh et al., 2010). 

PHB synthase catalyses the PHB synthesis by using hudroxybutyryl-CoA molecule as substrate 

and serves as precursor to polyhydroxybutyrate. In present study PHB synthase (Phb C) gene 
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was amplified by PCR from DNA isolated from Bacillus spp. The PCR resulted in amplification 

of 1089 bp DNA fragment The concentration of PCR product was also determined 

spectrophotometrically after purifying the amplified fragment from agarose gel. Amplified 

fragment of PHB synthase (phb C) was cloned in pTZ57R/T after purification and quantification 

of the eluted product. Blue white selection of bacterial colonies was done after selection and 

plasmid was confirmed by restriction digestion with SalI and EcoRI restriction endonucleases 

and also with colony PCR.  

Amino acid sequence derived from DNA sequence of PHB synthase was checked for 

homogeneity or variability through NCBI BLAST. There was 99% identity with PHB synthase 

with that of Bacillus megaterium. 

For protein expression the gene fragment restricted with EcoRI-SalI was purified from the gel 

and ligated with expression vector pET21a(+) which was also digested with the SalI and EcoRI 

restriction enzymes. The transformants were selected on 100 µg/mL ampicillin. The presence of 

PHB synthase gene was confirmed by digesting the fragment of 1089 bp from plasmid with 

EcoRI-SalI. The results coincide with work as done by Kumar, 2007. The sequencing of the 

recombinant plasmid was done by using M13 primers on ABI 310 Genetic Analyzer. The open 

reading frame which was obtained after analyzing the sequence on Expasy was 1089 bp with a 

deduced protein consisting of 362 amino acids. The nucleotide sequence was translated and a 

protein of 41,490 Da with calculated pI 8.25 was found. Sequences obtained were analyzed for 

variability or homogeneity through NCBI Blast. DNA sequence of PHB synthase was found to 

be 99% identical to the sequence of PHB synthase of Bacillus megaterium. Putative protein 

sequence is also shown in fig. 3.34. The amino acid count which was done by using the software 

Expasy showed the presence of Hydrophobic, hydrophilic and neutral amino acids 32, 55 and 13 

% respectively. 50 mL bacterial culture was grown at 37 °C. 2 mL of bacterial culture grown 

after 2, 4, 6 and 8hr of IPTG induction was drawn centrifuged at 6,000 rpm and 20 °C for 1 min, 

supernatant was discarded and pellet was resuspended in100 µL 10 mM Tris-HCl buffer pH 6.8. 

20 µL of 4x SDS-PAGE. A prominent expression of target protein in E. coli was achieved in 

supernatant as shown in fig. 3.35 after running on SDS-PAGE. Entire enzyme fraction was 

present in soluble form. The purification of PHB synthase was done by Resource Q column and 

was eluted completely at 0.4 M NaCl gradient in 10 mM sodium acetate buffer pH 6.0. The 
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purification steps along with percentage yield, fold purification and specific activity are shown in 

the table 3.9. The purified enzyme fraction had specific activity of 151 U per mg of protein, (Fig. 

3.36) (Bernd, and  Rehm, 2003). The total recovery of the enzyme was 12.6% and it was purified 

up to 10.75 folds (Table 3.9). The purified enzyme has shown a single band on 15% SDS-PAGE 

and the apparent molecular mass of a subunit on the gel is 41000 Da on SDS-PAGE (Fig. 3.36). 

The enzyme was quite stable when stored at -20 °C in 20% glycerol. Monomeric or dimeric 

structure of protein was confirmed by size exclusion chromatography of purified enzymes using 

the same standard curve as described for PHB. The Mr (Da) of proteins was calculated through 

FPLC. It was clear that enzyme exist as dimer having Mr more than 41,000 Da. The retention 

volume (Rt) was found to be 13.58 as shown by FPLC peak in fig 3.36.1. 

The purified protein was characterized. The optimum temperature for the enzyme activity is 40 

°C. Phb synthase from Thermus thermophilus has shown 70 °C optimum temperature for highest 

activity (Pantazaki et al., 2003). More than 50 % of enzyme activity was retained when incubated 

at 55 °C for 5 min and there was a complete activity loss after incubation at 75 °C for 5 min. The 

half life of enzyme is 5 min at 55 °C. The enzyme is active in a wide range of pH, more than 50 

% enzyme remains active at pH ranging from 5 to 9. Optimum pH for the enzyme activity is 7.5 

(Fig. 3.37) Phb synthase from Thermus thermophilus has shown highest activity near pH 7.3 

(Pantazaki et al., 2003).  

The effect of change in the substrate (hydroxybutyryl-CoA) concentration on the enzyme activity 

was determined by gradual increase in the hydroxybutyryl-CoA concentration with excess. The 

Km value of PHB synthase is 4.93mM and V max 76.92 mol per min per mg for hydroxybutyryl-

CoA is near to the Km value of the enzyme which are comparable to those described early (Ren 

et al., 2009). 3D model of PHB synthase was constructed on the basis of homology with different 

protein sequences (Fig. 3.40), there were 14 helixes and 14 extended β sheets in theoretical 

structure of PHB synthase (Fig. 3.41) as has been described by Hisano et al., 2003. 

Purified acetoacetyl-CoA reductase and PHB synthase were used for in vitro production of PHB. 

As PHB granule formation was proceeded, PHB synthase activity decreased significantly (Fig. 

3.42 and 3.43) (Gerngross, and Martin, 1995). Granules formed were treated with proteinase K 

to remove bound enzyme and washed with distilled water. To characterize PHB, granules were 

boiled with 1ml of concentrated H2SO4 for 30 minutes, neutralized with NaOH and diluted 50 
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times with 0.017N H2SO4. Filtered and subjected to HPLC.  The chromatography was performed 

at a flow rate of 1ml/ min and elution was monitored by UV absorbance at 210 nm. PHB was 

eluted same as standard was eluted. Standard, PHB native and in vitro synthetic granules showed 

a retention time of 13.87, 13.60 and 13.45 min respectively (Fig. 3.44, 3.45 and 3.46). HPLC 

peak shown at 2.43 min is solvent front. 13.5 min retention time for PHB has already been 

observed (Taroncher-Oldenburg et al., 2000). 

Essence and applications of this study was that polyhydroxyalkanoates are naturally accumulated 

up to more than 90% of dry cell mass in different species of bacteria as a energy reserve material 

under stress condition (Braunegg, et al., 1998) and many of environmental bacterial and fungal 

species can biodegrade them very easily (Jendrossek and Handrick, 2002) If widely used as 

wrapping material and disposable things, PHAs can minimize environmental pollution. They can 

be easily degraded within the body that‘s why can be used for tissue engineering, drug delivery 

and surgical implants etc (Williams, et al., 1999; Sodian, et al., 2000; Valappil, et al., 2006; 

Chen, et al., 2005; Grage, et al., 2009; Philip, et al., 2007). Moreover as they are composed of  

(R)-hydroxyalkanoate monomers and are pure enantiomers, can be used as starting chemical  for 

the production of enantiomerically pure drugs and fine chemicals (Griebel, et al., 1968; Philip, et 

al., 2007). 

Since many decades PHAs have been considered to replace the conventional plastics. Frequent 

developments and improvements have been done to overproduce PHAs, but synthetic plastics 

could not been replaced up to date. PHAs with all its applications are not yet able to replace 

traditional plastics for most of its uses due to problem in obtaining the relevant material 

properties and the cost of production (Nomura and Taguchi, 2007; Yu and Chen, 2006; Jacquel, 

et al., 2008). Microbial fermentation with all its required inputs of feedstock and electrical 

energy is costly process. A number of attempts have been made to decrease the cost the 

utilization of new feedstocks (Yan, et al., 2006; Nonato, et al., 2001) such as use of genetically 

engineered organisms (Wong, et al., 2008; Aldor and Keasling, 2003), use of advanced 

fermentation methodology (Choi and Lee, 1997; Khanna and Srivastava, 2005; Choi and Lee, 

1999b; Wang and Yu, 2007) polymer recovery processes  and its accumulation in crop plants 

(Suriyamongkol, et al., 2007 ; Daae, et al., 1999; Snell and Peoples, 2002; van Beilen and 
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Poirier, 2008). Currently, significance of in vitro enzyme catalyzed synthesis of PHAs has been 

increased because it can help for cost effective production of PHAs on industrial scale. In vitro 

production allows utilizing a variety of monomer compositions and molecular weight. It also 

avoids biomass production stage and makes PHB recovery process easier. Following these steps 

can make possible to cut down the cost of PHB. Keeping in view that for invitro production of 

polyhydroxybutyrate only two things are required i,e PHA polymerase and appropriate (R)-

hydroxyacyl-CoA monomers (Gerngross, et al., 1995), PHA synthase and acetoacetyl-CoA 

reductase clonned and purified during this study were used for in vitro synthesis. Glucose was 

used as monomer to start the reaction. The present study determined the in vitro PHA production 

not only as a research tool to understand the mechanisms involved, but also its production in cost 

effective way with better properties as compared to commercially available plastics. 
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