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Chapter 1 

Introduction and - Literature survey 



1.1 INTRODUCTION 

Conventional synthetic plastics derived from petroleum have become an inevitable 

part of our day to day life. With the exponential growth in human population, the 

unconditional use of these plastics has led to the accumulation of large amounts of 

non-biodegradable waste in the environment. The disposal of these harmful wastes is 

a serious global problem. Many countries are now trying to overcome this problem by 

conducting programs such as solid waste management (Rohini et al., 2006). These 

include development of biodegradable plastics so as to reduce the plastic wastes in the 

environment. Secondly, the enticement to use biodegradable plastics is also related to 

the rapid depletion of non-renewable crude oil resources (Naik et al., 2008; Philip et 

al., 2007; Reddy et al., 2008; Suriyamongkol et al., 2007). 

Biodegradable plastics are biological polymers that are enzymatically degraded to 

carbon dioxide and water under aerobic conditions, and to methane and inorganic 

compounds anaerobically (Naik et al., 2008). They are largely divided into three 

categories: Chemically synthesized polymers, Starch based biodegradable plastics and 

Polyhydroxyalkanoates (PHAs). 

Among the several biodegradable polymers, PHAs, a class of naturally occurring, 

optically active, aliphatic biopolyesters are currently receiving tremendous attention 

from both, academic as well as industrial point of view. These microbial bioplastics 

possess material properties similar to petro-based synthetic plastics such as 

polypropylene but unlike petroplastics they are completely biodegradable, 

biocompatible, nontoxic and can be produced using renewable carbon sources (Sheu 

et al., 2009; Valappil et al., 2007a; Madison and Huisman, 1999). 
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PHAs are therefore considered suitable for commercial exploitation and have gained 

applications in several fields such as medicine, pharmacy, agriculture, food and 

packaging industry, as raw materials for synthesizing enantiomerically pure chemicals 

and in the production of paints (Anderson and Dawes, 1990; Sudesh et al., 2000; 

Rawte and Mavinkurve, 2001; Rehm, 2007). 

1.2 BACTERIAL POLYHYDROXYALKANOATES AND THEIR CHEMICAL 

STRUCTURE 

Polyhydroxyalkanoates (PHAs) are structurally simple macromolecules synthesized 

by a wide variety of Gram positive and Gram negative bacteria including members of 

the family halobacteriaceae of the archaea (Anderson and Dawes, 1990; Brandl et al., 

1990; Hezayen et al., 2002; Madison and Huisman, 1999; Philip et al., 2007). 

Currently, more than 300 organisms are reported to produce PHA (Suriyamongkol et 

al., 2007). Marine prokaryotes accumulate PHA up to 80% of their dry cell weight 

(DCW) especially when present in "high-nutrient" econiche (Weiner, 1997; Philip et 

al., 2007). Synthesis of PHA occurs when a carbon source is present in excess and 

one of the essential growth nutrients is limiting (Anderson and Dawes, 1990; Madison 

and Huisman, 1999; Rehm, 2007). 

Polymer production is initiated when acetyl-CoA is restricted from entering the 

tricarboxylic acid (TCA) cycle due to nutrient limitation. This results in shunting the 

acetyl units from the TCA cycle into PHA production (Lenz and Marchessault, 2005). 

The polymer acts as a sink for carbon and reducing equivalents which is mobilized by 

intracellular depolymerases as soon as the supply of limiting nutrient is restored 
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(Anderson and Dawes, 1990; Byrom, 1994; Madison and Huisman, 1999; Gao et al., 

2001). 

PHA is deposited in the cell cytoplasm as discrete, insoluble "inclusions or granules" 

(Anderson and Dawes, 1990). Being highly refractile, the granules can be easily 

visualized using phase contrast light microscope (Dawes and Senior, 1973). These 

granules are lipidic in nature and therefore stained with sudan black B (Burdon, 

1946). A more specific dye that binds to PHA is the oxazine as well as the fluorescent 

oxazone (Nile Red) form of Nile blue A. Both, Nile blue A and Nile red can also be 

used to detect PHA inside the growing bacterial cells (Ostle and Holt, 1982; 

Spiekermann et al., 1999; Wu et al., 2003). 

In vivo, PHA is present in an amorphous state (Revol, 1989). Extraction of the 

polyester using organic solvents makes it highly crystalline. The extracted polymer 

exhibits material properties similar to synthetic plastics such as high molecular 

weight. The molecular weight of PHA synthesized usually ranges from 2x10 5  to 

3x106  Daltons (Da) and depends upon the microorganism, carbon source used as well 

as the growth conditions (Byrom, 1987; Madison and Huisman, 1999; Sudesh et al., 

2000; Ojumu et al., 2004). 

1.2.1 Chemical Structure 

PHAs are made up of 3-hydroxyfatty acid (3HA) monomers that are arranged in a 

linear, head-to-tail fashion, i.e., the ester bond is formed between the carboxyl group 

of one monomeric unit with the hydroxyl group of the adjacent monomeric unit. The 

HA monomers that are incorporated into the polyester through the native cell 

metabolism are strictly in the (R)-configuration due to the stereo specificity of PHA 
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synthase (Sudesh et al., 2000). This stereo regularity makes the polymer optically 

active. 

The general structure of PHA is shown in Fig. 11. The hydroxyl substituted carbon 

which in the (R)-configuration contains an alkyl group that can vary from methyl to 

tridecyl. The basic unit and most abundant PHA in nature is poly-3-hydroxybutyrate, 

(PHB). It is the simplest PHA with respect to the chemical structure having a methyl 

(-CH3) group in the alkyl side chain. The PHB homopolymer is made up of repeating 

units of (R)-3-hydroxybutyrate (3HB). It is hard and brittle. Incorporation of 3- 

hydroxyvalerate (3HV) monomers along with (3HB) yields a copolymer P(3HB-co-

3HV), which is an elastomer similar to polypropylene. Due to the flexibility of the 

copolymer, it can be melt processed into a variety of consumer products including 

plastics, films and fibres (Anderson and Dawes, 1990; Madison and Huisman, 1999; 

Rawte and Mavinkurve, 2001; Rehm, 2007). 

The saturated alkyl side chain of PHA can also be substituted with aromatic, 

unsaturated, halogenated, epoxidized and branched monomers. Similarly, the position 

of the hydroxyl group can also be varied to obtain 4-, 5- or 6-hydroxyacid. Some 

eubacteria are also capable of synthesizing polythioesters using mercaptoacids as 

carbon source (Lutke-Everloh et al., 2001). Overall, the size of the alkyl side chain as 

well as the monomeric composition determines the material properties of PHA. 

Therefore by manipulating these features, new polymers with desired material 

properties can be synthesized (Anderson and Dawes, 1990; Madison and Huisman, 

1999). 
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- 	 H 

-- 0 	C (CH2)„ C 

x 

n = 1 R = methyl: polymer = poly(3-hydroxybutyrate) 
R = ethyl: pol - = poly(3-hy(froxyvalerate) 

n = 2 R = hydrogen: polymer = poly(41-hydroxybutyrate) 
n = 3 R = hydrogen: polymer = poly(5-hydroxybutyrate) 
x = 100-30000 

Fig. 1.1 General Structure of PHA (Castilho et al., 2009) 



1.2.2 Classification of PHA 

PHAs are divided into two broad groups based on the substrate specificity of PHA 

synthase to accept 3HAs of certain carbon chain length (Philip et al., 2007; Naik et 

al., 2008). 

Short-chain-length (SCL) 

Medium-chain-length (MCL) 

The SCL-PHA consists of HA monomers which are composed of 3 to 5 carbon atoms. 

These polymers are stiff and brittle. They possess high degree of crystallinity, lack 

toughness and show thermoplastic material properties similar to polypropylene. 

MCL-PHA consists of 6 to 14 carbon containing HA monomers and are generally 

flexible, have low crystallinity, tensile strength and melting point. They are 

elastomeric in nature hence opening new opportunities for their application as rubbers 

and elastomers (Anderson and Dawes, 1990; Doi et al., 1995; Gagnon, 1992; 

Suriyamongkol et al., 2007; Ojumu et al., 2004). 

Recently, bacteria able to synthesize PHAs containing both SCL- and MCL-

monomeric units consisting of three to fourteen carbon atoms have been reported. 

These copolymers have properties in between that of SCL- and MCL-PHAs 

depending on the mole ratio of SCL to MCL monomers further improving their 

physical and thermal properties. For example, the incorporation of small amounts of 

MCL-monomer, 3-hydroxyhexanoate (3-HHx) into PHB backbone alters the material 

properties of PHA. The resulting PHA formed is similar to that of low density 

polyethylene and therefore suitable for commercial applications (Philip et al., 2007; 

Madison and Huisman, 1999; Yu, 2007). 
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1.3 LOCATION OF PHA IN BACTERIAL CELLS 

Biosynthesis of PHA in bacteria is divided into three phases (Steinbuchel and 

Valentin, 1995): 

Phase I: Entry of the carbon source from the surrounding environment into the cell 

either by simple diffusion or a specific membrane transport system. 

Phase H: Conversion of the carbon source into hydroxyacyl Coenzyme A (CoA) 

thio esters. 

Phase III: Polymerization of hydroxyacyl CoA thioester precursors by the key 

enzyme, PHA synthase to produce PHA (Fig. 1.2). 

1.4 BIOSYNTHETIC PATHWAY OF PHA PRODUCTION IN BACTERIA 

The type and monomeric composition of PHA synthesized by bacteria depends on the 

carbon substrate used (Sudesh et aL, 2000; Philip et al., 2007). If the HA monomers 

contained in the PHA polymer are structurally identical to the carbon source, then the 

carbon source is said to be 'related'. The polymer produced from 'unrelated' carbon 

source consists of HA monomers structurally different from that of the carbon 

substrate provided in the medium (Philip et al., 2007). Wild-type bacteria are capable 

of utilizing diverse carbon sources to synthesize PHAs (Hangii, 1990; Page, 1992; 

Fukui and Doi, 1998; Eggink et al., 1993; Tan et al., 1997; Lageveen et al., 1988). 

Based on the monomeric composition of the PHA produced, three major PHA 

biosynthetic pathways have been elucidated (Taguchi et al., 2002). 

Pathway I: Formation of SCL-PHA 

Pathway II: Formation of MCL-PHA from related carbon substrates 

Pathway III: Formation of MCL-PHA from unrelated carbon substrates 
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Pathway I 

This pathway is best studied in Cupriavidus necator (previously known as Wautersia 

eutropha, Ralstonia eutropha or Alcaligenes eutrophus) (Peoples and Sinskey, 1989; 

Schubert et al., 1988; Slater et al., 1988). In this organism, biosynthesis of the 

polymer involves a series of three enzymes which are present in the cytosol. The first 

reaction i.e., condensation/ dimerization of two molecules of acetyl-CoA to form 

acetoacetyl-CoA is catalyzed by the enzyme 13-ketothiolase (encoded by phaA). In the 

second step, acetoacetyl-CoA is reduced to (R)-3-hydroxybutyryl-CoA by the action 

of the enzyme NADPH-dependent acetoacetyl-CoA reductase (encoded by phaB). 

(R)-3-hydroxybutyryl-CoA acts as a direct precursor for PHA production. The final 

step involves polymerization of (R)-3-hydroxybutyryl-CoA catalyzed by the PHA 

synthase (encoded by phaC) (Anderson and Dawes, 1990; Cevallos et al., 1996; 

Volova et al., 2004) (Fig. 1.3). 

A wide range of PHAs other than PHB are also synthesized by bacteria (Valappil et 

al., 2007a; Anil Kumar et al., 2007). For example, the copolymer P(3HB-co-3HV) is 

produced when propionic or valeric acid is added in the medium containing glucose 

(Chen et al., 1991). In this biosynthetic pathway, the first step is catalyzed by a 

distinct 13-ketothiolase (encoded by bktB) and involves condensation of propionyl-

CoA with acetyl-CoA. The further steps of the biosynthetic pathway i.e., reduction of 

3-ketovaleryl CoA to (R)-3-hydroxyvaleryl CoA and subsequent polymerization to 

produce the copolyester are catalyzed by the same enzymes that are involved in PHB 

synthesis namely NADPH-dependent acetoacetyl-CoA reductase and PHA synthase 

(Anderson and Dawes, 1990). 

• 
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The organism C. necator is capable of utilizing a wide variety of carbon sources such 

as lactic acid, n-alkanoates (Linko et al., 1993; Fukui and Doi, 1998), plant oils 

(Akiyama et al., 1992) and even carbon dioxide (Ishizaki and Tanaka, 1991) to 

synthesize PHA but the incorporated monomers strictly contain 3 to 5 carbon atoms. 

This indicates the substrate specificity of PHA synthase towards SCL-HA monomers 

(Sudesh et al., 2000). This enzyme is also capable of polymerizing 4HA monomers in 

addition to 3HA monomers when related carbon substrates such as 4- 

hydroxybutyrate, y-butyrolactone and 1, 4-butanediol are used (Doi et al., 1990). 

Pathway II 

This pathway is observed in pseudomonads belonging to the ribosomal RNA (rRNA)- 

homology group I. In this pathway, MCL-PHAs are synthesized from related carbon 

sources and the PHA produced is the reflection of the carbon substrate used 

(Lageveen et al., 1988). When straight chain fatty acids (containing 6 to 12 carbon 

atoms) are supplied as a carbon source, the synthesized PHAs consist of monomers 

identical or 2, 4 or 6 carbon atoms shorter than the substrate (Huisman et al., 1989). 

This reveals that the 3-hydroxyacyl-CoA intermediates for PHA biosynthesis are 

derived from the 0-oxidation pathway and that the fatty acid oxidation pathway is 

closely related to MCL-PHA biosynthesis in these bacteria (Rehm, 2007). 

The intermediates of 0-oxidation pathway such as trans-2, 3-enoyl-CoA, (S)-3- 

hydroxyacyl CoA and 3-ketoacyl-CoA cannot be directly used as precursors for 

polymer formation since the polymerizing enzyme exhibits strong stereo specificity 

towards (R)-3-hydroxyacyl CoA. Recently the enzymes, (R)-specific enoyl-CoA 

hydratase, hydroxyacyl-CoA epimerase and 3-ketoacyl-CoA reductase that link [3- 
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oxidation to PHA biosynthetic pathway have been discovered (Fukui et al., 1999; 

Taguchi et aL, 1999; Rehm, 2007). The enzyme (R)-specific enoyl-CoA hydratase 

converts enoyl-CoA to (R)-3-hydroxyacyl-CoA, which is the substrate for polyester 

synthase (Fukui and Doi, 1998; Tsuge et al., 2000). 

Pathway HI 

With the exception of Pseudomonas oleovorans, most of the other members of 

pseudomonads belonging to the rRNA-homology group I are also capable of 

synthesizing MCL-PHA from other unrelated carbon substrates such as carbohydrates 

(Anderson and Dawes, 1990). In this pathway, acetyl CoA formed from the oxidation 

of carbon source (alkanes, alkanols or alkanoic acids) is channeled into the de novo 

fatty acid biosynthetic pathway and the intermediates obtained in this pathway are 

diverted to MCL-PHA production (Naik et al., 2008). 

In these organisms, the enzyme acyl-ACP-CoA transacylase (encoded by PhaG) plays 

a crucial role in linking fatty acid de novo biosynthesis with MCL-PHA production. 

This enzyme catalyzes the conversion of (R)-3-hydroxyacyl intermediates from their 

acyl carrier protein (ACP) form to the respective CoA form making them available for 

polymerization by the PHA synthase enzyme. Transcription of PhaG gene is induced 

only when unrelated carbon substrates are supplied in the medium (Rehm et al., 

1998). 

1.5 DEVELOPMENT OF PHA GRANULES IN THE BACTERIAL CELL 

PHA exists inside the bacterial cell in the form of discrete water-insoluble inclusions, 

the size of which ranges from 0.2 to 0.5 pm in diameter (Fig. 1.4). The granule 
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composition of Bacillus megaterium is as follows: 98% PHA, 1.87% protein and 

0.46% phospholipids (Griebel et al., 1968; McCool et al., 1996; Rehm, 2003). The 

spherical nano-sized inclusions are composed of an amorphous polyester core 

containing water molecules that act as plasticizer (Barnard and Sanders, 1989) and 

surrounded by a 4 nm thick membrane composed of phospholipid monolayer 

(Boatman, 1964; Mayer and Hoppert, 1997; Dennis et al., 2003). This granule 

membrane is embedded with proteins that play an important role in PHA metabolism 

and granule formation (Stuart et al., 1998; Potter and Steinbuchel, 2005). Studies on 

PHA granules from the members of the genus Bacillus have been reported by many 

researchers and are summarized in Table 1.1. 

1.5.1 Synthesis of PHA granules in vivo 

There are two models of PHA granule formation in vivo that have been described in 

literature (Rehm, 2007): a) The "micelle" model and b) The "budding membrane" 

model (Fig. 1.5). 

a) The Micelle model 

The enzyme PHA synthase is constitutively produced at a low level inside the 

bacterial cell. However, this enzyme initiates polymerization as soon as the substrate 

(R)-3-hydroxyacyl CoA thioester is available intracellularly and rapidly becomes 

granule associated (Rehm, 2007; Peters and Rehm, 2005). In this model, it has been 

demonstrated that the hydrophobic polymer chain growing by extrusion from the 

synthase ultimately forms a "micelle" like structure (Griebel et al., 1968; Gerngross et 

al., 1993). As the polymerization progresses, densely packed amorphous hydrophobic 

polymer pushes the PHA synthase away from the center resulting in the formation of 
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Table 1.1 Studies carried out on PHA granules from the genus Bacillus 

Year 	 Research work 

1944 Maurice Lemoigne claimed PHB as the major constituent in the granules of Bacillus 

megaterium 

1953 Weibull isolated PHA granules from Bacillus megaterium cells by dissolution of the 

cell wall using lysozyme 

1958 Wilkinson and coworkers isolated intact PHB granules from Bacillus species using 

alkaline hypochlorite solution for cell lysis and quantitated PHB present in the 

granules 

1961 Merrick and Doudoroff isolated "native" PHB granules from Bacillus megaterium and 

demonstrated the association of PHA synthase with the granule membrane 

1968 Griebel et al., demonstrated fractionation procedures for isolation of native PHB 

granules from Bacillus megaterium, carried out electron microscopic studies on PHB 

granules, studied the composition and properties of native PHB granules and 

characterized the granule associated PHA synthase 

1996 McCool et aL, described the pattern of PHA inclusion body growth and proliferation 

throughout the growth cycle of Bacillus megaterium 

1999 McCool and Cannon investigated the PHA inclusion body-associated proteins from 

Bacillus megaterium as well as cloned and analyzed their coding region 

2001 McCool and Cannon demonstrated the essentiality of both, PhaC and PhaR for PHA 

synthase activity using in vivo and in vitro methods 

2001 Law et al., carried out studies on PHA inclusion body-associated proteins from B. 

megaterium 

2002 Satoh et al., also demonstrated that the PHA synthase enzyme from Bacillus sp. 

INT005 is composed of two subunits, PhaC and PhaR, both of which are required for 

the enzyme activity 

2003 Tajima et al., reported isolation and characterization of Bacillus sp. INT005 

possessing a PHA synthase with moderate PHA productivity as well as moderate 

thermostabilty 

2008 Valappil et al., isolated PHA granules from Bacillus cereus SPV and identified the 

granule associated proteins 

2010 Prabhu et al., isolated native PHA granules from a marine derived Bacillus sp. NQ-

11/A2 and characterized the granule bound PHA synthase 
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a covering around the granule. This granule covering shields the hydrophobic polymer 

from the aqueous cytoplasm. The polymerization reaction continues until the substrate 

is available in the cytosol and is successfully driven towards product formation (PHA) 

by the free energy generated due to the release of CoA during the condensation 

process catalyzed by PHA synthase. Finally, a point is reached where no more PHA 

granules can be accommodated in the cell due to the limitation of the internal cell 

volume. Partitioning of other hydrophobic and amphipathic proteins or metabolites 

such as phospholipids at the granule surface is also possible (Gerngross et al., 1993). 

Since the PHA granules formed according to this model lack a definite membrane, 

this model is also supported by the in vitro PHA granule formation process (Rehm, 

2007). However, the earlier electron microscopic studies have revealed presence of 

membrane-like structures surrounding the PHA granules inside the cells (Boatman, 

1964; Dunlop and Robards, 1973; Jensen and Sicko, 1971; Wang and Lundgren, 

1969) or in isolated granules (Lundgren et al., 1964; Mayer et al., 1996) therefore 

providing evidence for the "budding membrane" model. 

b) The Budding membrane model 

The budding membrane model of granule formation is similar to that proposed for 

lipid body formation in plant seeds (Waltermarm and Steinbuchel, 2005; Stubbe and 

Tian, 2003). According to this model, PHA synthase adheres to the inner face of the 

plasma membrane when primed with a molecule such as a long chain fatty acid, 

bound covalently to the active site of the enzyme. The extending PHA chain forms a 

hydrophobic core between the phospholipid bilayer which causes swelling of the 

plasma membrane. This leads to budding of the vesicle along with the phospholipid 
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monolayer from the inner plasma membrane resulting in the formation of PHA 

granules. Production of phasin protein during PHA chain extension has also been 

suggested (Waltermann and Steinbuchel, 2005; Stubbe and Tian, 2003). 

Recently, in vivo monitoring of PHA granule formation as well as sub cellular 

localization was determined using N-terminal fusion of a green fluorescent protein 

(GFP) with class I and class III PHA synthase respectively, without affecting PHA 

granule formation (Peters and Rehm, 2005). The results obtained from these 

fluorescence microscopic studies were in agreement with the budding model. The 

granules were found to localize at the cell poles in the early stages of granule 

formation therefore suggesting that the synthesis of granules begin at the cell poles. 

Another interesting observation was that the small emerging PHA granules were 

found to rapidly oscillate between the cell poles suggesting a possible role in equal 

distribution of these polymer inclusions between the daughter cells (Peters and Rehm, 

2005). Confirmation of PHA granule localization at the cell poles was achieved using 

Nile red staining of the granules as well as C-terminal fusion of a yellow fluorescent 

protein with phasin (Jendrossek, 2005; Schultheiss et al., 2005). Overall, the above in 

vivo studies strongly supported the budding model of PHA granule formation. 

1.6 PHA SYNTHASE, THE KEY ENZYME OF PHA BIOSYNTHESIS 

PHA synthase (also designated as polyester synthase or PHA polymerase) is the 

crucial enzyme of PHA biosynthesis catalyzing the enantio-selective conversion of 

(R)-3-hydroxyacyl CoA thioesters into PHAs with concomitant release of free CoA 

molecules (Rehm, 2003). Currently, more than 150 different HAs are identified as 
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constituents of PHA. This indicates that the PHA synthase enzyme exhibits broad 

specificity and accepts a wide variety of HAs as substrates (Steinbuchel and Valentin, 

1995; Suriyamongkol et al., 2007). 

PHA synthases have been classified into four types on the basis of their primary 

structures, substrate specificity and subunit composition (Table 1.2). 

Class I PHA synthases (represented by Cupriavidus necator) consist of only one 

type of subunit (PhaC) with molecular weight ranging between 61 and 73 KDa. PHA 

synthases of this class preferentially utilize CoA thioesters of various (R)-3HAs 

comprising 3 to 5 carbon atoms (Rehm, 2003). 

Class II PHA synthases (represented by Pseudomonas aeruginosa) also consist of 

one type of subunit (PhaC) with molecular weight between 61 and 73 KDa but 

preferentially utilize CoA thioesters of various (R)-3HAs comprising 6 to 14 carbon 

at 	fRPn a# n1 7nnn^ 

Class III PHA synthases (represented by Allochromatium vinosum) consists of two 

different types of subunits. The PhaC subunit has a molecular weight of 40 KDa and 

exhibits 21 to 28% amino acid sequence similarity to class I and class II polyester 

synthases. The second subunit, PhaE also has the same molecular weight but no 

sequence similarity is observed with PHA synthase. Class III PHA synthases prefer 

CoA thioesters of (R)-3HAs comprising 3 to 5 carbon atoms (Liebergessell et al., 

1992; Liebergessell and Steinbuchel, 1992). 

Class IV PHA synthases (represented by Bacillus megaterium) are similar to class III 

polyester synthases as they also consist of two subunits. However, in this class, the 
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Table 1.2 Classes of PHA syntheses (Rehm, 2007) 

Species 	 Substrate 

Cupriavidus necator 

Pseudomonas aeruginosa 

Allochronzatium 107oSUm 

Bacillus Megaterium 

3HAscL-CoA 
(—C3-05) 

4HAm.-CoA, 
5HAsm-CoA, 3MA„„L-CoA 

3HAMCL-COA 
(—>C5) 

3HAsci-CoA 
(3HA,c,-CoA [—C6-C8], 

4HA-CoA, 5HA-CoA) 

31LA eL-CoA 

15 



PhaE subunit is replaced by PhaR having a molecular weight of 20 kDa (McCool and 

Cannon 1999, 2001). 

Exceptions to this classification are PHA synthases from Thiocapsa pfennigii, 

Aeromonas punctata and Pseudomonas sp. 61-3. PHA synthase from T pfennigii 

consists of two subunits. The PhaC subunit possesses strong similarity to that of class 

III polyester synthases but exhibits broad substrate specificity. The synthesized 

polyester comprises CoA thioesters of SCL- as well as MCL-3HAs (Liebergessell et 

al., 1993). A. punctata PHA synthase contains only one subunit with strong similarity 

to class I polyester synthases and catalyzes the synthesis of a copolymer, 3- 

hydroxybutyrate-co-3-hydroxyhexanoate (3HB-co-3HV) (Fukui and Doi, 1997). 

Pseudomonas sp. 61-3 possesses two PHA synthases (PhaC1 and PhaC2) that show 

strong similarity with class II polyester synthases and catalyze polymerization of 

copolyester consisting of 3-hydroxybutyrate and MCL-3HAs (Matsusaki et al., 1998). 

Further, comparison of the nucleotide sequences of 88 PHA synthase genes from 68 

different bacteria exhibited 8 to 96% overall identity with only eight strictly 

conserved amino acids residues. The N-terminal region of these synthases is found to 

be highly variable (Rehm et al., 2002) whereas the hydrophobic C-terminal region is 

more conserved among all class I and Class II PHA synthases (Peters and Rehm, 

2005; Rehm et al., 2002; Schubert et al., 1991). In contrast, the hydrophobic C-

terminus is absent in the PhaC subunits of class III and IV but presence of this region 

in the second subunit PhaE or PhaR, respectively suggests its possible role as a 

binding domain for the attachment of PHA synthase to the hydrophobic polyester core 

(Rehm, 2007). 
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1.7 OTHER GRANULE ASSOCIATED PROTEINS 

Other granule associated proteins (besides PHA synthase) include PHA 

depolymerase, phasins, PHA-specific regulators and additional proteins (functions not 

yet known). These granule associated proteins are essential part of the metabolic 

pathway for PHA biosynthesis as well as degradation. 

1.7.1 PHA depolymerase 

PHA depolymerases are of two types, intracellular PHA depolymerase (PhaZ) that is 

responsible for degradation of amorphous PHA contained inside the granules of PHA 

producing microorganisms and extracellular PHA depolymerase that degrade PHA 

present in the surrounding environment for example, from other non-viable bacterial 

cells. The intracellular granule associated PHA depolymerase is non-covalently linked 

and bring about the mobilization of PHA granules under carbon starvation (Saegusa et 

al., 2001; Handrick et al., 2000, Jendrossek and Handrick, 2002). 

1.7.2 Phasins 

Among all the granule associated proteins, the most abundant protein found on the 

surface of the PHA granules are phasins (PhaP) which are analogous to oleosins, 

proteins found on the surface of oil globules in plant cells (Wieczorek et al., 1995; 

Steinbuchel et al., 1995). Under ideal PHA accumulating conditions, this protein is 

present in concentrations as high as 5% of the total cellular protein and is found to 

cover major part of the granule surface. Phasins are structural proteins possessing low 

molecular weight ranging from 11 to 25 kDa. They are non-covalently bound to the 

PHA core of the granule (Wieczorek et al., 1995; Hanley et al., 1999; Liebergesell et 

al., 1992; Pieper-Furst et aL, 1995; Schultheiss et al., 2005). These proteins are not 
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directly involved in PHA production (Wieczorek et al., 1995; Kuchta et al., 2007) but 

promote PHA biosynthesis (Potter et al., 2005; York et al., 2001). Phasins are found 

to reduce the lag phase in the kinetics of granule formation (Jurasek and 

Marchessault, 2004). Their copy number greatly influences the size and number of 

PHA granules formed inside the bacterial cell (York et al., 2001; Wieczorek et al., 

1996). Owing to their amphiphilic nature, phasins play a crucial role in the 

stabilization of PHA granules. They prevent coalescence of granules by forming a 

boundary layer on their surface. Unspecific binding of other proteins (not related to 

PHA metabolism) to the granule surface is also restricted due to phasins (Wieczorek 

et al., 1995, 1996). 

1.7.3 PHA-specific regulators 

The non-covalently bound PHA-specific regulator proteins to the granule membrane 

tightly regulate PHA granule formation and phasin production. Various PHA specific 

regulators have been identified in PHA accumulating bacteria for example, PhbR in 

C. necator (Potter et al., 2002; York et al., 2002), PhaF in pseudomonads (Hofmann 

and Rehm, 2004, 2005; Prieto et al., 1999) and PhaR in Paracoccus denitrificans 

(Maehara et al., 1999, 2002). These regulatory proteins such as PhaR have high 

binding capacity to hydrophobic surfaces as well as to the DNA sequence (Potter et 

al., 2002; Maehara et al., 1999, 2002). Under PHA accumulating conditions, PhaR 

binds to the PHA granule surface allowing transcription of phaP and synthesis of the 

phasin protein. However, under PHA non-permissive conditions, PhaR is found to 

bind the respective DNA sequence and repress both, the phaP and phaR genes (Potter 

et al., 2002; Potter and Steinbuchel, 2005; York et al., 2002). 
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Involvement of other PHA-specific regulators such as phaF from Pseudomonas 

oleovorans in the regulation of PHA synthase production has also been demonstrated 

(Prieto et al., 1999; Hoffmann and Rehm, 2004). 

1.7.4 Additional proteins 

Additional PHA granule associated proteins with unknown functions have been 

reported in PHA accumulating bacteria. These non-covalent granule associated 

proteins (Phal, PhaD, PhaS) are considered as structural proteins also involved in 

PHA metabolism (Hoffmann and Rehm, 2004, 2005; Klinke et al., 2000; Prieto et al., 

1999). 

1.8 GENETIC BASIS OF PHA FORMATION 

The organization of PHA biosynthesis genes vary from organism to organism. These 

genes are often clustered in the bacterial genomes and reside within an operon. The 

loci encoding the PHA biosynthetic genes have been characterized from 18 different 

species. Based on the organization of gene locus as well as structural and functional 

properties of PHA synthase, the genetic system of PHA biosynthesis is divided into 

four classes (Fig. 1.6) (Naik et al., 2008; Stubbe and Tian, 2003; Rehm, 2007; 

Solaiman and Ashby, 2005). 

Class I pha gene locus, represented by Cupriavidus necator consists of the genes that 

encode PHA synthase (phaC), 13-ketothiolase (phaA) and NADPH-dependent aceto-

acetyl-CoA reductase (phaB) constituting the phaCAB operon (Peoples and Sinskey, 

1989; Schubert et al., 1988; Slater et al., 1988). A different gene order is also 
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observed in some PHA accumulating bacteria but the PHA synthase gene is still co-

localized with other PHA biosynthesis genes. However, there are a few bacteria like 

Zoogloea ramigera, Rhizobium meliloti and Paracoccus denitrificans in which the 

phaC and phaAB loci are unlinked or interrupted (Tombolini et al., 1995). Here, the 

phaA and phaB genes together form one operon whereas phaC is located elsewhere in 

the chromosome adjacent to other PHA biosynthetic genes such as phaP and phaR, 

encoding phasin and regulatory protein, respectively. 

Class II pha gene locus, represented by pseudomonads, contain two PHA synthase 

genes i.e., phaC1 and phaC2 which are found flanking the gene phaZ that encodes an 

intracellular PHA depolymerase (Hoffmann and Rehm, 2004, 2005; Timm and 

Steinbuchel, 1992). Downstream to the second PHA synthase gene, phaD gene 

encoding structural protein is located. In addition, two other genes, phal and phaF are 

also located further downstream to phaD gene but transcribed in the opposite 

direction. These genes encode structural and regulatory proteins, respectively 

(Hoffinann and Rehm, 2004, 2005; Prieto et al., 1999). 

Class III pha operon, represented by Allochromatium vinosum consists of genes phaC 

and phaE encoding two hetero-subunits of PHA synthase and constitute a single 

operon. The other PHA biosynthetic genes, phaA and phaB are situated adjacent to 

the two PHA synthase genes. Both, phaEC and phaAB are present in one locus but 

transcribed in the opposite direction (Liebergessell et aL 1992, 1993). 

Class IV pha gene locus, represented by Bacillus species comprise of genes phaR and 

phaC constituting the two hetero-subunits of the active PHA synthase. These two 

genes are found to be separated by the phaB gene (McCool and Cannon, 1999, 2001). 
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1.9 APPLICATIONS OF PHA GRANULES 

The first study demonstrating in vitro synthesis of PHA and self assembly of spherical 

granules using only the purified PHA synthase and the substrate was carried out by 

Gerngross and Martin in 1995. This study revealed that the synthase possesses all the 

characteristics necessary for PHA granule formation (Gerngross and Martin, 1995). 

The results demonstrated formation of macroscopic spherical PHA granules with 

diameters up to 3 gm which were significantly larger than the PHA inclusions formed 

intracellularly in the native organism. The PHA granules were synthesized within a 

few minutes when the synthase was provided with the substrate (R)-3-hydroxybutyryl 

CoA. The molecular mass of the in vitro synthesized PHA was found to be greater 

than 10 x 106  kDa which was almost ten-fold higher than that extracted from the 

native PHA accumulating bacteria. It was observed that the molecular weight of the 

synthesized polymer is inversely proportional to the concentration of polyester 

synthase (Gerngross and Martin, 1995). These observations were further confirmed by 

the in vivo studies which revealed the dependency of the weight average molar mass 

of PHA on the concentration of PHA synthase (Sim et al., 1997). Since these in vitro 

results were easily transferable to in vivo studies, the in vitro synthesis studies proved 

to be useful tools to mimic the in vivo situation (Sim et al., 1997) and to generate 

tailor made PHAs (PHAs possessing desired properties such as molecular weight and 

composition) using appropriate concentration of PHA synthase and the carbon 

substrates. These studies also suggested the possibility of pathway modeling in order 

to obtain novel polymers with unusual monomer composition (Rehm, 2007). Also 

one of the advantages of carrying out in vitro studies is that by using only the purified 

synthase and chemically synthesized monomers containing different substituents, full 

21 



range of PHA can be synthesized which is not obtainable from the PHA producing 

bacteria due to metabolic restrictions (Zhang et al., 2001). 

The intracellular PHA granules or that derived from in vitro synthesis are considered 

as natural bionanoparticles and currently being explored with respect to their 

commercial potential (Rehm, 2007). These granules have been very recently exploited 

because of their particular spherical structure or "bead" like nature (Grage et al., 

2009). The surface coat of these nanoparticles is also of significance in nanomaterial 

synthesis (Salata, 2004) along with its size and spherical structure. In addition, the 

PHA core of these granules is biodegradable and nontoxic (Potter and Steinbuchel, 

2005). 

Recent study carried out on fusion of a GFP to PHA synthase exhibited no effect on 

the formation of PHA granules inside the bacterial cells (Peters and Rehm, 2005). 

Further, the size of granules was found to depend upon the proteins attached to the 

granule surface as well as the cell division machinery and ranged between 50 to 500 

nm (Fig. 1.7). These studies revealed that the PHA composition, surface functionality 

as well as PHA granule size can be highly controlled and harnessed for 

biotechnological and medical applications (Rehm, 2007; Grage et al., 2009; Potter 

and Steinbuchel, 2005). Some of these applications are as follows: 

1.9.1 Use in protein purification 

The high molecular weight of PHA, the spherical nature of PHA granules covered 

with membrane associated proteins (especially PHA synthase and phasins) and the 

low cost production make the PHA granules suitable for protein purification (Banki 

and Wood, 2005; Lee et al., 2005; Anderson and Dawes, 1990). Recently, a protein 
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purification system was developed using recombinant Escherichia coli (Banki et al., 

2005). In this system, the protein of interest was fused to the C-terminus of the phasin 

(PhaP) protein which acted as an affmity tag. Coproduction of the tagged protein and 

the PHA granules was successfully achieved. The tagged protein was found to bind to 

the PHA granules which served as an affmity matrix via the phasin tag. Recovery of 

the protein bound to the PHA granules was simply carried out by cell disruption 

followed by centrifugation. In the fmal step, the protein of interest was released from 

the granules by intein self cleavage (inteins are self splicing proteins that do not 

require proteolytic processing of the purified fusion protein to acquire a native 

product). This system was also used to purify several proteins including maltose 

binding protein (MBP), 0-galactosidase (LacZ) and chloramphenicol acetyltransferase 

(CAT) (Banki et al., 2005). 

Another approach for protein purification=was developed wherein the N- terminus of 

the phasin protein (PhaF) from Pseudomonas putida GPo1 was used as an affminty 

tag and the purified tagged protein was released from the PHA granules using 

detergent treatment (Moldes et al., 2004). 

1.9.2 Development of biological nano-/ micro-beads 

Use of PHA granules as nanoparticles in drug delivery, targeted specific therapy, 

molecular imaging, as biomarkers or biosensors in diagnosis and for many other 

biomedical applications is currently under investigation (Panyam and Labhasetwar, 

2003; Salata, 2004). In most of these studies, the enzyme PHA synthase covalently 

associated with the PHA granule membrane was engineered (Fig. 1.8). For example, 
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Fig. 1.8 Potential applications for PHA granules (Garge et al., 2009) 

(A) Different approaches for the generation of functionalized PHA beads. (1) A 
plasmid encoded fusion of the target protein and a GAP is recombinantly produced in 
a PHA synthesizing host strain. (PHA synthesis can be natural or recombinant.) The 
fusion protein associates with PHA granules as they form and functionalized PHA 
granules are isolated from the cell. (2) and (3) Native PHA granules are formed by a 
natural PHA producing organism. This is either followed by isolation of these native 
granules (2) or by chemical extraction of the PHA and subsequent in vitro bead 
production (3). In a last step, the separately produced (and purified) GAP fusion 
protein is allowed to bind to the PHA granules/beads in vitro (2 and 3). (B) Schematic 
overview of the different proteins and other compounds, which have so far been 
immobilized and functionally displayed at the PHA granule surface, pointing out 
potential applications. 



a) Immobilization of the enzyme (3-galactosidase to PHA synthase was found to be 

stable for several months under various storage conditions. This study revealed that 

protein engineering of PHA synthase leads to the formation of functionalized PHA 

granules and therefore these granules can be used to develop biological nano-/ micro-

beads (Peters and Rehm, 2006). 

b) Purification of immunoglobulin G (IgG) was achieved using engineered PHA 

synthase fused N-terminally with IgG binding domain followed by affinity 

purification of the synthesized fusion protein (Brockelbank et al., 2006). 

c) Immobilization of an anti-13-galactosidase scFv (single-chain variable fragment of 

an antibody) at the surface of the PHA granules was carried out using PHA synthase 

as a self-assembly fusion partner (Grage and Rehm, 2008). These scFv-displaying 

PHA granules were able to bind specifically resulting in successful elution of the 

antigen (3-galactosidase. Hence, these functionalized granules could be used for 

diagnostic or therapeutic applications. This method is advantageous as it involves 

one-step production in contrast to the laborious multistep process required for 

immobilization of antibodies via conventional methods. 

d) In another study, fusion of PHA synthase to genetically engineered proteins for 

inorganics (GEPIs) as well as IgG binding domain was carried out. Using this 

approach, PHA granules with multifunctional surface displaying both, specific 

binding sites for inorganic substances such as gold or silica and IgG were produced 

making these biobeads suitable for medical bioimaging where an antibody mediated 

target delivery of an inorganic contrast agent is desired (Jahns et al., 2008). 
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Other examples of functionalized biobeads used in diagnostics make use of PHA 

granules that display immunologically relevant eukaryotic proteins on their surface 

which can be analyzed by fluorescence activated cell sorting (FACS) using 

monoclonal antibodies that recognize the eukaryotic proteins (Backstrom et al., 

2006). Bifunctional PHA granules have also been synthesized which display two 

different proteins such as a fluorescent protein and a specific interaction protein 

(antigen, receptor) which can be used in diagnostics (Atwood and Rehm, 2009). 

Most of the work focused on synthesis of functionalized PHA granules involves 

protein engineering of either the phasins or PHA synthase. However, Lee et al., 

(2005) targeted the substrate binding domain of PHA depolymerase from Alcaligenes 

feacalis and were successful in generating functionalized PHA granules suitable for 

immunoassays or for the study of protein-protein interaction (Lee et al., 2005). 

1.9.3 Use in targeted drug delivery 

PHA-based medical devices have been reported to be well tolerated by the human 

body (Martin and Williams, 2003; Park and Lee, 2003). Hence it is anticipated that 

the functionalized PHA granules will be excellent candidates for targeted drug 

delivery (Grage et al., 2009). One major hurdle in the use of these biobeads for 

medical applications is the presence of endotoxins which generally copurify with the 

PHA granules and therefore adequate measures need to be taken in order to remove 

this endotoxin known to elicit immunogenic reactions in the recipient (Furrer et al., 

2007; Zinn et aL, 2001; Valappil et al., 2007a). Further, the biological activity in 

terms of toxicity and immunogenicity of the PHA granule associated proteins is yet to 

be determined (Grage et al., 2009). Currently, several drug delivery as well as drug 
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targeting systems that are based on biodegradable polymers is under development 

(Langer, 1998; Langer and Tirrell, 2004). Use of PHA particles encapsulating a drug 

during in vitro formation and also the general ex vivo use of biotechnologically 

produced functional PHA granules have been patented suggesting the commercial 

potential of these naturally occurring bio-nanobeads. However, only one report of in 

vivo animal tests using the functionalized PHA granules for targeted drug delivery is 

available so far (Yao et al., 2008). 
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AIMS AND OBJECTIVES OF THE RESEARCH WORK 

Even though the potential of PHA as substitute for conventional non-biodegradable 

petroleum-based synthetic plastics has already been recognized, its widespread use is 

restricted due to the cost of production and inability to produce high performance 

PHA in bulk quantities for commercial applications. Thus it is important to develop 

different methods to overcome these problems. There are many strategies to address 

these issues and one of them is to engineer the key enzyme of PHA biosynthesis, i.e. 

PHA synthase (Nomura and Taguchi, 2007). 

The PHA synthase found in the members of the genus Bacillus belongs to an entirely 

new class of PHA synthases. This enzyme has been reported to synthesize copolymers 

from diverse and cheap carbon substrates. Further, the synthesis of medically 

important PHA from ordinary carbon substrates has also been demonstrated. 

However, till date there are limited reports on the characterization of the enzyme PHA 

synthase (Valappil et al., 2007b). Attempts to purify this enzyme from the host 

organism have been made by numerous researchers but were not successful. 

Therefore, most of the enzyme studies are carried out using purified PHA synthases 

obtained by over expressing the respective genes in recombinant sources. So far, there 

is only one report available on the purification of PHA synthase from its host 

organism, Thermus thermophilus (Pantazaki et al., 2003). 

Although, presence of PHA was first discovered in Bacillus megaterium as early as in 

1926, very few reports are available on the structural studies of PHA granules and 

characterization of either the soluble or granule bound PHA synthase (GBPS) from 

the genus Bacillus. Recently, this class IV PHA synthase has been characterized but 

27 



only at a preliminary level. Detailed characterization of PHA synthase is crucial since 

the performance of this enzyme directly influences the composition, molecular weight 

and properties of the polymer synthesized as well as the overall PHA yield. In 

addition, the type and composition of PHA also depends upon the microorganism and 

the carbon substrate used (Madison and Huisman, 1999; Sudesh et al., 2000; Ojumu 

et al., 2004). Therefore in view of this, the following objectives were undertaken for 

the present study. 

The first objective was directed at isolation and identification of PHA producing 

organisms from various econiches. On the basis of the intensity as well as the duration 

of PHA production, sixteen potential PHA producers identified biochemically as 

Bacillus species were selected for further studies. Ability of these isolates to 

synthesize PHA utilizing diverse substrates as sole source of carbon was investigated. 

The second objective was aimed at elucidation of the type of PHA synthase present in 

the selected Bacillus species. It is reported that the constituents of PHA exhibit similar 

structures as that of the respective precursor substrate provided as the carbon 

feedstock. Hence, by supplying suitable precursors in the medium, PHAs with novel 

and unusual monomeric composition can be obtained. This is also an important step 

for the determination of the substrate range and carbon chain length specificity of 

PHA synthase. This enzyme selectively incorporates certain carbon chain length 

monomers into the PHA backbone. Hence, determination of the type of polymer 

(SCL, MCL or SCL-co-MCL) can be used as an indirect measure to deduce the type 

of PHA synthase present in the selected isolates. 
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Characterization of PHA synthase is a crucial step in understanding PHA 

biosynthesis. Hence, the third objective was undertaken to reveal the structural details 

of native PHA granules and in vitro characterization of GBPS with respect to pH, 

temperature, stability at different temperatures and determination of the kinetic 

parameters. Effect of Na /K +  ions as well as various additives on GBPS activity was 

also studied. In the last objective, attempts were made to solubilze and extract PHA 

synthase from intact PHA granules and purify this enzyme from the host organism, 

Bacillus sp. NQ-11/A2. 

29 



Chapter 2 

Studies on bacteria producing VIA from marine 

and coastal econiches 



Section I 

Distribution, Isolation and Identification of 
bacteria producing Priffi 



2.1.1 INTRODUCTION 

The biodegradable and biocompatible biopolymer, PHA, has been long since 

recognized as the potential substitute for the petro-based synthetic plastics (Anderson 

and Dawes, 1990). However, synthesis of this biopolymer at an industrial scale has 

mainly been limited owing to its high production cost, depending mainly on the 

bacterial strain used. In addition, the chemical composition of the polymer which 

greatly influences its material properties is also determined by the type of bacteria 

synthesizing PHA (Chien et al., 2007; Rawte et al., 2002). Therefore, attempts are 

now being made to isolate efficient and high yielding bacterial strains which 

synthesize PHAs with novel monomeric composition within a short incubation period 

thus cutting down on the overall production cost (Chien et al., 2007). 

In the recent years, studies are directed towards exhaustive screening of samples from 

diverse environments such as soil (Anil Kumar et al., 2007; Halami, 2008), activated 

sludge (Omar et al., 2001; Borah et al., 2002; Reddy et al., 2009), but till date, only a 

few reports on the isolation of bacteria from marine and mangrove ecosystems are 

available (Arun et al., 2009; Chien et al., 2007; Rawte et al., 2001). The sediments 

obtained from these econiches are rich in bacterial flora that can utilize diverse carbon 

compounds (formed as a result of breakdown of the decomposing detrital matter) for 

PHA production (Bhosle and Mavinkurve, 1980; Matondkar et al., 1980). 

Interestingly, the PHAs thus synthesized possess novel chemical composition that can 

be exploited for commercial applications (Weiner, 1997). However, the marine 

environment which provides such a virtually untapped resource for the isolation of 

novel PHA producing bacteria has not been explored adequately as yet. Hence, the 

present study was undertaken in the quest of isolating potential PHA producers 
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specifically from marine and coastal ecosystems. Further studies were carried out in 

order to identify the sixteen selected potential PHA producers to the species level with 

the help of cultural, morphological as well as biochemical characteristics followed by 

microscopic staining with Nile blue A. Characterization of the polymer synthesized 

by these isolates was also carried out using Fourier Transform-Infrared (FTIR) 

analysis. 

2.1.2 MATERIALS AND METHODS 

2.1.2.1 Screening of bacteria from various econiches 

i) Sampling sites 

Sediment samples were collected from different ecological niches along the west 

coast of India. The sampling sites included various platforms around the Bombay 

High Oil Field (BHOF) in the Arabian Sea, coastal beaches, mangrove area and plant 

leaf litter area in Goa. 

ii) Collection of samples and bacteriological analysis 

The sediment samples from Arabian Sea were collected within a radius of 3000 m 

from the respective platform around the BHOF, 100 km west from the Indian coast. 

These sediments were collected aseptically from about a depth of 100 m using Grab 

sampler. Sediment samples from various coastal beaches and mangrove areas were 

collected during low tide, approximately 15 to 20 cm below the surface. Similarly, the 

sediments from the plant leaf litter area were also collected approximately 15 to 20 

cm below the surface. All the sediment samples were stored in sterile containers and 

transferred to the laboratory under cold conditions. The samples were immediately 

processed for the determination of total heterotrophic count as described below: 
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One gram of the sediment sample was suspended in 100 ml of sterile physiological 

saline in a 250 ml capacity Erlenmeyer flask and incubated under shaking conditions 

for 30 min at 170 rpm (Orbitek environmental shaker). Dilutions of the sediment 

suspension were prepared and 100 µl was spread plated on nutrient agar (Appendix 

A). The plates were incubated at 30 °C for 48 h. Morphologically dissimilar colonies 

were picked and purified. Colony characteristics were studied and the isolates were 

maintained at 4°C. 

2.1.2.2 Screening of bacterial isolates for PHA production 

Ability of the bacterial isolates to accumulate PHA was tested using E2 mineral 

medium (Lageveen et al., 1988) containing glucose as sole carbon source (Appendix 

A). The isolates were spot inoculated on E2 medium agar plates in triplicates and 

incubated at 30°C. Accumulation of PHA was monitored after every 24 h for 3 days 

by flooding the plates with 0.05% (w/v) Nile blue A in ethanol and incubating in the 

dark for 20 min (Kitamura and Doi, 1994). Stain was decanted and plates were 

exposed to ultraviolet (UV) light. Bright orange fluorescence was graded and 

recorded. 

2.1.2.3 Identification of the selected PHA accumulating bacterial isolates 

The sixteen potential PHA accumulating bacterial isolates were tentatively identified 

using the cultural, morphological and biochemical characteristics as described in 

Bergey's Manual of Systematic Bacteriology (Sneath et al., 1986) and Priest et al. 

(1988) (Appendix A, B). 
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2.1.2.4 Microscopic staining of the PHA producing isolates 

Microscopic staining of the 48 h old culture was performed according to the method 

described by Ostle and Holt (1982). Heat fixed smear was stained with 1% (w/v) 

aqueous solution of Nile blue A at 55 °C and washed with 8% (v/v) glacial acetic acid 

(Appendix B). The slide was examined under 100x oil immersion objective of Nikon 

Eclipse 80i microscope using TRITC filter set (excitation wavelength 540 nm, 

emission wavelength 505 nm). 

2.1.2.5 Production of PHA under submerged conditions 

All the selected bacterial isolates were grown under submerged conditions as follows: 

A single colony of 24 h old culture was inoculated in 250 ml Erlenmeyer flask 

containing 100 ml E2 mineral medium supplemented with glucose (20 g L -1 ) as sole 

carbon source. The flask was incubated on Orbitek environmental shaker (170 rpm) 

for 48 h at 30°C. This culture broth was used for the extraction of the polymer. 

i) Extraction of PHA from the bacterial cells 

The polymer was extracted using sodium hypochlorite method (Rawte and 

Mavinkurve, 2002). Twenty five ml of the culture broth was centrifuged at 10,000g 

for 10 min. Cell pellet was suspended in physiological saline and centrifuged again. 

Sodium hypochlorite solution (2% active chlorine) was added to the cell pellet and 

incubated on Orbitek environmental shaker (170 rpm) for 20 min The suspension was 

centrifuged for 20 min and the resulting polymer pellet obtained was washed twice 

with diethyl ether and dried at 80 °C. 
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2.1.2.6 Characterization of the extracted polymer 

The FTIR spectrum of the polymer was recorded using Shimadzu spectrophotometer 

(FTIR, 81018, Japan). The sample was prepared by dissolving the polymer in boiling 

chloroform. A thin film of the polymer sample was allowed to form on the surface of 

sodium chloride window. The chloroform was allowed to evaporate and the sample 

was scanned between 400 to 4000 wave number (cm-1 ) (Lageveen et al., 1988; Pal 

and Paul, 2001). 

2.1.3 RESULTS AND DISCUSSION 

2.1.3.1 Isolation and identification of the PHA accumulating isolates 

In the quest of isolating potential PHA producers, diverse ecological niches were 

selected for the present study (Fig. 2.1A and 2.1B). The sampling sites included 

various platforms around the Bombay High Oil Field (BHOF) in the Arabian Sea, 

coastal beaches, mangrove area and plant leaf litter area in Goa (Table 2.1). The 

sediments collected from these econiches were processed for the determination of 

total viable count (TVC) of the hetrotrophic bacteria (Fig. 2.2A and 2.2B). The results 

of TVC obtained for sediments of BHOF and coastal beaches were hundred fold 

lower than that of mangrove as well as plant leaf litter area. Highest heterotrophic 

bacterial count of 13.8 x 106  cfu g-1  dry weight was obtained for the sediment 

collected from the mangrove area while lowest count of 16.6 x 10 4  cfu g-1  sediment 

dry weight was obtained for one of the coastal beach sediment sample (Caranzalem). 

Such low heterotrophic bacterial counts in the beach sediment samples as compared to 

that of Arabian Sea (Palaniappan and Krishnamurthy, 1985) and mangroves 

(Matondkar et al., 1981) have also been reported by Prabhu et al. (1990). So far, there 
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Table 2.1 Sampling sites from various marine and coastal econiches used for the 

study along with their site designation 

Econiche 
	

Sampling site 	 Site designation 

Bombay High Oil Field Bombay High Reference-1 BHR-1 

Bassein 
	

BLQ 

ICP 	 ICP 

NQ 	 NQ 

Parma 	 PPA 

Coastal beaches 	Bambolim 	 L2 

Odxel 	 L4 

Dias beach 

Caranzalem 	 L7 

Mangrove area 	Panaji 	 MGP 

Plant leaf litter area 	Colva (site 1) 	 COL 1 

Colva (site 2) 	 COL 2 
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is only one report on the isolation of PHA producing bacteria isolated from marine 

and mangrove ecosystems in Goa (Rawte et al., 2002). In this report, higher 

heterotrophic bacterial load has been demonstrated in the mangrove sediments and 

lower bacterial counts in the BHOF and coastal beach sediment samples. The 

fluctuation of the bacterial population in these ecological niches could be attributed to 

various environmental factors in such econiches, widely differing from each other 

(Nair and Loka Bharathi, 1980). For example, in the mangrove area, there is 

continuous leaf fall, which is being degraded and mineralized resulting in the source 

of nutrients for microorganisms. This is reflected as high load of bacteria possessing 

diverse hydrolytic enzymes 'which are involved in the degradation process (Rawte et 

al., 2002; Bhosle and Mavinkurve, 1980; Matondkar et al., 1981). Hence, such an 

ecosystem can be expected to be rich in PHA accumulating bacteria. The 

heterotrophic bacterial population present in the sea plays a significant role also in 

nutrient and energy cycle but the bacterial load is reported to decline with depth, 

lowest counts being obtained at a depth below 1000 m (Nair et al., 1989; Sorokin, 

1971; Zobell, 1963). Lower counts have also been observed with the BHOF sediments 

(19.3 x 104  cfu g' sediment dry weight) in the present study. The lower TVC obtained 

in the case of sediments collected from various coastal beaches could be attributed to 

the sandy nature of these sediments. Higher bacterial counts have been reported by 

Nair et al., 1978 in clay and clayey-sand sediments rather than fine sand suggesting 

that the bacterial population possess a negative relationship with the particle size and 

a significant direct relation with the organic matter. 
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Further, random selection of the culturally dissimilar colonies obtained from the 

respective sediments was carried out. The percentage variation of the total isolates 

selected from different econiches was found to be the highest in samples obtained 

from Arabian Sea sediments and minimum in coastal beach sediments (Fig. 2.3A). 

Similar observation on percentage distribution of Gram positive isolates indicated 

maximum number of these organisms in the sediments obtained from Arabian Sea and 

minimum number from coastal beach sediments (Fig. 2.3B). Predominance of Gram 

positive bacteria in the Arabian Sea sediments has also been reported by Rawte et al. 

(2002) and Palaniappan and Krishnatnurthy (1985) whereas Gram negative bacteria 

such as Vibrio spp. were reported to be dominant in marine (Chien et al., 2007) and 

mangrove sediments (Rawte et al., 2002). The percentage distribution of the bacterial 

population in the beach sediment samples has been reported to be greatly affected by 

factors such as the moistening of beaches by rain water, river influence and human 

activities (Nair and Loka Bharathi, 1980). 

Finally, screening of all the isolates obtained from these diverse econiches for PHA 

production was carried out. Interestingly, the percentage distribution of the total 

number of PHA producers showed a slightly different trend. In this case, the highest 

percentage of PHA producers was obtained from the Arabian Sea sediments and that 

of the mangrove sediment was found to be the lowest (Fig. 2.3C) perhaps because 

mangroves are a nutrient rich ecosystem (Rawte et al., 2002; Matondkar et al., 1980). 

PHA serves as a carbon and energy reserve, the accumulation of PHA offers a 

selective advantage for survival of bacteria in samples with low nutrients (Lopez et 

al., 1995). The higher percentage of PHA producers in the Arabian Sea sediments 
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suggests the availability of limited nutrients and therefore an increase in the PHA 

accumulating bacteria. 

The bacterial isolates that exhibited maximum PHA accumulation using glucose as 

sole source of carbon and for a long duration of time were selected for further studies. 

These included five Gram positive, rod shaped, sporulating bacterial strains each from 

BHOF, coastal beaches and plant leaf litter sediments and only one Gram positive, 

rod shaped, sporulating bacterial isolate from the mangrove sediment (Table 2.2). 

Identification of all these sixteen isolates was carried out as per the cultural, 

morphological and biochemical tests described in Bergey's Manual of Systematic 

Bacteriology (Sneath et al., 1986) and Priest et al. (1988). From the results obtained, 

all the selected isolates were tentatively identified to the species level with ten of the 

isolates closely related to Bacillus megaterium and three of the isolates to Bacillus 

licheniformis. However, the remaining three isolates were identified only up to the 

genus level i.e., Bacillus sp. (Table 2.3). 

Microscopic staining of the isolates using Nile blue A was carried out to detect the 

presence of intracellular PHA granules. These granules exhibited bright orange-red 

fluorescence when viewed under fluorescent light (Fig. 2.4a-p). This microscopic 

staining method has also been used for the preliminary screening of bacterial isolates 

accumulating PHA by Rawte et al. (2002) as well as for visualization of intracellular 

PHA inclusions during the kinetic studies of growth (McCool et al., 1996). McCool et 

al. (1996) have also determined the PHA quantity inside the cells of Bacillus 

megaterium during exponential and stationary phases of growth and indicated this 

staining method to be a reliable technique for PHA estimation. 
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Table 2.2 PHA producing isolates from various marine and coastal econiches 

Econiche Sampling 

site 

No. of isolates 

selected 

Culture designation 

Bombay High Oil Field BHR-1 1 BHR- 1 /A7 

BLQ 1 BLQ-2/A7 

ICP 1 ICP-1 /A3 

NQ 1 NQ- 1 1 /A2 

PPA 1 PPA/Z6 

Coastal beaches L2 1 L2/A1 

L4 2 L4/A3, L4/A4 

L5 1 L5/A1 

L7 1 L7/A2 

Mangrove area MGP 1 MGP/A5 

Plant leaf litter area COL 1 3 
COL I /A1, COL1 /A6, 

COLl/All 

COL 2 2 COL2/A2, COL2/A6 
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1 Gram character + + + + + + + + + + 
2 Cell morphology, rods + + + ± + + + + + + + + 
3 Spore, bulging + .. + + 
4 Spore, central + + + + + + + + 
5 Catalase + + + + + + + + + + + + 
6 Oxidase + + + + + + + 
7 H.L. aerobic + + + + + + + + + + + + 
8 H.L. anaerobic + + + + + + + + + + + + 
9 Voges-Proskauer test 

pH in V-P broth 
10 <6 + + 
11 >7 + + + + + + + 

Acid from 
12 D-Glucose + + + + + + + + + + + + 
13 L-Arabinose + 
14 D-Xylose + + + + + + + + 
15 D-Mannitol + + + + + + + + + + + + 
16 Gas from glucose 

Symbols: +, strains are positive for the test; -, strains are negative for the test 
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Table 2.3 contd. Morphological and biochemical characteristics of the PHA accumulating bacteria 

Sr. 
No. CHARACTERISTICS 6 

04 
ks6 

rryy 

C.4-;7 

Hydrolysis of 
17 Casein + + + + + + + + + + 
18 Gelatin + + + + + + + + + 
19 Starch + + + + + + + + + + + 
20 Utilization of citrate + + + + + + + + 
21 Degradation of tyrosine - + + + 

22 Deamination of 
phenylalanine 

+ + + + + + + + + 

23 Egg-yolk lecthinase 
24 Nitrate reduced to nitrite + + + 
26 Formation of Indole - 

Growth at pH 

27 6.8, nutrient broth + + + + + + + + + + + 
28 5.7 + + + + + + .+ + + + 

Growth in NaC1 
29 0% + + + + + + + + + + + 
30 2% + + + + + + + + + + + 
31 5% + + + + + + + + + + + 

Symbols: +, strains are positive for the test; -, strains are negative for the test 
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Table 2.3 contd. Morphological and biochemical characteristics of the PHA accumulating bacteria 

Sr. 
No. 

CHARACTERISTICS g 
rml 

Z -tt 
ct 2 4 4 s' - 

N N 
1.4 	0.4 

0 0 	0 0 0 C.) 	V 	c 	U 	L) 

32 
33 
34 

35 

7% 
10% 
15% 

Growth at 
5°C 

+ 

- 

- 

+ 
+ 

+ 
- 
- 

+ 

- 

+ 
- 

+ + + 
+ 
+ 

+ 
+ 
- 

+ 
+ 
+ 

+ + 

- 

- 

+ 
+ 

36 10°C 
37 28°C + + + + + + + + + + + + + + + + 
38 37°C + + + + + + + + + + + + + + + + 
39 50°C + - + + + + + + + + 
40 60°C - - 

41 
Growth in presence of 
lysozyme 

- - - + + + + + + 

42 Gas from nitrate - + 
43 Formation of PHB + + + + + + + + + + + + + + + + 

Hydrolysis of 
44 Chitin - - - + 
45 Urea + + + + + + + + + + + + + + 

Utilization of 
46 Acetate + + + + + + + + + + + + + 

Symbols: +, strains are positive for the test; -, strains are negative for the test 
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Sr. 
No. 

CHARACTERISTICS 4 

47 	Lactate 	 + 	+ 	+ 	+ 	+ 	+ 
48 	Succinate 	+ 	+ 	+ 	+ 	+ 	+ 	+ 
49 	Tartarate 	+ 	 + 	 + 
50 Lipase 	 + 	+ 	+ 	+ 	+ 	+ 	+ 
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Fig. 2.4 Photomicrograph of cells containing PHA inclusion bodies stained with Nile 
Blue A and observed under fluorescent light. Isolates: (a) BHR-1/A7; (b) BLQ-2/A7; 
(c) ICP-1/A3; (d) NQ-11/A2; (e) PPA/Z6; (1) L2/A1; (g) L4/A3; (h) L4/A4 
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Fig. 2.4 contd. Photomicrograph of cells containing PHA inclusion bodies stained with 
Nile Blue A and observed under fluorescent light. Isolates:(i) L5/A1; (j) L7/A2; 
(k) MGP/A5; (1) COLl/Al; (m) COL 1/A6; (n) COL1/A11; (o) COL2/A2; (p) COL2/A6 

(o) 



Fourier transform-infrared (FTIR) spectra of PHA purified from these sixteen Bacillus 

isolates exhibited a strong band at 1743 cm' corresponding to ester carbonyl (C=0) 

stretching frequency (Fig. 2.5a-p). The bands at 2980 to 3027 and 1219 to 1392 cm` 

represented the typical C-H stretching and bending vibrations of the aliphatic portion 

of the compound respectively. A distinct broad band at 3440 cm -I  indicated the free 

O-H stretching of the polymer end groups. Moreover, the IR spectra of these 

polymers were found to be super-imposable with that reported previously (Pal and 

Paul, 2001). Hence, the FTIR analysis revealed that the polymer produced in these 

Bacillus isolates was aliphatic in nature. Characterization of PHA using FTIR analysis 

has also been reported by Rohini et al. (2006), Arun et al. (2009) and Prabhu et al. 

(2009). 

The present study was initiated with a non-discriminate isolation of bacteria from 

different marine and coastal arenas with the hope of obtaining PHA producers, 

potentially useful for industrial applications. Out of the several isolates obtained, five 

Gram positive, rod shaped sporulating isolates each were selected from BHOF, 

coastal beaches and plant leaf litter area and one Gram positive, rod shaped 

sporulating isolate from mangrove area. Biochemical identification of these isolates 

revealed that all of them belonged to the genus Bacillus, with majority being Bacillus 

megaterium. Nile blue A staining of all the sixteen isolates revealed the presence of 

intracellular PHA granules. The FTIR analysis confirmed the aliphatic nature of the 

polymer produced by these bacteria. Further characterization of the isolates is 

described in the next section. 
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Fig. 2.5 FTIR spectra of the polymer purified from isolates (a) BHR-1/A7 and (b) BLQ-2/A7 grown 
on glucose 
Inset displays FTIR spectrum of commercial PHB (Oliveira et al. 2007) 
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Fig. 2.5 contd. FTIR spectra of the polymer purified from isolates (c) ICP-1/A3 and (d) NQ-11/A2 
grown on glucose 
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Fig. 2.5 contd. FTIR spectra of the polymer purified from isolates (e) PPA/Z6 and (t) L2/A1 
grown on glucose 
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Fig. 2.5 contd. FTIR spectra of the polymer purified from isolates (g) L4/A3 and (h) L4/A4 
grown on glucose 
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Fig.2.5 contd. FTIR spectra of the polymer purified from isolates (i) L5/A1 and (j) L7/A2 
grown on glucose 
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Fig. 2.5 contd. FTIR spectra of the polymer purified from isolates (k) MGP/A5 and (1) COL1/A1 
grown on glucose 
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Section II 

PYI:A production by bacterial isorates using 
different carbon substrates 



2.11.1 INTRODUCTION 

The type and composition of the PHA synthesized depend mainly upon the 

microorganism and the carbon source supplied in the medium (Doi, 1990; Philip et 

al., 2007). There are several reports on bacteria that are known to accumulate PHA 

from pure carbon substrates as well as biowastes (Kumar et al., 2009). Currently, 

representatives of the genera Bacillus are attracting the most attention as they possess 

versatility in their capability to utilize diverse carbon substrates (Singh et al., 2009). 

Presence of heterologous enzymes capable of hydrolyzing these substrates and using 

them as sole source of carbon for PHA production sets the members of the genus 

Bacillus apart from other organisms. 

The key enzyme of PHA biosynthesis, PHA synthase from the representative 

organism, Bacillus megaterium has been reported to be distinctly different from all 

known PHA synthases and therefore belong to a new class (McCool and Cannon, 

1999). This novel PHA synthase is categorized as class IV on the basis of their 

substrate specificity and requirement of a regulatory protein (PhaR) for enzyme 

activity (Satoh et al., 2002, McCool and Cannon, 2001). So far, class IV PHA 

synthase has been characterized only to a preliminary level (Valappil et al., 2007a). 

Even though members of the genus Bacillus were among the first to be recognized as 

PHA producers (Lemoigne, 1926), only a few Bacillus strains have been examined for 

their ability to accumulate PHAs. Hence in this section, sixteen Gram positive, 

sporulating, rod shaped bacterial isolates identified as Bacillus species were screened 

for their ability to utilize a wide range of carbon substrates in order to find out the 

substrate range of PHA synthase enzyme present in these isolates and also to provide 

basis for exploring these substrates as carbon source for PHA accumulation. 
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The substrate specificity of any given PHA synthase can be analyzed either in vivo or 

in vitro. In vitro substrate specificity of PHA synthase has been analyzed only 

partially, mainly due to the limited availability and cost of the hydroxyfatty acid 

Coenzyme A (HA-CoA) thioesters. Alternatively, the substrate range of PHA 

synthase can be determined in vivo by growing the bacteria in the presence of 

precursor substrate supplied as a carbon source, indirectly providing a good estimate 

of the substrate range of the enzyme (Rehm, 2003). 

In this study, the in vivo method was carried out by growing all the sixteen isolates on 

E2 mineral medium containing 2% (w/v or v/v) of the respective carbon source 

followed by visualization of intracellular PHA accumulation by colony staining 

method using Nile blue A (Kitamura and Doi, 1994). Further, the isolate exhibiting 

maximum PHA production on a wide range of carbon substrates was selected in order 

to quantitate the amount of PHA accumulated on the respective substrates under 

submerged conditions. 

2.11.2 MATERIALS AND METHODS 

2.11.2.1 Selection of isolates 

From the several isolates that were screened for their ability to accumulate PHA on 

E2 mineral medium containing 2% (w/v) glucose as the sole carbon source, sixteen 

Gram positive, rod shaped, sporulating isolates identified as Bacillus species, obtained 

from various marine and coastal econiches were selected for the present study. All the 

sixteen isolates accumulated large amounts of PHA intracellularly exhibiting bright 

orange fluorescence. 
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2.11.2.2 Carbon substrates 

Following classes of substrates were tested as sole carbon source for growth and PHA 

production: 

a) Carbohydrates 

b) Polyols or sugar alcohols 

c) Low molecular weight organic acids 

d) High molecular weight fatty acids 

e) Aliphatic and aromatic compounds 

All the carbon substrates were sterilized separately and incorporated into E2 mineral 

medium at a concentration to provide 2% (w/v or v/v) carbon equivalent of glucose. 

Incase of organic acids, they were neutralized using sodium hydroxide prior to 

addition in the medium. In order to obtain high molecular weight fatty acids, 

saponification of the oils containing the respective fatty acid was carried out 

according to the method described by Tan et al. (1997) (Appendix A). 

2.11.2.3 Intracellular PHA accumulation and Visualization 

All the sixteen isolates were spot inoculated on E2 mineral medium agar plates 

containing respective carbon source in triplicates and incubated at 30 °C. 

Accumulation of PHA was monitored after every 24 h for 5 days by flooding the 

plates with 0.05% (w/v) Nile blue A in ethanol (Appendix B) and incubating in the 

dark for 20 min (Kitamura and Doi, 1994). Stain was decanted and plates were 

exposed to UV light. Bright orange fluorescence was graded and recorded. 
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211.2.4 Culture growth and submerged PHA production 

Based on the ability of the isolates to utilize diverse carbon sources for growth and 

PHA production, the intensity and duration of maximum PHA production exhibited 

on these substrates, one of the potential PHA producers, Bacillus sp. strain NQ-11/A2 

was selected for submerged PHA production. This isolate was grown in 100 ml E2 

mineral medium containing respective carbon source (2% w/v or v/v) in triplicates. 

The flasks were incubated on Orbitek environmental shaker (170 rpm) for 48 h at 

30°C. The culture broth was harvested and processed for the determination of cell 

biomass and PHA. 

i) Analytical methods 

Cell biomass was estimated by drying the cell pellet at 80 °C till constant dry weight 

was obtained. For the determination of PHA, the polymer was extracted using sodium 

hypochlorite method (Rawte and Mavinkurve, 2002) as described in section I of this 

chapter. 

All the experiments were carried out in triplicates and the average values are reported. 

2.11.3 RESULT AND DISCUSSION 

2.11.3.1 PHA production on diverse carbon substrates 

The members belonging to the genus Bacillus are known to produce PHA with novel 

monomeric composition in the presence of different carbon substrates (Valappil et al., 

2007b). This production reflects the type of the enzyme present in these isolates. In 

order to understand the effect of carbon substrates on the accumulation of PHA in the 

isolates obtained from various marine and coastal econiches, sixteen Gram positive, 

48 



rod shaped sporulating bacterial isolates belonging to the genus Bacillus were selected 

for the study. These isolates were screened for their ability to utilize different carbon 

substrates by spot inoculating on media containing carbohydrates, polyols, low 

molecular weight organic acids, high molecular weight fatty acids, aliphatic and 

aromatic compounds. 

Since most of the isolates grew and exhibited PHA accumulation on carbohydrates, 

these substrates were therefore indicative of the preferred carbon source. All the 

isolates exhibited PHA production on arabinose, galactose and mellibiose with 

fructose, maltose, sucrose and trehalose also proving to be ideal carbon sources for 

PHA accumulation (Table 2.4). Only one isolate namely, PPA/Z6 did not utilize 

fructose, maltose and sucrose while COLT/Al did not utilize trehalose as carbon 

source for PHA production. Bacillus spp. are reported to accumulate a wide range of 

PHA from different carbon substrates (Chen et al., 1991, Tajima et al., 2003, Valappil 

et al., 2007b). Kumar et al. (2009) studied growth and PHA accumulation in six 

Bacillus strains on medium supplemented with different sugars and found that 

glucose, fructose and maltose supported good growth and PHA accumulation 

followed by sucrose while poor growth was observed on lactose and no PHA was 

detected in the cells. Lactose was also reported to be a poor carbon source for PHA 

production by Halami, 2008. In contrast, Obruca et al. (2009) have recently reported 

PHA production in a lactose-utilizing Bacillus megaterium strain growing on medium 
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Table 2.4 Intensity and duration of maximum PHA production in isolates grown on different carbohydrates 

Isolates Carbohydrates 
Arabinose Ribose Xylose Fructose Galactose Mannose Rhamnose Sorbose 

BHR-1/A7 
BLQ-2/A7
ICP-1/A3 
NQ- 1 1 /A2 
PPA/Z6 
L2/A1 
L4/A3 

L4/A4 
L5/A1 
L7/A2 
MGP/A5 
COLl/A1 
COL1 /A6 
COLT/All 
COL2/A2 
COL2/A6 

++72-96 

+ 72-120 

+96-120 

+++48-120 

+++48-96 
+++72-120 

+96-120 

++96 

+++72-120 

+++72-96 

+++72-120 

+96 

+++72-120 

+++96-120 

+++96-120 
+++72-96 

- 

+24 

- 

+24 

+24 

++48 ++ 
+++2448 

++ 120 

++24-120 

+++24-120 

+++72-120  

++24-120 

++24 

++ 120 

+++24-48 

+++24 

+++24 

 +++24  

+24-72 

++24.72 

+48-72 
+++48-72 

- 

+24-48 

++48-72 

+++72 

+++24-72 

++72 

++24-72 
+48 

+++48 

++24-72 

+++48-72 

120 +++ 
++24-120 

+++48-120 

+++48-120 

72-120 
+ 

+72 
++ 120 

++2448 
+++ 120 

++24-120 
++2448 

+24-72 

++24-120 

++24-48 24-48 

++24-120 

++24-48 

- 
+ 120 

+++24-96 

- 

-H-96 

- 

+72-96 

_ 
++24 

- 

+24-96 

+96 

, 

+48 

Key: +, 4+, +++: degree of PHA accumulation in comparison to glucose (positive control) 

- : no PHA accumulation 

Superscripted numbers indicate the duration (h) during which maximum fluorescence was observed 
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Table 2.4 contd. Intensity and duration of maximum PHA production in isolates grown on different carbohydrates 

Isolates 	Cellobiose Lactose 	Maltose 	Mellibiose Sucrose Trehalose 
Carbohydrates 

48-72 +++24 	 48 BHR- 1/A7 	 + 	+++ 	+++48-96 	++48 	++-F24-48 

BLQ-2/A7 +++ 96 	+72 	++48-72 	+++24-120 	++24-48 	+++24-96 

ICP-1/A3 	 ++72 	++48 	+++48-120 

	

-120 	
+++48 	++ 72-120 

NQ- I 1 /A2 ++24-120 	+++72 	+++24-72 
+2+4.1E9762 	

+++48-72 +++48 . 120 
 

L2/A1 	 ++24-72 	

20 

PPA/Z6 	+72-120 - 	 + 	- 
++2+ :

49
72 8  ++96-120 	 +++72 	++24-72 	++ 4 

L4/A3 	++24 	- 
+48-72 	

+++48 	+++72 	+++48 ++

484  

L4/A4 	++48-120 

	

24-120 	
+++24 	+++24-96 

	

24-96 	
++24-72 	+++48 

+++ 
L 5/A 1 	++24-120 	+++24-72 

+24-72 	
++24-120 

L7/A2 	+++24-120 	 +++72 	+++48-120 	
+++24-72 

  +++48-72 +++48-120 

	

48-72 	 -96 	+++ MGP/A5 +++ 	++72 	+++24 	+++24 	+++72 	+++48 

COL1/A1 - 	- 	+72 	+72 

	

24-96 	
++4 8 

COL1/A6 ++48-120 	++48-72 	+++24 	+++24-96 	++24-48  

COL VA 1 1 +++120 	++24-72 	++24-48 	+++72-96 	+++48-72  +++48-120 

COL2/A2 ++48-72 	+72 	+++48 
+++

72-96 	++48-72 	±4-24- 120 

COL2/A6 ++24-120 	++24-72 	+++24-48 	+++72-46 	+++48-72 +++48 

Key: +, ++, +++, degree of PHA accumulation in comparison to glucose (positive control) 

- : no PHA accumulation 

Superscripted numbers indicate the duration (h) during which maximum fluorescence was observed 
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supplemented with cheese whey. Our isolates were also capable of utilizing lactose, 

cellobiose and xylose for PHA accumulation with the exception of a few isolates. 

The effect of different carbon substrates on PHA production was also studied by 

Gouda et al. (2001) using Bacillus megaterium isolated from a sewage treatment 

plant. This isolate was found to accumulate maximum PHA using glucose. Fructose 

was also found to be a good carbon source among the others tested. The poorest 

carbon source for growth and PHA accumulation was reported to be xylose. Similar 

fmdings have been reported by Omar et al. (2001) where a strain of Bacillus 

megaterium was found to utilize sugars such as fructose, lactose and glucose as ideal 

substrates for growth and PHA production whereas maltose, sucrose and xylose 

supported poor PHA production. 

Sugars such as ribose, mannose, rhamnose and sorbose supported weak PHA 

accumulation. On ribose, only three isolates viz., L4/A3, L5/A1 and L7/A2 grew and 

exhibited poor PHA production for a short duration of 24 h. Full et al. (2006) have 

investigated the sugar utilization pattern of Bacillus sp. strain CL1 and reported that 

this strain was unable to grow on ribose. 

Only two isolates, PPA/Z6 and L2/A1 showed weak growth and PHA production on 

rhamnose whereas mannose was utilized by five isolates as a carbon substrate for 

accumulation of PHA. Anil Kumar et al. (2007) have reported PHA production in a 

Bacillus sp. using dried mahua flowers as a carbon source. These flowers are found to 

be a rich source of carbohydrates such as sucrose, glucose, fructose and traces of 

maltose, arabinose and rhamnose. Borah et al. (2002) isolated Bacillus mycoides RLJ 

B-017 from activated sludge and tested the capability of this strain to utilize a large 
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number of carbohydrates. This strain exhibited best growth and PHA accumulation on 

sucrose, glucose and fructose. Moderate utilization was reported on lactose, galactose, 

mannose and rhamnose whereas pentose sugars such as xylose and arabinose proved 

to be weak carbon substrates for PHA production. 

Except L5/A1, none of the isolates utilized sorbose as sole carbon source for PHA 

accumulation. Sorbose was also not utilized by a strain of Bacillus megaterium ATCC 

14581' (Full et al., 2006). Among all the isolates, COL 1 /A1 was found to utilize the 

least number of carbohydrates for growth and PHA accumulation while maximum 

number was utilized by isolate L5/A1. 

Among the seven polyols tested, glycerol and mannitol were found to support best 

growth and PHA accumulation (Table 23). All the isolates utilized these two 

substrates for PHA production. Most of the isolates showed PHA accumulation within 

24 to 48 h of incubation on mannitol as well as glycerol and continued to show the 

presence of PHA in the cells until the termination of the experiment. Polyols such as 

glycerol (Rohini et al., 2006) and mannitol (Full et al., 2006) have been reported as 

excellent carbon substrates for growth and PHA production. Glycerol was also found 

to be the choice of substrate for PHA accumulation in Bacillus sp. strain 88D (Reddy 

et al., 2009). 

It was observed that even though sorbitol supported PHA production in all the 

isolates, with the exception of a few isolates, the accumulation was very low and only 

for a short duration of 48 h. Only two isolates namely, L4/A3 and COL2/A2 were 

found to grow and exhibit poor PHA accumulation on xylitol. Similarly, NQ-11/A2 

and L5/A1 were the only isolates to use dulcitol as sole carbon source for PHA 
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Table 2.5 Intensity and duration of maximum PHA production in isolates grown on different polyols 

Isolates 	Glycerol 	Erythitol Adonitol 	Xylitol 	Dulcitol 	Mannitol 	Sorbitol 
BHR-1/A7 44+48-72 	 - 	 +++24-72 +48 
BLQ-2/A7 +++48-72 +++24-72 +48 
ICP-1/A3 +++48-96 

48-72 	
- 	 _ 	 - 	 +++24-120 	+8-120 

NQ- 1 1 1A2 +++ 	+++48-96 ++72 	 +++72-120 	+++24-120 	+48-120 

PPA/Z6 	+++120 	+24-120 	+72 	 ++72 	++48-120 

L2/A 1 	+++48-72  +++48 	++72 	 ++24 	+48 

L4/A3 	+++48-72 	 +120 	 +++48-72 	24-120 

+2+4-120 L4/A4 	+++24-72 	 _ 
- 	

+++48-72 

	

24-120 	
+ 

L5/A 1 	+++48-96 	+++24-96 +72-120 +++24-120 	+++ 

	

48-96 	
+

48 

L7/A2 	+++72 +++48 

	

+48 

MGP/A5 	++24-120 
A-48 

COLT/Al 	+120 	 - 	 ++96-120 	+48 

COL1/A6 +++24-120 	 +++48 	+48 

COLT/All +++48-96 
- 	 - 	 - 	- 	

+++24-120 +48 
COL2/A2 +++24-48 	+24-120 	+72 	+72 	 +++24-96 	+48 

COL2/A6 +++24-72 
+++48-72 	+48 

Key: +, ++, 1 	1 1 . degree of PHA accumulation in comparison to glucose (positive control) 

- : no PHA accumulation 

Superscripted numbers indicate the duration (h) during which maximum fluorescence was observed 
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production. These isolates grew luxuriantly and accumulated maximum PHA for a 

longer duration of time. The other polyols such as erythritol and adonitol supported 

growth and PHA production in five isolates viz., NQ-11/A2, PPA/Z6, L2/A1, L5/A1 

and COL2/A2. However, the accumulation of PHA was better and for a longer 

duration on erythritol as compared to adonitol, where the accumulation commenced 

only after 72 h of incubation. Overall, NQ-11/A2, L5/A1 and COL2/A2 utilized a 

maximum of six polyols as sole carbon source for intracellular PHA production. So 

far, synthesis of PHA in Bacillus species has not been reported using polyols such as 

sorbitol, xylitol, dulcitol, erythritol and adonitol. 

Among the low molecular weight organic acids tested, lactate supported best growth 

as well as PHA production. With the exception of one isolate namely, ICP-1/A3 on 

acetate and COL1/A1 on succinate, all the isolates exhibited PHA accumulation on 

these two substrates (Table 2.6). However, the accumulation on acetate was poorer 

than succinate and in most of the isolates observed only after 120 h of incubation. 

Rohini et al. (2006) have reported lactate to be a poor substrate for PHA accumulation 

in Bacillus thuringiensis R1 while acetate was not utilized by this isolate. 

Citrate and malonate also supported growth and PHA accumulation of all the isolates 

except ICP-1/A3 and COLVAl. Accumulation of PHA on citrate was better than 

malonate and in most of the isolates maximum PHA production was observed after 48 

h of incubation. Glycolate and propionate did not prove to be good carbon substrates 

for growth as well as PHA production as only one isolate viz. ICP-1/A3 and L2/A1 

respectively, exhibited weak fluorescence indicating low amounts of PHA 
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Table 2.6 Intensity and duration of maximum PHA production in isolates grown on different organic acids 

Organic acids  

Acetate 
▪ 120, 

▪ 120 

• 120 

• 120 

+ + 120 

+ 120 

• 120 

1 ± ±± 20  
• 120 

1 ± ±± 20  
• 120 

• 120 

• 120 

• 120 

+ ++ 120 

3-hydroxy 
butyrate  
++ 20 

++ 72-120 

Isolates 

BHR- 1/A7 
BLQ-2/A7 
ICP-1/A3 
NQ- 1 1 /A2 
PPA/Z6 
L2/A1 
L4/A3 
L4/A4 
L5/A1  
L7/A2 
MGP/A5 
COL1/Al 
COL 1 /A6 
COLl/All 
COL2/A2 
COL2/A6 

++4- 48 

▪ 24-120 48-120 ±±± 

+ + 48-96 

+ + 96-120 

+ 24 	++ 96 	++ 120 

++ 48-120 + ± 96 	 120 

+ + 48-120 	 + 96 	++ 72-120 

+ 48-96 	 - 	 ++ 120 

++ 72-120 	 + 120 	1 1  120 

±±± 48 	 + 96-120-1.-± 72-120 

4-4- 96 +±± 72 

± ± 96 	 + 	 +4.  72 96 
120 ± 	 +4.  120 

-1-±± 48 	 ++ 120 

+ 24-120 	 ++ 120 

Glycolate Lactate 	Propionate Pyruvate 
+ ++ 48 

± 96 

+ + 96 

+ 72-120 	±± 120 

++ 48 

Malate 

▪ 120 

▪ 120 

▪ 72-96 

± 96 

72-96 

+ 96 

Key: +, ++, +++. degree of PHA accumulation in comparison to glucose (positive control) 

- : no PHA accumulation 

Superscripted numbers indicate the duration (h) during which maximum fluorescence was observed 
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Table 2.6 contd. Intensity and duration of maximum PHA production in isolates grown on different organic acids 

Isolates 
Organic acids 

Succinate T+  ± 	8.9art4ara6te Butyrate Pentanoate Citrate Malonate 
BHR- 1 /A7 
BLQ-2/A7 
ICP-1/A3 
NQ-11/A2 
PPA/Z6 
L2/A 1 
L4/A3 

L4/A4 
L5/A1 
L7/A2 
MGP/A5 
COLT/Al 
COL 1 /A6 
COL1/Al 1 
COL2/A2 
COL2/A6 

± 96-120 

++ 120 

+ 96 

++ 48-120 

++ 48-96 

++ 96 

++ 96-120 

++ 48-96 
48-120 

++ 48-96 + 

++ 48-120 

_ 
48-96 ++ 

48-96 + 
++ 48 

++ 48-96 

- 
++ 48-96 

- 
+ 96 

+ 
24 

- 

+ 96-120 

+ 
24 

24 ++ 

- 

- 
+ 96 

- 
96-120 + 

+ 96 

++ 48-120 

48-96 ++ 

++ 48.120 

++ 48-120 

+ 48-120 + 

48-120 ++ 

++ 48-120 

++ 120 

++ 96-120 

72 +++ 
- 

96 ++ 
48-96 ++  

+++ 48 

++ 48 

+72-120 

72-120 + 
- 
+72-120 

++96 

++72-120 
72-120 + 

+120 

+96-120 

++72 

72-120 + 

- 
72-120 

+ 
+120 

+96-120 

+ 120 

Key: +, 	+++. degree of PHA accumulation in comparison to glucose (positive control) 

- : no PHA accumulation 

Superscripted numbers indicate the duration (h) during which maximum fluorescence was observed 
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accumulation on these substrates. Propionate has been reported to have toxic and 

inhibitory effect on the growth of bacteria (Ramsay et al., 1990, Omar et al., 2001). 

It was interesting to note that even though butyrate did not support growth as well as 

PHA production in any of the isolates, most of the isolates utilized 3-hydroxybutyrate 

as sole carbon source for PHA accumulation. One reason for PHA accumulation on 3- 

hydroxybutyrate is that this substrate is directly converted to its respective CoA form 

by the bacteria therefore increasing the concentrations of 3-hydroxybutryl-CoA in the 

cells and channeling this intermediate directly into PHA formation (Chen et aL, 

1991). 3-hydroxybutyrate was also found to be an ideal substrate for PHA 

accumulation in Bacillus thuringiensis R1 (Rohini et al., 2006). 

Other low molecular weight organic acids such as pyruvate, malate, tartarate and 

pentanoate proved to be poor substrates for accumulation of PHA intracellularly. 

Isolates growing on these substrates exhibited weak PHA production and 

accumulation was mostly seen after 96 h of incubation. Out of the thirteen acids 

tested, isolate NQ-11/A2, L2/A1 and COLl/All utilized maximum number of nine 

low molecular weight organic acids whereas COL1/A1 utilized the least number of 

only four acids for PHA accumulation. 

Plant oils such as olive, corn and palm have been reported to be good carbon 

substrates for PHA production in Ralstonia eutropha (Fukui and Doi, 1998). Coconut 

oil was found to be the best carbon substrate for PHA synthesis in Comamonas 

testosteroni (Thakor et al., 2005). Fatty acids from fermented fruit and vegetable 

residues have also been reported as a good carbon source for PHA production in 

bacteria (Nonato et al., 2001). Our isolates when tested on such high molecular 
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weight fatty acids were unable to exhibit PHA production. None of the aliphatic and 

aromatic compounds tested were able to support PHA accumulation in these isolates. 

It has been reported that PHB biosynthesis is greatly affected by the carbon to 

nitrogen (C:N) ratio ( Wang et al., 2007) and under the conditions of carbon excess 

and nitrogen limitation PHA production is encouraged (Chen et al., 1991). However, 

higher concentrations of some carbon substrates such as organic acids are reported to 

be inhibitory to the bacterial cells beyond a certain concentration. Acids such as 

propionate, valerate or pentanoate, heptanoate in the medium above a concentration of 

2 g L' were found to be toxic for some species of Bacillus (Chen et al., 1991). 

2.11.3.2 Quantitative determination of PHA 

The ability of sixteen Bacillus isolates to grow and exhibit PHA accumulation on 

diverse carbon substrates was tested. On the basis of the results obtained from these 

studies, one of the marine isolate, Bacillus sp. NQ-11/A2 was found to utilize 

maximum number of diverse carbon substrates. In addition, this isolate was able to 

synthesize higher amounts of intracellular PHA polymer and for a longer duration of 

time when compared with the other isolates on these substrates. Hence, PHA 

production by Bacillus sp. NQ-11/A2 using selected carbon substrates under 

submerged conditions was studied. The study indicated that this strain is highly 

saccharophilic. The amount of PHA produced in the strain varied according to the 

carbon source supplied in the medium. The results of biomass (g L -1 ) and PHA 

content [percentage in dry cell weight (% in DCW)] obtained are displayed in Fig. 

2.6. 
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Growth and PHA accumulation were significantly higher with sugars as compared to 

polyols and low molecular weight organic acids. Among sugars, best carbon source 

for growth of the isolate was found to be maltose (3.6 g L -1 ) whilst least biomass was 

obtained with lactose (2.05 g L -1 ). Strain NQ-11/A2 accumulated maximum PHA 

using glucose as the sole carbon source and the PHA content was found to be 

approximately 61% in DCW. However, the lowest PHA content of only 38.35% in 

DCW was achieved with xylose as the carbon substrate. Gouda et al. (2001) have also 

reported maltose to be the best carbon source for the growth of cells. These authors 

have obtained highest PHA content using glucose (45.6% DCW) whereas xylose 

(7.4% DCW) served as the poorest carbon source. Other isolates such as Bacillus sp. 

strain 88D (Reddy et al., 2009) and Bacillus sp. strain CL1 (Full et al., 2006) have 

been reported with a PHA content of 64.62 and 90% in DCW on glucose, 

respectively. 

Valappil et al. (2007b) have reported a maximum yield of 38, 40.3 and 38.4% in 

DCW as PHA on sugars such as glucose, fructose and sucrose, respectively. Highest 

PHA content reported by Shamala et al. (2003) on sucrose containing medium ranged 

from 11 to 41% in DCW using eleven different strains of Bacillus species. Borah et 

al. (2002) and Halami (2008) have also reported accumulation of PHA using Bacillus 

mycoides Rll B-017 (69.4% DCW) and Bacillus cereus CFRO6 (46% DCW) on 

sucrose containing medium. In another study, a PHA content of 33, 26 and 17% 

DCW, respectively was achieved when glucose, lactose and fructose were used as 

carbon substrates whereas xylose, sucrose and maltose were not suitable since PHA 
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accumulation on these substrates was very poor and PHA content in the cells was only 

5, 5 and 2% in DCW, respectively (Omar et al., 2001). 

When polyols such as mannitol and glycerol were supplied as sole carbon source, 

PHA production was enhanced. Highest PHA content of 57.07% in DCW was 

obtained with mannitol (Fig. 2.7). Dulcitol supported maximum production of 

biomass whereas sorbitol was not an ideal substrate for growth. Least biomass and 

PHA was obtained using sorbitol as a carbon source. So far, there are only a few 

reports on the use of polyols such as glycerol for the production of PHA by Bacillus 

species. This carbon source was found to support maximum growth and PHA 

accumulation in Bacillus thuringiensis R1 (Rohini et al., 2006) and Bacillus sp. strain 

88D (Reddy et al., 2009). PHA content in these isolates reached a maximum of 64.1 

and 60.46% in DCW, respectively. 

Among the low molecular weight organic acids supplied as sole carbon source, lactate 

was found to stimulate biomass production while least biomass was observed with 

tartarate. Highest PHA content of 40.95% in DCW was obtained with lactate as the 

sole carbon source whereas malate supported least PHA accumulation with a final 

PHA content of only 17.85% DCW (Fig. 2.8). Anil Kumar et al. (2007) have 

demonstrated PHA accumulation in Bacillus species in the medium supplemented 

with succinate and malate. Succinate was also reported to enhance growth by Omar et 

al. (2001). PHA content up to 46.8% (Anil Kumar et al., 2007) and 42% in DCW 

(Omar et al., 2001) was obtained using succinate whereas 67.8% in DCW has been 

reported with malate (Anil Kumar et al., 2007). PHA accumulation was also studied 

by Chen et al. (1991) under submerged conditions using different strains of Bacillus. 
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These authors have reported PHA contents less than 50% of the dry weight of cells 

especially using organic acids and suggested low PHA accumulation to be a common 

phenomenon among the members of the genus Bacillus. 

Sixteen isolates belonging to Bacillus species were found to utilize a wide range of 

diverse carbon substrates. Carbohydrates were the choice of substrate for PHA 

production. Long chain fatty acids as well as aliphatic and aromatic compounds were 

not preferred as substrates for PHA accumulation therefore indicating a narrow 

substrate range of PHA synthase present in these isolates. Among the several isolates 

accumulating PHA on media containing diverse carbon sources, one potential PHA 

producer, Bacillus sp. NQ-11/A2 could metabolize maximum substrates and 

synthesize intracellular PHA for a longer duration of time when compared with the 

other isolates. Submerged cultivation of this strain using different sugars, polyols and 

organic acids revealed maximum PHA accumulation on glucose. Mannitol was also 

found to be an ideal substrate for PHA production. Accumulation of PHA on organic 

acids was less as compared to both, sugars and polyols. 

Further studies were carried out using seven of these isolates selected based on the 

econiche, diverse cell morphology and ability to utilize diverse substrates as sole 

source of carbon for PHA production. 
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Chapter 3 

Characterization of PICA produced 6y s&cteci 
Bacillus spp. 



3.1 INTRODUCTION 

Based on the carbon chain length of the monomeric units contained in the synthesized 

polymer, PHAs are either classified as short-chain-length (SCL) or medium-chain-

length (MCL). The incorporation of a particular carbon chain length monomer is 

greatly dependent upon the substrate specificity of the polymerizing enzyme, PHA 

synthase (Rehm, 2007). Hence this study was undertaken to investigate the type of 

polymer accumulated by seven selected Bacillus isolates and indirectly deduce the 

substrate specificity of PHA synthase present in these isolates. 

In order to detect or quantify intracellular PHA many methods have been reported in 

literature based on Nile red staining (Ostle and Holt, 1982; Degelau et al., 1995; 

Gorenflo et al., 1999; Spiekermann et al., 1999) however, none of these methods are 

capable of analyzing or differentiating PHA compositions (Wu et al., 2003). Recently, 

a rapid method to differentiate between SCL- and MCL-PHAs based on Nile red 

staining has been reported by Wu et al. (2003). Nile Red, an oxazone form of Nile 

blue A is an intensely fluorescent dye. This dye penetrates the bacterial cells easily 

(Degelau et al., 1995), possess high specificity for PHA (Shamala et al., 2003) and 

therefore excellent to detect PHA in intact bacterial cells. Since Nile red can be 

directly used to stain the bacterial colonies grown on mineral medium containing sole 

carbon source, the present study was carried out using this method. 

Further confirmation of the type of the polymer produced was achieved by growing 

one of the Bacillus isolates, namely NQ-11/A2 under submerged conditions in 

medium supplemented with different substrates as sole source of carbon. The 

composition of the PHA synthesized was elucidated using gas chromatograph-mass 
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spectrometer (GC-MS). Thermogravimetric analysis (TGA) of the polymer 

accumulated by the strain in glucose supplemented medium was also carried out to 

determine its thermal melting temperature (T.). 

3.2 MATERIALS AND METHODS 

3.2.1 Bacillus cultures 

Seven Gram positive, rod shaped, sporulating bacterial isolates namely; ICP-1/A3, 

NQ-11/A2, PPA/Z6, MGP/A5, L2/A1, L5/A1 and COL1 /A1 belonging to the genus 

Bacillus obtained from various marine and coastal econiches were selected for this 

study. These isolates possessed diverse cell morphology and were capable of utilizing 

diverse carbon substrates as sole carbon source for PHA production. 

3.2.2 Scanning electron microscopy of the bacterial isolates 

The selected isolates were streaked on nutrient agar plate and incubated at R.T for 24 

h. Cell suspensions were prepared by mixing a loopful of the culture in 2 ml of 

sodium phosphate buffer (0.1 M, pH 7.0). A drop of bacterial cell suspension was 

placed on the slide, air dried and fixed with 2% (v/v) glutraldehyde for 2 h. The slide 

was washed with sodium phosphate buffer and passed through a series of increasing 

,acetone concentrations [50, 70, 90 and 100% (v/v)]. The slide was placed on a stub 

and dried using critical point dryer (Rheims et al., 1999). The sample was coated 

with a thin film of gold using spi-module sputter coating device and observed under 

scanning electron microscope (JEOL, 5800LV, Japan). 
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3.2.3 Phylogenetic analysis of the selected isolates 

i) Extraction of genomic DNA from bacterial cells 

The genomic DNA was extracted from the selected bacterial isolates using the method 

described by Marmur (1961) and Sambrook et al. (1989). Nutrient broth (25 ml) was 

inoculated with a loopful of a single isolated colony and incubated at 150 rpm for 24 

h. The culture broth was centrifuged at 3,000g for 10 min under cold conditions. The 

cell pellet was washed in saline EDTA (1 0 ml, Appendix C) and resuspended in saline 

EDTA (5 ml). Lysis of the bacterial cells was achieved by incubating 1 ml of the 

above suspension with 10 µl of lysozyme solution (5 mg m1 -1 ) at 37°C for 30 min. 

In the subsequent step, 100 µl of sodium dodecyl sulphate (SDS, 25%), 100 Ill of 

sodium chloride (NaC1, 5 M) and 50 µl of proteinase K (20 mg m1-1) were added and 

the mixture was incubated at 60 °C for 10 min. The contents were spun at 8,000g for 5 

min under cold conditions. To the supernatant, equal volumes of saturated solution of 

phenol-chloroform-isoamylalcohol (PCI, Appendix C) was added and mixed 

continuously for 10 min The mixture was then centrifuged at 5,000g for 10 min. The 

organic layer containing the cell debris was discarded and the aqueous layer was 

treated again with saturated PCI solution. This step was repeated thrice. Chilled 

absolute ethanol was added slowly from the side of the tube and allowed to stand for 

10 min The precipitate obtained was collected in small microfuge tube using a 

hooked Pasteur pipette. The lid of the tube was left open until all the ethanol 

evaporated. 

Further, 100 µl of Tris-EDTA (TE) buffer was added to dissolve the precipitate and 

then treated with RNAase solution (5 	1 mg m1-1 ). The tube was incubated at 37°C 
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for 30 min. The contents were subjected to PCI treatment once again. In the final step, 

200 µl of chilled ethanol was added to the aqueous layer and incubated for 10 min. 

The precipitate obtained on addition of ethanol was separated by centrifugation at 

10,000g for 10 min under cold conditions. The supernatant was discarded and the lid 

of the tube was left open until all the ethanol evaporated. The precipitate was finally 

dissolved using minimum volume of TE buffer and the absorbance was recorded both 

at 260 and 280 nm The extracted chromosomal DNA was sent to Jawaharlal Nehru 

University, New Delhi for amplification (Appendix C) and sequencing of 16S rRNA 

gene. The gene sequences obtained for all the seven isolates were compared with 

similar sequences of reference organisms by BLASTn 2.2.22+ (Zhang et al., 2000). 

3.2.4 Determination of carbon chain length of monomers using Nile red staining 

The chain length of the incorporated monomer into the polymer was determined using 

Nile red staining method (Wu et al., 2003). 

i) Preparation of media 

In order to determine the type of PHA synthesized by the seven isolates, different 

carbon chain length substrates namely carbohydrates, polyols and low molecular 

weight organic acids were selected. These substrates were incorporated in the media 

as described in section II of chapter 2. The isolates were spot inoculated and the plates 

were incubated at R.T. for respective time interval. 

ii) Nile red staining 

Cell suspensions of the colonies grown on E2 mineral medium agar plates containing 

different carbon substrates were prepared in sodium phosphate buffer (0.1 M, pH 7.0) 
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and used for Nile red staining. To 1 ml of cell pellet, 10 p,1 of Nile red solution (1 mg 

m1-1  in acetone) was added. The acetone was allowed to evaporate and the pellets 

were suspended in 1 ml of distilled water. Appropriate dilutions of the cell 

suspensions were prepared if required. The suspensions were scanned for maximal 

emission wavelength from 530 to 650 nm using an excitation wavelength of 488 nm. 

3.2.5 Determination of the monomeric composition of PHA using GC-MS 

i) PHA Production under submerged condition 

Production of PHA using different carbon chain length substrates such as xylose (C5), 

glucose (C6), mannitol (C6), lactate (C3), succinate (C4) and citrate (C6) was 

achieved by growing Bacillus sp. strain NQ-11/A2 under submerged conditions (as 

described in chapter 2). Inoculated flasks were incubated at 30 °C for 48 h (170 rpm). 

The polymer accumulated using the above carbon substrates was used for further 

analysis. 

ii) Methanolysis of the PHA polymer 

To determine the composition of PHA, the polymer was methanolyzed as per the 

method described by Shishatskaya and Volova (2004). Approximately 8 mg of PHA 

was suspended in 2 ml methanol containing 15% (v/v) concentrated sulphuric acid 

and 2 ml of chloroform. The reaction was carried out at 100 °C for 3.5 h. After 

cooling, 1 ml of distilled water was added to the reaction mixture and shaken 

vigorously for 1 min. On phase separation, the organic layer was transferred into a 

vial and used for analysis. 
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iii) Analysis of the polymer using GC-MS 

The methanolyzed polymer sample was analyzed using GC-MS (Shimadzu, QP2010, 

Japan), equipped with a 30 m x 0.32 mm RTX-5MS (5% diphenyl and 95% dimethyl 

polysiloxane) capillary column. Chromatographic conditions were as follows: carrier 

gas helium; flow rate 1 ml min -1 ; sample input temperature 220 °C; initial temperature 

70°C; programmed to 230°C at a rate of 8 °C min-1 ; interphase temperature 250 °C; ion 

source temperature 175 °C; electron impact mode 70 eV; scanning range 45 to 450 

amu at 0.5 sec scan-1 . 

3.2.6 Thermogravimetric analysis of the polymer 

The polymer accumulated by Bacillus sp. strain NQ-11/A2 grown in glucose 

supplemented E2 mineral medium was extracted using sodium hypochlorite method 

(as described in section I of chapter 2) and subjected to thermogravimetric analysis 

(TGA) using NETZSCH STA 409 PC operating with dry air flow of 20 ml min -1  and 

scan rate of 10°C mind  in the range of 30 to 250°C (Pal and Paul, 2002). 

3.3 RESULT AND DISCUSSION 

3.3.1 Scanning electron microscopy of the selected isolates 

Seven isolates belonging to the genus Bacillus were selected for the present study 

based on the econiche, diverse cell morphology and ability to utilize a range of carbon 

substrates as sole carbon source for PHA production. Scanning electron microscopy 

of the isolates grown on nutrient agar was performed in order to analyze the cell 

morphology and to confirm the purity. Out of the seven isolates, Bacillus sp. strain 

ICP-1/A3, COL1/A1 and PPA/Z6 possessed diverse cell morphology whereas cells of 
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the isolate NQ-11/A2, L2/A1, L5/A1 and MGP/A5 were phenotypically near identical 

as can be observed from Fig. 3.1a to 3.1g. The cell arrangement of strain NQ-11/A2, 

L2/A1, L5/A1 and MGP/A5 was similar and often found in chains Cells of isolate 

L5/A1 were longer than that of isolate NQ-11/A2 but shorter than ICP-1/A3. Rods of 

isolate COL1/A1 were single and fat whereas that of the isolate L2/A1 were found to 

be shortest when compared with the other isolates. Cells of isolate ICP-1/A3 were 

unique in their morphology. They were observed as long, slender rods and possessed 

maximum cell length (2.82 ± 0.28 gm) and minimum cell width (0.53 ± 0.14 gm) 

among all the isolates (Table 3.1). Interestingly, when strain ICP-1/A3 was grown on 

E2 mineral medium containing 2% (w/v) glucose, transformation of the cell shape 

from long, slender rods to oval was observed (Fig. 3.1h). This transition in the cell 

shape has also been reported by Gouda et al. (2001) using transmission electron 

microscopy (TEM) and demonstrated that this phenomenon is associated with PHA 

production. 

Scanning electron microscopy has been used to determine the size of the bacterial 

cells. Yumoto et al. (2003) have analyzed the cell size of a new bacterial isolate 

namely, Bacillus krulwichiae sp. The length and width of the cells varied from 1.4 to 

3.0 pm and 0.4 to 0.8 pm, respectively. Yumoto et al. (2004) have reported a novel 

Bacillus species, the cells of which were found to be 1.5 to 2.6 pm in length and 0.5 

to 0.7 pm in width. A new Bacillus silvestris sp. measuring 0.9 to 2.0 gm in cell 

length and 0.5 to 0.7 p,m in cell width has been reported by Rheims et al. (1999). 
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Table 3.1 Cell morphology of the selected PHA producing isolates 

Sr. no. Isolate Cell length 

± SD ) 

Cell width 

(pm ± SD) 

1 ICP-1/A3 2.82 ± 0.28 0.53 ± 0.14 

2 NQ-11/A2 2.43 ± 0.26 1.00 ± 0.10 

3 PPA/Z6 2.22 ± 0.21 1.10 ± 0.05 

4 L2/A1 1.91 ±0.17 1.11 ±0.08 

5 L5/A1 2.66 ± 0.42 1.24 ± 0.12 

6 MGP/A5 2.19 ± 0.23 1.04 ± 0.06 

7 COL1/A1 2.42 ± 0.32 1.21 ± 0.09 

Note: The cell length and width was determined by measuring the size of the bacterial 

cells present in ten different fields using SEM. The numbers given in the table 

represent the respective average values along with their mean standard deviation 

(SD). 
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Fig. 3.1 Scanning electron micrographs revealing cell morphology of the isolates 
grown on (1) Nutrient agar: (a) NQ-11/A2; (b) PPA/Z6; (c) L2/A1; (d) L5/A1; 
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3.3.2 Phylogenetic analysis of the selected isolates 

The seven Gram positive, rod shaped, sporulating isolates selected for the present 

study, were identified to the genus level using cultural, morphological and 

biochemical characteristics (as described in section I of chapter 2). From the results 

obtained, these isolates were found to belong to the genus Bacillus according to the 

Bergey's Manual of Systematic Bacteriology (Sneath et al., 1986). Further 

identification of these isolates was carried out using 16S ribosomal RNA (rRNA) 

gene sequencing. The partial 16S rRNA gene sequences obtained for these isolates 

were compared with that of the 16S rRNA gene sequences available in the public 

nucleotide databases at the National Center for Biotechnology Information (NCBI) 

using its World Wide Website (http://www.ncbi.nlm.nih.gov ) and the BLAST (Basic 

Local Alignment Search Tool) algorithm. These sequences have been deposited in the 

Genbank under the accession numbers as mentioned in Table 3.2. 

The results obtained from the phlyogenetic analysis were in agreement with the data 

obtained after performing biochemical tests. These results confirmed six out of the 

seven isolates to belong to the genus Bacillus. However, one of the isolates namely; 

ICP-1/A3 was given as unidentified. Although the biochemical tests indicated isolate 

ICP-1/A3 to be Bacillus sp., it could not be confirmed using the 16S rRNA gene 

sequence data as revealed by the BLAST analysis. Hence, further sequencing of the 

complete 16S rDNA would be required prior to its genus assignment. The partial 

nucleotide sequences of the 16S rRNA genes of isolates NQ-11/A2, L2/A1, L5/A1 

and MGP/A5 matched with that of different strains of Bacillus megaterium and 

exhibited highest similarity values which were above 95% except isolate L2/A1 
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Table 3.2 16S rRNA sequence analysis of the selected PHA producing isolates using 

NCBI BLAST algorithm along with the accession number of the deposited sequences 

Culture 	NCBI BLAST result 	Accession Maximum 
designation 	 number 	idertE4ty 

NO-11/A2 Bacillus megaterium strain 	FJ392860 	100% 
Z3-2 16S ribosomal RNA 
gene, partial sequence 

PPA/Z6 	Bacillus sp. BSF-8 16S 	GU265737 	96% 
ribosomal RNA gene, partial 
sequence 

L2/A1 	Bacillus megaterium strain 	GU265735 	89% 
735-1'7 16S ribosomal RNA 
gene, partial sequence 

L5/A1 	Bacillus megaterium partial 	FJ600734 	97% 
16S rRNA gene, strain V23 

MGP/A5 	Bacillus megaterium strain 	FJ392861 
	97% 

DBTBIG 16S ribosomal 
RNA genes, partial 
sequence 

COL1/A1 	Bacillus sp. GD1505 16S 	GU265736 	90% 
ribosomal RNA gene, partial 
sequence 

ICP-1/A3 	No significant match 
obtained 
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which revealed only 89% sequence homology. Further, similarity values of 90 and 

96% were observed between partial sequences of the 16S rRNA genes of isolate 

PPA/Z6 and COLT/Al, respectively with that of Bacillus species available in the 

public nucleotide databases at NCBI using the BLAST algorithm. 

The 16S rRNA gene sequence analysis is a fast and reliable method for phylogenetic 

affiliation of the newly isolated strain to a particular genus or species (Rheims et al., 

1999, Tajima et al., 2003, Valappil et al., 2007b). Since most of the species belonging 

to the genus Bacillus are phylogenetically intermixed, sequencing of 16S rRNA genes 

of evolutionary importance is crucial for careful and unambiguous identification of 

the environmental isolates (Halami, 2008). 

Sequencing of 16S rRNA genes have been carried out by many researchers to identify 

PHA accumulating strains from various econiches such as soil, activated sludge, 

marine sediments etc. (Tajima et al., 2003, Valappil et al., 2007b, Reddy et al., 2009, 

Arun et al., 2009). Full et al. (2006) have identified strain CL1, isolated from fresh 

water lake sediment using comparative 16S rRNA gene sequence analysis and found 

that this strain grouped with the Bacillus Glade and is probably a new species with its 

closest cultured relative being Bacillus megaterium. Tajima et al., 2003 have isolated 

a PHA accumulating bacterial strain from gas field soil and identified it to be Bacillus 

sp. using 16S rRNA gene sequencing. This strain designated as INT005, could 

accumulate PHA with unique monomeric composition from diverse carbon substrates. 

The 16S rRNA gene sequencing was also carried out by Valappil et al. (2007b) for 

the species level identification of a novel bacterial strain. This strain named Bacillus 
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cereus SPV was able to synthesize copolymers and terpolymers using unrelated 

carbon substrates. 

3.3.3 Nile red staining of the selected isolates 

The carbon chain length of the monomers incorporated into the polymer backbone is a 

reflection of the carbon substrate used (Rehm, 2003). Hence varying carbon chain 

length substrates were supplied as sole carbon source in the medium in order to 

determine the type of PHA (SCL, MCL or SCL-co-MCL) produced and indirectly 

deduce the substrate specificity of PHA synthase enzyme present in the selected 

isolates. 

In this study, the isolates were first grown on medium containing the respective 

carbon source followed by Nile red staining of the bacterial cells. Fluorescence scans 

of the isolates grown on selected carbohydrates, polyols and organic acids are 

displayed in Fig. 3.2 to 3.4. Since most of the selected isolates were able to exhibit 

good PHA accumulation on carbohydrates, the fluorescence intensity of the emission 

peaks obtained was high. It has been reported that the fluorescence intensity is 

directly proportional to the PHA content in the cells (Ostle and Holt, 1982). 

Among the varying carbon chain length carbohydrates selected, the pentose sugar, 

ribose was poorly utilized by the isolate L5/A1 and there was no emission peak 

observed in the fluorescence spectrum (Fig. 3.2a). When xylose was used as the 

carbon substrate, isolate COLl/A1 and MGP/A5 did not grow. The emission peaks of 

the remaining five isolates ranged from 589 to 592 nm (Fig. 3.2b). All the isolates 
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exhibited fluorescence maxima ranging from 588 to 597 nm using glucose as the 

carbon source (Fig. 3.2c). 

Substrates such as mannose, rhamnose and sorbose were selected as only a few 

isolates could utilize them as sole source of carbon for growth and PHA production. 

Only two isolates namely; ICP-1/A3 and PPA/Z6 grew and exhibited fluorescence 

maxima with high intensity at 593 and 590 nm respectively, when grown on mannose 

(Fig. 3.2d). However, when rhamnose was supplied as sole carbon source in the 

medium, the fluorescence profile of PPA/Z6 was relatively flat while an emission 

peak corresponding to 587 nm was obtained incase of isolate L2/A1 (Fig. 3.2e). On 

sorbose, isolate L5/A1 exhibited poor growth as well as PHA accumulation and no 

visible emission peak was observed (Fig. 3.21). Interestingly, all the isolates except 

COL1/A1 grew luxuriantly on the diasaccharide trehalose exhibiting emission peaks 

in the range of 588 to 597 nm (Fig. 3.2g). 

Among the four polyols, all the isolates exhibited fluorescence maxima ranging from 

587 to 593 nm when grown on glycerol (Fig. 3.3a). On erythritol, isolate NQ-11/A2 

and L5/A1 exhibited fluorescence maxima at 591 and 589 nm respectively, whereas 

emission peak for L2/A1 was obtained at 592 nm. Further, the profile of fluorescence 

obtained for PPA/Z6 did not exhibit any emission peaks (Fig. 3.3b). Emission peaks 

at 588 nm were observed for both the isolates, NQ-11/A2 and L5/A1 on dulcitol (Fig. 

3.3c). All the isolates exhibited fluorescence maxima ranging from 589 to 592 nm 

respectively, when mannitol was supplied as sole source of carbon (Fig. 3.3d). 

The fluorescence profile of isolates ICP-1/A3, L2/A1 and L5/A1 respectively, on 

medium containing different carbon chain length organic acids such as glycolate (Fig. 
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3.4a), propionate (Fig. 3.4c) and pentanoate (Fig. 3.4g) exhibited no visible emission 

peaks as these carbon substrates were poorly utilized by the isolates for growth and 

PHA production. Except isolate L5/A1, all the other isolates accumulated good 

amount of PHA inside the cells when lactate was provided as the carbon substrate in 

the medium. The fluorescence maxima were in the range of 589 to 594 nm (Fig. 

3.4b). The fluorescence profile of isolate NQ-11/A2 on malate revealed the presence 

of an emission peak at 586 nm however, profiles exhibited by the other two isolates, 

ICP-1/A3 and L2/A1 were relatively flat (Fig. 3.4d). On using succinate as sole 

carbon source, five of the isolates were found to exhibit fluorescence maxima in the 

range of 589 to 597 nm. The fluorescence profile of isolate ICP-1/A3 was flat 

indicating weak intracellular PHA production whereas isolate COL1/A1 did not grow 

on succinate (Fig. 3.4e). Emission peak corresponding to 591 nm was observed in the 

fluorescence profile of isolate NQ-11/A2 but not incase of isolate COL1/A1 when 

grown on tartarate (Fig. 3.40. As seen from the fluorescence profile of all the isolates, 

citrate was found to support good PHA accumulation since the intensities of the 

emitted peaks were high and ranged from 592 to 594 nm (Fig. 3.4h). 

Wu et al. (2003) have demonstrated that the fluorescence behavior of PHA producing 

organisms can be divided into two groups, one with fluorescence maxima around 575 

nm and the other at 590 nm. The bacteria belonging to 575 nm are grouped as MCL 

producers and that of 590 nm as SCL producers. In the present study, it was observed 

that the maximum fluorescence range exhibited by the isolates varied from 587 to 597 

nm using the selected carbon substrates. The shift in the emission maxima of Nile red 

fluorescence observed in some cases has been reported to be due to the relative 
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hydrophobicity of the environment and can vary over a range of 60 nm (Greenspan et 

al., 1985). From the above results, it was clear that the PHA synthase enzyme present 

in these isolates possessed a narrow substrate range and was SCL-PHA specific. 

Further confirmation of these results was achieved by elucidating the PHA 

compositions using GC-MS. 

3.3.4 Characterization of the polymer using GC-MS 

The polymer accumulated by Bacillus sp. strain NQ-11/A2 using various carbon chain 

length substrates such as xylose, glucose, mannitol, lactate, succinate and citrate was 

analyzed by GC-MS. The total ion current chromatogram (TIC) of the methanolyzed 

products of the polymer accumulated by isolate NQ-11/A2 when grown using the 

above substrates as sole carbon source is shown in Fig. 3.5a to 3.10a respectively. 

The mass spectra of the dimer of f3-hydroxybutyrate methyl ester are shown in Fig. 

3.5b to 3.10b respectively. In all the cases, the peak with retention time 7 9 min 

matched with the mass spectrum of the dimer of 0-hydroxybutyrate methyl ester from 

the MS library (WILEY7). This result confirmed that 13-hydroxybutyrate (MB) was 

the major momomeric unit incorporated into the PHA polymer by isolate NQ-11/A2 

when the above substrates were supplied as single carbon source. 

Bacillus thuringiensis R1 was also reported to synthesize the homopolymer of PHB 

when different carbon sources were incorporated individually in the medium (Rohini 

et al., 2006). Bacillus species capable of accumulating copolymers have been 

demonstrated using unrelated carbon sources such as fructose or sucrose and 

tercopolymers using gluconate (Valappil et al., 2007b). Shamala et al. (2003) have 
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reported production of copolymer containing 3-hydroxybutyrate (3HB) and 3- 

hydroxyvalerate (3HV) when Bacillus species were cultivated in sucrose containing 

medium. 

Low PHA accumulation has been observed when Bacillus species were cultivated in 

presence of fatty acids as sole carbon source (Chen et al., 1991). Therefore, Tajima et 

al. (2003) have incorporated glucose at one-tenth the concentration of the added fatty 

acids to the media. Under such conditions, Bacillus sp. INT005 could synthesize a 

wide variety of PHAs such as 3-hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV), 4- 

hydroxybutyrate (4HB), 3-hydroxyhexanoate (3HHx) and 6-hydroxyhexanoate 

(6H1-Ix) from appropriate carbon sources. 

3.3.5 Thermogravimetric analysis of PHA 

Thermal melting temperature (T m) of the polymer as observed from TGA analysis was 

found to be 167 °C. On further heating of the sample to 218.3 °C, the polymer was 

found to undergo thermal decomposition (Fig. 3.11). The T. value obtained for the 

polymer was found to be slightly higher than that reported for PHB (165.6 °C) from 

Bacillus thuringiensis R1 (Rohini et al., 2006) but lower than PHB reported for 

Bacillus cereus (Labuzek et al., 1994) and Bacillus circulans (Rozsa et al., 1996) 

which had a T. of 170 °C and 173 °C, respectively. This lower T. value obtained for 

the PHA polymer from Bacillus sp. strain NQ-11/A2 is of significance since PHA 

with a low melting temperature fmds application as a melt processible thermoplastic 

(Caballero et al., 1995). Reddy et al. (2009) have also reported the thermal melting 

temperatures (T m) of PHAs extracted from isolate Bacillus sp. 88D grown on different 
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carbon sources. The T,,, values of these polymers were in the range of 152.9 °C to 

176.32°C. 

Seven isolates selected based on the econiche, diverse cell morphology and ability to 

utilize a range of carbon substrates as sole carbon source for PHA production were 

further characterized using 16S rRNA gene sequencing which confirmed that six out 

of seven isolates belonged to the genus Bacillus. Determination of the type of the 

polymer using Nile red staining revealed that all the isolates accumulated SCL-PHA 

when grown on different chain length substrates supplied as sole carbon source. Since 

the carbon chain length of the monomers incorporated into the PHA backbone 

depends upon the substrate specificity of the polymerizing enzyme, it can be 

concluded that the PHA synthase present in these isolates is specific for SCL-

monomers. 

The polymer accumulated by one of the Bacillus isolates, strain NQ-11/A2 exhibiting 

good PHA production on a wide range of carbon substrates was analyzed further by 

GC-MS. The GC-MS data revealed that the PHA synthesized by the isolate contained 

only short-chain-length 3-hydroxybutyrate units. This result confirmed that the 

substrate specificity of PHA synthase present in the isolate NQ-11/A2 is of the SCL-

type and is similar to that reported for class I and class III PHA synthases. 

Thermogravimetric analysis of the polymer extracted from Bacillus sp. strain NQ-

11/A2 grown in glucose supplemented mineral medium indicated that the polymer 

could be used as a melt processible thermoplastic. The present study on the 

production of PHB by Bacillus sp. strain NQ-11/A2 from single carbon sources and 
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the standard conditions used were not optimal for copolymer production. Co-feeding 

of the appropriate low molecular weight organic acids would therefore be of interest 

to exploit this native strain for copolymer production. 
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Chapter 4 

Studies  on native Prif,4 granuCes 



Section I 

Characterization of native vi-A granuCes 



4.1.1 INTRODUCTION 

Polyhydroxyalkanoates are accumulated as discrete granular inclusions inside the 

bacterial cells. The polymer granules are surrounded with an outer layer or a 

membrane. The key enzymes of PHA metabolism, PHA synthase and PHA 

depolymerase are associated with the granule membrane along with the other proteins 

and phospholipids (Anderson and Dawes, 1990; Griebel et al., 1968; Rehm, 2007). 

The structure of PHA granules has been investigated by many researchers in the past 

(Ellar et al., 1968; Merrick and Doudroff, 1961; Griebel et al., 1968; McCool et al., 

1996). However, current knowledge of studies on the structure of PHA granules as 

well as granule associated PHA synthase from Bacillus megaterium or any other 

member of the genus Bacillus is limiting. Hence the present work was carried out in 

order to investigate the structure of PHA granules in the selected Bacillus isolates as 

well as in vitro determination of the specific granule bound PHA synthase (GBPS) 

activity. 

The native PHA granules required for the present study were isolated from the 

bacterial cells using sucrose density gradient. Structural analysis was carried out using 

scanning electron microscopy. PAGE under native conditions was performed to 

reveal the whole granule protein profile. Finally, specific GBPS activity of the 

selected isolates was determined. 

4.I.2 MATERIALS AND METHODS 

4.1.2.1 Culture growth and submerged PHA production 

All the seven Bacillus isolates namely; ICP-1/A3, NQ-11/A2, PPA/Z6, L2/A1, 

L5/A1, MGP/A5 and COL 1/A1 selected for the present study were grown under 
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submerged conditions in glucose supplemented E2 mineral medium as described in 

chapter 2. The flasks were incubated on Orbitek environmental shaker (170 rpm) for 

48 h at 30°C. The culture broth was harvested at 10,000g for 10 min and the cell pellet 

obtained was washed twice with sodium phosphate buffer (0.1 M, pH 7.0) which was 

used for further experiments. 

4.1.2.2 Isolation and purification of PHA granules 

Bacterial cells (1 g wet weight) were suspended in 5 ml lysis buffer (0.1 M sodium 

phosphate buffer, pH 7.0 containing 1 mg ml - ' lysozyme) and incubated for 1 h under 

shaking conditions at 30 °C. The lysate was centrifuged at 10,000g for 30 min. The 

pellet was washed with sodium phosphate buffer (0.1 M, pH 7.0) and suspended in 

minimum volume of the same buffer (McCool et al., 1996). 0.5 ml of the suspension 

was loaded onto sucrose density gradient consisting of 2.5 ml each of 40, 55 and 60% 

sucrose in 11.2 ml polyallomer Quick-seal centrifuge tubes. The sealed tubes were 

placed in a vertical rotor and centrifuged at 79,000g for 2 h at 4 °C using 

Ultracentrifuge (Beckman, L8-M, USA). The resulting band obtained after 

centrifugation was collected and suspended in 10 volumes of sodium phosphate buffer 

(McCool et al., 1996). This suspension was centrifuged at 10,000g for 10 min. The 

pellet was re-suspended in sodium phosphate buffer and estimated for the protein 

content (Appendix D, Lowry et al., 1951) and GBPS activity (Muh et al., 1999). 

4.1.2.3 Identification of the PHA polymer 

The presumptive PHA band obtained at the interphase between 40 and 55% sucrose 

was analyzed further by extracting the polymer from the above pellet using sodium 
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hypochlorite method (Rawte and Mavinkurve, 2002) described in section I of chapter 

2. The extracted sample was detected for the presence of PHA according to the 

method described by Law and Slepecky (1961). The sample was dissolved in 

chloroform and used for analysis. Chloroform evaporated sample was dehydrated by 

adding concentrated sulphuric acid followed by incubation in boiling water bath 

(BWB) for 10 min. After cooling, the sample was scanned between 200 to 400 nm 

using the spectrophotometer (Shimadzu, UV-1601, Japan). 

4.1.2.4 Scanning electron microscopy of PHA granules 

A drop of granule suspension was placed on the slide, air dried, fixed with 2% (v/v) 

glutraldehyde for 2 h and processed further in the same way as described for SEM of 

the bacterial cells (chapter 3). 

4.1.2.5 Determination of size and number of granules per cell 

The size of PHA granules isolated from seven bacterial isolates was analyzed by 

measuring the diameter of ten individual granules using SEM. The number of PHA 

granules per cell was determined by staining the bacterial smear with Nile blue A 

(Ostle and Holt, 1982) and then counting the granules present in the individual cells 

from ten different microscopic fields. 

4.1.2.6 Protein profile of whole PHA granules 

The PHA polymer is surrounded by a dynamic membrane composed of several 

granule associated proteins. Hence, an attempt was made to reveal the presence of 

these proteins using polyacrylamide gel electrophoresis (PAGE) under native 
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conditions according to Sambrook et a/. (1989). The proteins were separated using 

10% (w/v) polyacrylamide gel prepared under native conditions and stained with 

Coomassie brilliant blue R 250 (Appendix E). 

4.1.2.7 Determination of protein content 

Protein content in the native PHA granules was determined according to the method 

described by Lowry et al., (1951) using bovine serum albumin as a protein standard. 

4.1.2.8 Determination of PHA synthase activity 

The PHA synthase activity was determined by a discontinuous spectrophotometric 

assay monitoring the release of CoA at 412 nm from the substrate DL-0- 

hydroxybutyryl-CoA (Muh et al., 1999). The final volume of the reaction mixture was 

made upto 1 ml and contained 50 mM NaC1, 1 mM 5, 5'-dithiobis(2-nitrobenzoic 

acid) (DTNB), 60 gM DL-P-hydroxybutyryl-CoA, sodium phosphate buffer (0.1 M, 

pH 7.0) and 100 gl of granule suspension. Reaction was carried out at 30 °C, if 

otherwise specified, for 8 min. The mixture was spun at 10,000g for 2 min The 

absorbance of the supernatant was measured at 412 nm The concentration of CoA 

released was quantified using the extinction coefficient (412 nm) of 13,600 cm' M - 

 '.One unit was defined as the amount of enzyme required to convert 1 gmol of 

substrate in 1 min 

Determination of the protein content and PHA synthase activity was carried out in 

triplicates and the average values are reported. 
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4.1.3 RESULTS AND DISCUSSION 

Based on the econiche, diverse cell morphology and the ability to utilize diverse 

carbon substrates, the isolates namely; ICP-1/A3, NQ-11/A2, PPA/Z6, L2/A1, L5/A1, 

MGP/A5 and COL1/A1 were selected for further studies. Characterization of the 

polymer from these isolates using Nile red staining as well as GC-MS analysis 

indicated SCL-PHA production. Following these studies, it was of interest to 

characterize the PHA granules accumulated by these isolates with respect to the size 

and number of granules present per cell, whole granule protein profile to reveal the 

presence of granule associated proteins and to determine the specific granule bound 

PHA synthase activity. 

4.1.3.1 Separation and isolation of PHA granules using sucrose density gradient 

The PHA granules were obtained from the isolates namely; ICP-1/A3, NQ-11/A2, 

PPA/Z6, L2/A1, L5/A1, MGP/A5 and COL1 /A1 using sucrose density gradient. 

These granules formed a white band at the interphase between 40 and 55% sucrose 

concentration (Fig. 4.1) corresponding to the buoyant density of the intact PHA 

granules (1.19 g/cm3) reported by Nickerson (1982). Sucrose density gradient has also 

been used to separate native PHA granules by McCool et al. (1996). De Roo et al. 

(2000) have reported isolation of PHA granules from F'seudomonas putida GPp104 

using 20% (w/v) sucrose. In this case, the PHA granules were found to settle on top of 

the sucrose layer. 

4.1.3.2 Determination of PHA 

In order to confirm that the white band obtained on performing sucrose density 
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White band 
corresponding to 
PHA granules 

Fig. 4.1 Separation and isolation of native PHA granules using sucrose density 
gradient centrifugation. 



gradient was of PHA and to check its purity, Law and Slepecky (1961) method for 

PHA determination was performed. This method was chosen since it is the accepted 

test for identification as well as estimation of PHA (Nickerson, 1982; Borah et al., 

2002; Shamala et al., 2003; Anil Kumar et al., 2007; Ramadas et al., 2009). The UV 

spectra of the polymer extracted from native PHA granules of all the seven isolates 

indicated the presence of a single characteristic peak at 235 nm (Fig. 4.2) 

corresponding to crotonic acid formed due to the dehydration of PHA with 

concentrated sulphuric acid (Law and Slepecky, 1961). Hence it was confirmed that 

the band obtained at the interphase between 40 and 55% sucrose gradient contained 

highly pure PHA. 

4.1.3.3 Structural analysis of PHA granules using SEM 

The structure of PHA granules was analyzed using SEM. The PHA granules were 

found to be homogenous and free from any contamination of particulate cellular 

matter confirming their purity. These purified granules exhibited similar morphology 

to those reported by previous researchers (Griebel et al., 1968; McCool et al., 1996; 

Rohini et al., 2006). These granules were spherical and intact in shape (Fig. 4.3). 

From these results, the integrity of the granule membrane was confirmed. These 

granules were present either single or in budding groups. As revealed from SEM, 

isolate ICP-1/A3 possessed largest PHA granules whereas granules of isolate L2/A1 

were found to be the smallest when compared with that of the other isolates (Table 

4.1). 

Determination of the number of PHA granules inside the bacterial cells was carried 

out by visualizing the granules with Nile Blue A microscopic staining method. This is 
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Fig. 4.2 UV absorption spectra of polymer extracted from native PHA granules of different Bacillus 
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a reliable method for determination of the number of PHA granules present in vivo 

(McCool et al., 1996). The results indicated presence of PHA granules in varying 

numbers (Table 4.1).The number of granules varied with the isolate. Isolate ICP-1/A3 

was found to accommodate least number of only three granules per cell on an average 

whereas isolate L2/A1 accumulated maximum of eight smallest size granules. 

McCool et al. (1996) have reported presence of inclusion bodies in Bacillus 

megaterium ranging in numbers from 2 to 8 which also appeared dividing or budding. 

The size reported for these granules ranged from 0.1 to 0.6 gm. This variation in the 

size and number of granules in vivo depends largely on the level of expression of 

specific granule associated proteins called "phasins". 

Phasins are not directly involved in PHA metabolism but greatly influence the granule 

structure, the size of PHA inclusions and rate of PHA accumulation (Potter et al., 

2002; Pieper-Furst et al., 1995; Wieczorek et al., 1995). They determine the surface to 

volume ratio and prevent the granules from coalescing inside the cell by forming a 

boundary layer surrounding the hydrophobic PHA polymer and hydrophilic 

cytoplasm. Decreased level of PHA accumulation and significant change in the PHA 

granule morphology has been demonstrated in the phasin mutants of Ralstonia 

eutropha. In these strains, only one large granule is synthesized in contrast to the large 

number of very small granules accumulated by the wild type strains (Potter et al., 

2004; Wieczorek et al., 1996; Jendrossek, 2009). 

4.1.3.4 Whole PHA granule protein profile from the selected Bacillus isolates 

Fig. 4.4A and 4.4B represents the profile of granule associated proteins obtained from 
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Fig. 4.4 The profile of PHA inclusion body-associated proteins from different Bacillus spp. 
Shown are the results of native PAGE of proteins released from PHA granule membrane. 
The protein bands were visualized by staining with Coomassie blue. 
(A) Lane: 1, Molecular weight markers (kDa values of the standard markers are indicated 
on the left); 2, isolate L5/Al; 3, isolate NQ-11/A2; 4, isolate L2/Al; 5, isolate MGP/A5 
(B) Lane: 1, isolate PPA/Z6; 2, isolate COLl/Al; 3, Molecular weight markers (kDa values 
of the standard markers are indicated on the right); 4, isolate ICP-1/A3 



whole PHA granules of the selected isolates. The isolates NQ-11/A2, L2/A1, L5/A1 

and MGP/A5 identified as different strains of Bacillus megaterium using 16S rRNA 

gene sequence analysis exhibited similar protein profiles (Fig. 4.4A) whereas isolates 

ICP-1/A3, PPA/Z6 and COL 1/A1 exhibited characteristically different protein profile 

(Fig. 4.4B). Stuart et al. (1998) have demonstrated that different genera of bacteria 

exhibit different protein profiles using a typical SDS-PAGE profile of PHA granule 

associated proteins. However, from our studies it was observed that members 

belonging to the same genera but different species also exhibit characteristically 

different profiles of granule associated proteins. 

The results of the whole granule protein profile from the selected Bacillus isolates 

indicated presence of several bands with different intensities. There were about 15 to 

20 proteins that co-purified from the PHA granule membrane. McCool and Cannon 

(1999) investigated the relevance of at least 13 such proteins and found that these 

proteins could be intrinsic structural components of PHA inclusions, enzymes 

involved with PHA metabolism or possibly scaffolding components involved in 

inclusion body assembly. They have also demonstrated acquisition of other proteins 

such as lysozyme (used for cell lysis) by the PHA granules during the purification 

step. From their studies it was confirmed that all the proteins which co-purify along 

with the PHA granules need not necessarily be associated with them also in vivo. 

Hence it is very difficult to assess the different granule bound proteins in vivo. 

Proteins that bind to the PHA granule surface artificially during the isolation process 

have also been demonstrated earlier by Liebergesell et al. (1992). 

Investigation of phasin proteins present on the surface of PHA granules in other PHA. 
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accumulating bacteria revealed that they possess low molecular weights for example, 

14 kDa (GA14) and 24 kDa (GA24) reported for Rhodococcus rubber and 

Alcaligenes eutrophus, respectively (Pieper-Furst et al., 1995; Wieczorek et al., 

1995). Such granule associated proteins are found to be widespread in PHA 

accumulating bacteria (McCool and Cannon 1999). Identification of up to seven 

enzymes bound to the isolated PHA granules has been reported from Pseudomonas 

putida (de Eugenio et al., 2007; Fuller et al. 1992; Stuart et al., 1996). 

4.1.3.5 Determination of specific GBPS activity in the selected Bacillus isolates 

The specific GBPS activity obtained for the selected Bacillus isolates is listed in 

Table 4.2. Highest specific GBPS activity of 11.625 U mg"' protein was observed for 

isolate NQ-11/A2 whereas lowest specific GBPS activity of 5.381 U mg' protein was 

exhibited by isolate MGP/A5. 

Griebel et al. (1968) have reported specific PHA synthase activity of 15.2 U 

protein associated with PHA grariules isolated after density gradient centrifugation. 

The specific GBPS activity reported for our isolates was higher than Pseudomonas 

oleovorans (de Roo et al., 2000) but lower than that reported for the halophillic 

archaeon strain 56 (Hezayen et al., 2002). 

In this section, studies were carried out to investigate the structure of PHA granules 

from the selected Bacillus species as well as in vitro determination of the specific 

GBPS activity. Native PHA granules were isolated and purified from the bacterial 

cells using sucrose density gradient. A single characteristic peak at 235 nm confirmed 

the presence of PHA and also the purity of the extracted polymer. Scanning electron 
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Table 4.2 Specific granule bound PHA synthase activity obtained for the selected 

Bacillus isolates 

Doi-ate 
Specific PHA synthase 

activity (U me protein) 

ICP-1/A3 7.790 

NQ-11/A2 11.625 

PPA/Z6 10.112 

L2/A1 6.063 

L5/A1 6.670 

MGP/A5 5.381 

COLl/A1 7.144 

Note: The final reaction mixture contained 50 mM NaC1, 1 mM 5, 5'-dithiobis(2- 

nitrobenzoic acid) (DTNB) and sodium phosphate buffer (0.1 M, pH 7.0). The 

reaction was assayed using 100 !al of PHA granule suspension (used as a source of 

enzyme PHA synthase) and DL-P-hydroxybutyryl-CoA (60 i.tM) as substrate at 30 °C. 
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micrographs revealed PHA granules to be spherical and intact in shape, confirming 

the integrity of granule membrane. Among the seven isolates, ICP-1/A3 possessed 

largest PHA granules and on an average three granules were observed per cell 

whereas isolate L2/A1 accumulated a maximum of eight granules per cell. These 

granules were present either single or in budding groups. Whole granule protein 

profile revealed the presence of 15 to 20 granule associated proteins in the selected 

isolates. Highest specific granule bound PHA synthase activity of 11.625 U mg"' was 

obtained for isolate NQ-11/A2 and hence selected for further studies dealing with the 

characterization of GBP S. 
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Section II 

Characterization of granule bound VIA 
synthase 



4.11.1 INTRODUCTION 

There are very few reports on the enzymological characterization of granule bound 

PHA synthase (GBPS) from PHA producing bacteria (Hezayen et al., 2002; Haywood 

et al., 1989, de Roo et al., 2000) especially from the genus Bacillus (Griebel et al., 

1968). Hence the present investigation was focussed on the characterization of GBPS 

from one of the Bacillus isolates namely, NQ-11/A2. This strain was selected for the 

present study since it exhibited highest specific granule bound PHA synthase activity. 

In this section, the GBPS enzyme from the isolate NQ-11/A2 was characterized with 

respect to pH, temperature, kinetic parameters and enzyme stability. The effect of 

sodium and potassium ions as well as different additives on the GBPS activity was 

also studied. 

4.11.2 MATERIALS AND METHODS 

4.11.2.1 Enzyme assay 

The PHA granules were isolated from one of the Bacillus isolates namely, NQ-11/A2. 

The native PHA granules were used as the source of enzyme to study the effect of 

various parameters on GBPS activity. Effect of temperature on the enzyme activity 

was studied by incubating the reaction mixture at different temperatures ranging from 

4°C to 60°C at pH 7.0. The effect of different pH on the activity of the enzyme was 

analyzed using buffers of varying pH such as citrate (0.1 M, pH 4 to 6), sodium 

phosphate (0.1 M, pH 6 to 8) and Bicine (0.1 M, pH 8 and 9) in the reaction mixture. 

The effect of salts on the GBPS activity was determined by substituting KC1 for NaC1 

in the reaction mixture buffered with sodium phosphate buffer (0.1 M, pH 7.0) or 

potassium phosphate buffer (0.1 M, pH 7.0) and the GBPS activity was determined 
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The kinetic constants K. and V. were estimated from the Lineweaver and Burke 

plot at pH 7.0 and 30°C using the substrate DL-P-hydroxybutyryl-CoA at 

concentrations ranging from 10 to 2701.M. 

4.11.2.2 Stability of granule bound PHA synthase at different temperatures 

The stability of the enzyme at different temperatures (4, 10 and 30 °C) was monitored 

by incubating the PHA granule suspension with optimum pH buffer (pH 7.0) at 

respective temperature and the activity was determined at varying time intervals. 

4.11.2.3 Effect of various additives on the activity of granule bound PHA synthase 

Effect of various additives on granule bound PHA synthase activity (GBPS) was 

analyzed by incorporating the additives (at the respective concentration) in the 

reaction mixture and the GBPS activity was determined. 

4.11.3 RESULTS AND DISCUSSION 

4.11.3.1 Characterization of GBPS from isolate NQ-11/A2 

The isolate NQ-11/A2 was found to exhibit highest specific granule bound PHA 

synthase activity and hence selected for further characterization of this enzyme with 

respect to temperature, pH, kinetic parameters and enzyme stability. The effect of 

sodium and potassium ions as well as different additives on the GBPS activity was 

also studied. 

The GBPS enzyme from this isolate was found to be active over a narrow temperature 

and pH range with optima at 30 °C and 7.0, respectively (Fig. 4.5 and 4.6). Either side 
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Fig. 4.5 Effect of temperature on granule bound PHA synthase activity 

Note: The final reaction mixture contained 50 mM NaC1, 1 mM 5, 5'-dithiobis(2-nitrobenzoic 
acid) (DTNB) and sodium phosphate buffer (0.1 M, pH 7.0). The reaction was assayed using 
100 µl of PI-IA granule suspension (used as a source of enzyme PHA synthase) and DL-I3- 

-4- 
	 hydroxybutyryl-CoA (60 liM) as substrate at different temperatures 
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Fig. 4.6 Effect of pH on granule bound PHA synthase activity 

Note: The final reaction mixture contained 50 mM NaC1, 1 mM 5, 5'-dithiobis(2-nitrobenzoic 
acid) (DTNB) and buffers of varying pH [citrate (0.1 M, pH 4 to 6), sodium phosphate (0.1 
M, pH 6 to 8) and Bicine (0.1 M, pH 8 and 9)]. The reaction was assayed using 100 gl of 
PHA granule suspension (used as a source of enzyme PHA synthase) and DL-I3- 
hydroxybutyryl-CoA (60 gM) as substrate at 30°C 



of the optima for temperature and pH, the GBPS activity dropped drastically unlike 

reported for other organisms. 

The halophilic archaeon strain 56 isolated from hypersaline soil has been reported to 

exhibit high _GBPS activity in the pH range of 7.0 to 8.5 (Hezayen et al., 2002) 

however, the pH optimum of the GBPS from this archaebacterium as well as Bacillus 

megaterium (Griebel et al., 1968) was found to be 7.5. Alcaligenes eutrophus was 

also reported to possess granule associated PHA synthase, active over a wide range of 

pH. The activity of this enzyme was found to increase with a rise in pH up to 10.0 

with a pH optimum at 8.0 (Haywood et al., 1989; Williams et aL, 1996). Interestingly, 

this strain exhibited high GBPS activity in the alkaline pH range (between pH 8.0 to 

pH 10.0). 

The granule bound PHA synthase from the halophilic archaeon strain 56 which was 

found to grow at temperatures up to 55 °C depicted maximum activity at the optimum 

temperature for growth i.e. 40°C (Hezayen et al., 2002). Bacillus sp. strain NQ-11/A2 

also exhibited optimum growth and PHA synthase activity at 30 °C. This stain was 

however capable of growing up to 50 °C. 

Substrate saturation constant for the GBPS from isolate NQ-11/A2 was found to be 

7.1 x 10-5  M for DL-0-hydroxybutyryl CoA (Fig. 4.7) whereas that reported for 

Bacillus megaterium is 9.25 x 10-5  M (Griebel et al., 1968). Therefore, the Kin for 

GBPS from isolate NQ-11/A2 is twenty percent better than reported for Bacillus 

megaterium (Griebel et al., 1968). Haywood et al. (1989) have calculated Km for 

both, the GBPS as well as soluble PHA synthase. In their study, the Km values 

obtained for Alcaligenes eutrophus using double reciprocal plot were 6.8 x 10-4  M and 
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B 

Fig 4.7B Double reciprocal plot for the determination of Kinetic constants, K m  and 

Vmax  values of granule bound PHA synthase against DL-p-hydroxybutyryl-CoA 

Note: The final reaction mixture contained 50 mM NaC1, 1 mM 5, 5'-dithiobis(2-nitrobenzoic 
acid) (DTNB) and sodium phosphate buffer (0.1 M, pH 7.0). The reaction was assayed using 
100 pl of PHA granule suspension (used as a source of enzyme P1-1A synthase) and DL-13- 
hydroxybutyryl-CoA as substrate (concentrations ranging from 10 to 270 pM) at 30°C 



7.2 x 10-4 M, respectively for the substrate D(-)-3-hydroxybutyryl-CoA. These values 

are found to be higher than that reported for the GBPS from Bacillus megaterium 

(Griebel et al., 1968), Zoogloea ramigera (Fukui et al., 1976) as well as isolate NQ-

11/A2 . 

Studies carried out on the stability of the GBPS enzyme from isolate NQ-11/A2 

revealed that this enzyme is relatively stable at cold temperatures than at high 

temperatures. Activity of the enzyme was found to decrease rapidly at 30 °C as 

compared to 4°C and 10°C (Fig. 4.8). 

There is only one report on the stability of GBPS from the halophilic archeaon strain 

56 (Hezayen et al., 2002). The PHA synthase from this isolate was found to be 

strongly affected at temperatures above 60 °C and about 50% of its activity was lost at 

80°C. Our isolate, Bacillus sp. NQ-11/A2 was also found to possess GBPS that was 

active even at 4°C however, the enzyme activity was adversely affected at higher 

temperatures. 

4.11.3.2 Effects of salts on the GBPS activity 

The GBPS of isolate NQ-11/A2 showed a requirement for sodium (Na +) ions in the 

reaction mixture (Table 4.3) however, potassium (K+) ions had a negative effect on 

the enzyme. Requirement of Na+  was also found necessary in halophillic archaeon for 

PHA synthase activity (Hezayen et al., 2002). In the absence of salts such as NaC1 

and KC1, GBPS from this organism exhibited only 40% of its maximum activity 

whereas no detectable activity was observed with the soluble PHA synthase enzyme. 
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Table 4.3 Effect of sodium and potassium ions on granule bound PHA synthase 

Salt 	PHA synthase activity (U ml-1 ) 

(50 mM) Sodium phosphate Potassium phosphate  
NaC1 	19.217 
	

5.390 

KC1 
	

4.050 	 2.498 

Note: The final reaction mixture contained 50 mM NaC1, 1 mM 5, 5'-dithiobis(2- 

nitrobenzoic acid) (DTNB) and the respective buffer (sodium phosphate or potassium 

phoaphate buffer, 0.1 M, pH 7.0). The reaction was assayed using 100 ill of PHA 

granule suspension (used as a source of enzyme PHA synthase) and DL-f3- 

hydroxybutyryl-CoA (60 JIM) as substrate at 30 °C. 
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4.11.3.3 Effect of additives on GBPS activity 

Detergents adversely affected GBPS of isolate Bacillus sp. NQ-11/A2 (Fig. 4.9). This 

effect was maximum with CTAB buffer and minimum with Triton-X-100. Ren et al. 

(2000) have reported complete inhibition of activity with Triton-X-100. These 

detergents were expected to stabilize the amphiphilic enzymes, however, GBPS 

activity of isolate NQ-11/A2 was also inhibited. The loss in activity could be 

attributed to the interference of the detergent with protein-protein interaction of GBPS 

and other proteins associated with the granule membrane (de Roo et al., 2000). GBPS 

of strain NQ-11/A2 was not affected with MgC12, similar to the observations made 

with haolophilic archeaon (Hezayen et al., 2002). This was further confirmed as 

EDTA did not have any effect on GBPS. Only BSA and glycerol showed positive 

effect on the enzyme activity. This could be due to the stabilizing effect of BSA and 

glycerol as they are known to bind to the PHA granules and interact directly with 

PHA synthase (de Roo et al., 2000). Lysozyme, a known inhibitor of GBPS 

(Liebergesell et al., 1992) reduced the GBPS activity of the isolate NQ-11/A2. 

Further, PHA synthase in the granules of Bacillus sp. NQ-11/A2 was apparently 

covalently linked to the PHA-core and therefore addition of the chaotropic agent urea 

reduced the activity. 

This is the first report on the characterization of granule bound PHA synthase (GBPS) 

from a marine PHA accumulating Bacillus sp. NQ-11/A2. The GBPS of this isolate 

was characterized with respect to temperature, pH, stability and determination of the 

kinetic parameters. The effect of additives on the GBPS activity was also studied. 

98 



R
es

id
u

a
l 

ac
ti

v
it

y  
(%

)  

0 2 
	

3 	 4 
	

5 
	

6 
	

7 

Time (days) 

Fig. 4.8 Granule bound PHA synthase activity and stability as a function of 
temperature 

Note: The final reaction mixture contained 50 mM NaCI, 1 mM 5, 5'-dithiobis(2-nitrobenzoic 
acid) (DTNB) and sodium phosphate buffer (0.1 M, pH 7.0). The reaction was assayed using 
100 Ill of PHA granule suspension (used as a source of enzyme PHA synthase) incubated at 
respective temperatures (4, 10 and 30 °C) and DL-13-hydroxybutyryl-CoA (60 JIM) as substrate 
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Fig. 4.9 Effect of various additives on granule bound PHA synthase activity 

Note: The final reaction mixture contained 50 mM NaCI, 1 mM 5, 5'-dithiobis(2-nitrobenzoic 
acid) (DTNB) and sodium phosphate buffer (0.1 M, pH 7.0). The reaction was assayed using 
100 ill of PHA granule suspension (used as a source of enzyme PHA synthase), 
hydroxybutyryl-CoA (60 JIM) as substrate and incubated with respective additive at 30°C 



The GBPS of the isolate NQ-11/A2 was found to be active over a narrow temperature 

and pH range with optima at 30 °C and 7.0, respectively. The enzyme was found to be 

active at cold temperatures. Determination of the substrate saturation constant 

revealed this enzyme to be twenty percent better than that reported for Bacillus 

megaterium. Further, the GBPS of the isolate NQ-11/A2 had a requirement for 

sodium. Detergents were found to adversely affect its enzyme activity whereas BSA 

and glycerol were found to enhance the GBPS activity. This enzyme was also 

negatively affected by the chaotropic agent urea indicating covalent bonding of the 

enzyme with the granule membrane. 

Further, an attempt was made to purify the granule bound PHA synthase enzyme, 

details of which are discussed in the next chapter. 
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Chapter 5 

Partial purification of granule bound Pi-fA 
synthase 



5.1 INTRODUCTION 

The enzyme PHA synthase occurs inside the bacterial cells both, as soluble and 

granule bound form (Haywood et al., 1989). Attempts have been made by numerous 

researchers to purify either the soluble or the granule bound PHA synthase (GBPS) 

from different organisms (Gemgross et al., 1994; Haywood et al., 1989; Fukui et al., 

1976). However, with the exception of PHA synthase from Thermus thermophilus 

(Pantazaki et al., 2003), the other PHA synthases have not yet been purified from 

their host bacteria. Therefore, purification of this enzyme from the host organism is 

usually carried out by overexpressing the PHA synthase genes in recombinant sources 

(Gerngross et al., 1994; Jossek et al., 1998; Williams et al., 1996; Zhang et al., 2001). 

Till date, there is only one report on the purification of PHA synthase from Bacillus 

sp. using recombinant organism (Satoh et al., 2002) but no reports are presently 

available on the purification of either the soluble or GBPS from native Bacillus 

isolates. 

Hence, the current study was directed towards purification of GBPS from one of the 

Bacillus isolates namely, NQ-11/A2. In order to solubilize the PHA synthase enzyme, 

isolated native PHA granules were subjected to various treatments using the non-ionic 

detergent Triton X-100 followed by fractionation of proteins using ammonium 

sulphate precipitation. This detergent was specifically chosen since GBPS activity of 

the isolate was found to be least inhibited by Triton X-100 among the several 

detergents tested (as described in the chapter 4). Further purification of the crude 

enzyme was achieved using size exclusion column chromatography. 
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5.2 MATERIALS AND METHODS 

5.2.1 Selection of the organism 

The isolate Bacillus sp. NQ-11/A2 exhibited highest GBPS activity (as described in 

Chapter 4) and was therefore selected for enzyme studies. 

5.2.2 Analysis of 16S rRNA gene sequence of isolate Bacillus sp. NQ-11/A2 

The complete 16S rRNA gene sequence (1419 nucleotide base pairs) of the isolate 

Bacillus sp. NQ-11/A2 was obtained with the help of Chromous Biotech Pvt. Ltd 

(Bangalore, India). The forward (5'-AGAGTRTGATCMTYGCTWAC-3') and 

reverse primers (5'-CGYTAMCTTWTTACGRCT-3') used were specific for 

prokaryotic 16S rRNA. 

5.2.3 Kinetic studies of growth and PHA accumulation 

5.2.3.1 Preparation of inoculum 

A single colony of the 24 h old culture was inoculated in a 250 ml Erlenmeyer flask 

containing 100 ml E2 mineral medium supplemented with the respective carbon souce 

(20 g L-1). The flask was incubated on Orbitek environmental shaker (170 rpm) for 24 

h at 30°C. This culture broth was either used as inoculum or the cells were harvested 

by centrifugation at 10,000g for 10 min, washed twice with sodium phosphate buffer 

(0.1 M, pH 7.0) and used for further experiments. 

5.2.3.2 Growth and PHA production in isolate Bacillus sp. NQ-11/A2 

Erlenmeyer flasks containing 500 ml E2 mineral medium supplemented with 2% 

(w/v) glucose were inoculated with 5% (v/v) of the inoculum (as mentioned above) in 

duplicate. The flasks were incubated on Orbitek environmental shaker (170 rpm) at 

30°C. Fifty ml of the culture broth was withdrawn after every 6 h from the respective 
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flask till the termination of the experiment and processed for the determination of 

biomass and PHA content. 

5.2.3.3 Analytical methods 

Determination of the dry cell weight and PHA was carried out as per the analytical 

methods methods described in chapter 2. 

5.2.4 Enzyme studies 

One litre Erlenmeyer flask containing 500 ml E2 mineral medium supplemented with 

20 g L-1  glucose was inoculated with 5% (v/v) of the inoculum in triplicate. The flasks 

were incubated on Orbitek environmental shaker (170 rpm) for 48 h at 30 °C. This 

culture broth was used for the estimation of cytosolic as well as GBPS activity. 

5.2.4.1 Determination of cytosolic PHA synthase activity 

To estimate the cytosolic PHA synthase activity, the cell pellet obtained from 100 ml 

of the above culture broth was washed twice with sodium phosphate buffer (0.1 M, 

pH 7.0). The cell pellet was suspended in 10 ml of the same buffer and subjected to 

ultrasonication for 10 min The resulting cell lysate was centrifuged at 10,000g for 1 h 

at 4°C. The supernatant containing the cytosolic enzyme fraction was estimated for 

the protein content and PHA synthase activity (as described in chapter 4). 

5.2.4.2 Determination of GBPS activity 

A. Standardization of method to obtain large amounts of native PHA granules 

In order to isolate native PHA granules in large amounts, the following method was 

developed. The above culture broth was harvested and the cell pellet was treated with 

lysozyme in a manner similar to that described in chapter 4. The cell lysate was 

centrifuged first at 2,000g to remove the cell debris followed by centrifugation at 
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10,000g for 1 h at 4°C to separate the PHA granules. The crude granules thus obtained 

were subjected to density gradient centrifugation. The sucrose density gradient was 

prepared in 50 ml capacity centrifuge tubes (Tarson, India). Ten ml of each sucrose 

gradient was layered in the same way as described in section I of chapter 4. This was 

followed by loading the crude granule suspension on the top of the sucrose gradient. 

Centrifugation was carried out at 10,000g for 2 h at 4 °C. After completion of the run, 

the white band obtained at the interphase between 40 and 55% sucrose gradient was 

separated and washed. The washed pellet was resuspended in the same buffer and 

analyzed for the protein content and PHA synthase activity. 

B. Solubilization of membrane bound PHA synthase 

i) Treatment 1 

Five ml of granule suspension (10 mg m1-1  protein) was added to 5 ml of sodium 

phosphate buffer (0.1 M, pH 7.0) containing 2% (v/v) Triton X-100. This solution 

was kept on magnetic stirrer for 1 h at 4 °C with continuous stirring. One ml of the 

sample was withdrawn for analysis and the remaining was centrifuged. The resulting 

pellet was resuspended in equal volume of the buffer with identical detergent 

concentration. The suspension was incubated again on magnetic stirrer and the entire 

procedure was repeated thrice. All the supernatants obtained were analyzed for 

protein content and PHA synthase activity. 

ii) Treatment 2 

Ten ml of granule suspension (5 mg mr 1 protein) was taken and 0.1 ml of Triton X-

100 was added to give a final concentration of 1% (v/v) and subjected to 

ultrasonication for 10 min. One ml of the sample was withdrawn and the remaining 

suspension was incubated on magnetic stirrer for 1 h at 4 °C. An aliquot of 1 ml was 

103 



withdrawn following which the sample was centrifuged and the pellet was 

resuspended in equal volume of buffer with identical detergent concentration. This 

suspension was again sonicated and incubated with continuous stirring. All the above 

supernatants were analyzed for the protein content and PHA synthase activity. 

iii) Treatment 3 

To ten ml of granule suspension (5 mg ml -1  protein), 0.1 ml of Triton X-100 was 

added to give a final concentration of 1% (v/v). This suspension was subjected to 

ultrasonication for 10 min (2 cycles). The sonicated granule extract was centrifuged 

and the supernatant was analyzed for protein content and PHA synthase activity. 

C. Fractionation of proteins using ammonium sulphate precipitation 

The supernatant containing the solubilized granule bound proteins was subjected to 

precipitation using solid ammonium sulphate to 25% saturation. After 1 h of 

continuous stirring at 4 °C, the mixture was allowed to stand overnight. The entire 

contents were then centrifuged for 1 h at 10,000g under cold conditions. The 25% 

saturated supernatant was further saturated to 50% by addition of appropriate amount 

of solid ammonium sulphate (Scopes, 1993) and treated in the same way as mentioned 

above. This procedure was repeated to bring about 75 and 100% saturation of the 50% 

saturated supernatant. The protein precipitates obtained corresponding to the 

respective ammonium sulphate saturated supernatants, were dissolved in minimum 

amount of sodium phosphate buffer (0.1 M, pH 7.0). Further, all the protein samples 

were dialyzed overnight against 2 liters of the same buffer and the resulting dialysates 

were analyzed for protein content and PHA synthase activity as described in chapter 

4. The protein dialysate exhibiting highest PHA synthase activity was concentrated 

using polyethylene glycol (PEG) and used for size exclusion column chromatography. 
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D. Fast Protein Liquid Chromatography (FPLC) 

The concentrated protein dialysate was used to load the column, HiLoad 16/60 

Superdex 200 prep grade. The enzyme was eluted with sodium phosphate buffer (0.1 

M, pH 7.0) containing 0.5 M NaCl. The fractions were eluted at a flow rate of 0.5 ml 

min' and aliquots of one ml each were collected. The protein content in the fractions 
4 

was recorded at 280 nm. All the fractions which exhibited the presence of protein 

were analyzed for PHA synthase activity. Fractions exhibiting PHA synthase activity 

were pooled and concentrated using PEG. 

E. Polyacrylamide gel electrophoresis (PAGE) under native conditions 

The protein samples were subjected to PAGE under native conditions in order to 

analyze the protein profiles of samples corresponding to crude protein dialysate (0-

50%) as well as Superdex 200 purified fraction. PAGE under native conditions was 

carried out as described in chapter 4 and stained using silver nitrate (Appendix E). 

Determination of the protein content and PHA synthase activity in all the experiments 

were carried out in triplicates and the average values are reported. 

5.3. RESULTS AND DISCUSSION 

The enzyme PHA synthase is mainly associated with the granule membrane during 

PHA production (Hezayen et al., 2002, Pantazaki et al., 2003). Attempts to purify this 

enzyme from a number of bacteria, either as soluble or granule associated form have 

been made in the past. However, till date no reports are available on the purification 

of PHA synthase from any of the Bacillus species. Hence, the present work was aimed 

at purification of this enzyme from one of the Bacillus isolates, NQ-11/A2 exhibiting 

highest specific granule bound PHA synthase activity. Identification of this isolate 
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using the complete 16S rRNA gene sequence was performed. The nucleotide 

sequence comprising of 1419 base pairs of the 16S rRNA gene revealed a S_ab 

(similarity score) of 1.0 when compared with that of Bacillus megaterium DPBS 17; 

NCBI accession number EU249559 indicating maximum sequence homology 

between the two gene sequences. This data suggested that strain NQ-11/A2 is a 

representative of B. megaterium (Prabhu et al., 2010). Bacillus species NQ-11/A2 has 

been deposited in the National Collection of Industrial Microorganisms (NCIM, Pune, 

India) with accession number NCIM 5334. 

Bacillus sp. NQ-11/A2 grew rapidly and reached to its stationary phase within 24 h. 

PHA accumulation was initiated at 6 h and continued to be synthesized during the 

stationary phase up to 48 h. The strain accumulated maximum 61% of its total 

biomass as PHA (Fig. 5.1). Usually, 11 to 37% of cellular mass in Bacillus spp. 

accounts for PHA (Shamala et al., 2003). Recently, Bacillus thuringiensis R1 and an 

anoxic Bacillus sp. CL1 have been reported with high PHA content (Rohini et al., 

2006; Full et al., 2006). 

The cytosolic PHA synthase of the isolate NQ-11/A2 was found to possess a specific 

activity of 0.056 U mg-1  protein which was significantly lower than that exhibited by 

PHA synthase associated with the granule membrane. It has been demonstrated that 

this enzyme is rapidly converted from the soluble to the granule bound form during 

active PHA production phase (Volova et al., 2004; Haywood et al., 1989). Under 

these conditions, weak activity of only 0.12 U mg -  has been reported for soluble PHA 

synthase from the halophilic archaeon strain 56 suggesting low copy number of the 

soluble enzyme during this phase (Hezayen et al., 2002). Wild type Pseudomonas 

strains also exhibit very little soluble PHA synthase activity as compared to the 

granule associated form (Kraak et al., 1997). 
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Fig. 5.1 PHA accumulation in isolate Bacillus sp. NQ-11/A2 during growth in E2 

mineral medium containing 20 g L -1  glucose 



Within the bacterial cell, the accumulated polymer is surrounded by a membrane 

which comprises of only 2% protein (Griebel et al., 1968). Therefore, purification of 

the GBPS enzyme requires that the intact PHA granules be isolated in very large 

quantities. Combination of differential centrifugation (for the separation of cell 

debris) followed by sucrose density gradient centrifugation using the cooling 

centrifuge (REMI, C24, India) greatly improved the granule yield. This granule 

preparation when analyzed using SEM was found to be relatively pure. The granules 

were intact and spherical in shape confirming the integrity of the granule membrane 

(Fig 5.2). The specific GBPS activity was found to be 9.93 U mg'. However, this 

specific PHA synthase activity was found to be lower than that of the granules 

isolated using ultracentrifugation (11.625 U mg -1 ). Griebel et al. (1968) have also 

demonstrated low specific PHA synthase activity in crude preparations of PHA 

granules. These authors have reported a specific activity of 15.2 U mg' in the granule 

suspension when isolated using ultracentrifugation whereas the crude granule 

preparation resulted in a specific activity of only 8.7 U mg'. However, the properties 

of the crude PHA granules were found to be similar to that of the purified granules 

according to these authors. 

5.3.1 Purification of the enzyme PHA synthase 

So far, only one report on the purification of PHA synthase from the native organism, 

Thermus thermophilus is available (Pantazaki et al., 2003). However, these authors 

have reported purification of the cytosolic PHA synthase close to homogeneity. In the 

present study, purification of PHA synthase associated with the granule membrane 

was attempted. In order to achieve this, the solubilization of PHA synthase was 

carried out using the detergent Triton X-100. This non-ionic detergent has also been 
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Fig. 5.2 Scanning electron micrograph of native PHA granules obtained from the 
isolate Bacillus sp. NQ-11/A2 and purified using a combination of differential and 
density gradient centrifugation techniques 



used for the solubilization of PHA synthase by Ren et al. (2000). Potter et al. (2004) 

have reported use of Triton X-114 [at a concentration of 2.5% (w/v)] for 

solubilization of granule bound proteins, achieved by incubating the detergent 

containing granule suspension for 2 h at R.T. with continuous stirring. 

In this study, three different treatments for the extraction of PHA synthase were 

evaluated (Fig. 5.3). Overall, it was found that treatment 1 was not very effective in 

solubilizing the GBPS. The protein content and specific PHA synthase activity was 

highest in supernatant obtained after first round of continuous stirring when compared 

with that of the next three rounds of treatment 1. Further, incubation of the granule 

suspension along with the detergent for these three rounds resulted in decreased 

protein content as well as PHA synthase activity. The total protein content and total 

specific enzyme activity at the end of treatment 1 was found to be 37.15 mg and 4.76 

U mg-1 , respectively. Overall, the specific activity of the enzyme was found to be 

adversely affected by this treatment and did not contribute significantly in the 

solubilization of PHA synthase enzyme. 

In treatment 2, a prior step of subjecting the detergent containing granule suspension 

to ultrasonication resulted in increased solubilization of the membrane proteins as 

well as specific PHA synthase activity. The highest specific PHA synthase activity 

was present in the supernatant obtained after first round of ultrasonication. However, 

further incubation of the remaining granule suspension for 1 h on magnetic stirrer 

resulted in higher protein content but exhibited loss in the enzyme activity. Therefore, 

the overall specific PHA synthase activity was found to be lower than that obtained 

for the sonicated supernatant. Further, the specific activity obtained after subjecting 

the granule suspension to a second round of sonication and continuous stirring was 

not significant. This suggested that maximum solubilization of the protein and 
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specific PHA synthase activity was achieved only in the first round of this treatment 

which was also observed in the case of treatment 1. A total of 36.05 mg of 

solubilized protein and a specific PHA synthase activity of 3.92 U mg' was achieved 

at the end of treatment 2. 

From treatment 1 and 2, it could be concluded that the PHA synthase enzyme was 

drastically inhibited when incubated with the detergent Triton X-100 for a prolonged 

incubation time. Therefore in treatment 3, the detergent containing granule suspension 

was subjected to two cycles of ultrasonication rather than incubation for 1 h on 

magnetic stirrer. The total protein content obtained after treatment 3 was only 29.01 

mg which was comparatively lower than the other two treatments whereas the PHA 

synthase activity was found to be the highest (7.84 U mg -1 ). This specific activity was 

found to be greater than that reported by Ren et al. (2000) for the solubilized PHA 

synthase from Pseudomonas putida GPp104. Overall, treatment 3 was found to be 

highly effective in solubilizing the granule bound PHA synthase enzyme. Hence, the 

supernatant obtained after treatment 3 was subjected to precipitation of proteins using 

solid ammonium sulphate. 

Standardization of the fractionation range of proteins was carried out in order to 

maximize the PHA synthase yield. Most of the PHA synthase protein precipitated 

between 0 and 50% (w/v) of salt concentration (Fig. 5.4). Maximum specific PHA 

synthase activity of 10.85 U mg' was present in the dialysate corresponding to 25-

50% ammonium sulphate saturation followed by 0-25% saturation which exhibited a 

specific PHA synthase activity of 7.48 U mg -1 . However, the protein content was 

highest in dialysate obtained after 50-75% saturation. 

Since the enzyme activity was found to be distributed over both the ranges (i.e., 0- 

25% and 25-50%), a wider fractionation range from 0-50% and 50-100% was also 
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3) was precipitated using two different fractionation ranges (Fractionation 1 and 
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evaluated. These results indicated higher total protein and specific PHA synthase 

activity in the dialysate obtained after 0-50% saturation. The dialysate obtained after 

50-100% saturation also exhibited protein content but the specific PHA synthase 

activity was significantly lower. Use of ammonium sulfate for precipitation of PHA 

synthase has been reported by many authors (Song et al., 2000; Zhang et al., 2001; 

Pantazaki et al., 2003). These authors have reported fractionation range varying 

between 15 and 50% (w/v) salt concentration for the precipitation of PHA synthase. 

The crude protein dialysate obtained after 0-50% saturation was concentrated using 

PEG and was further subjected to purification via size exclusion column 

chromatography. The fractions were analyzed for protein content and PHA synthase 

activity (Fig. 5.5). The profile of size exclusion column chromatogram exhibited a 

sharp peak corresponding to maximum PHA synthase activity. The enzyme activity 

was present in the fractions 47 to 53 with strong positive reaction in the fractions 49 

to 51. All these fractions exhibiting PHA synthase activity were pooled and 

concentrated using PEG. The proteins were also analyzed by subjecting to PAGE 

carried out under native conditions. Overall, this procedure resulted in a fold 

purification of 70% with a specific enzyme activity of approximately 43 U mg . 

However, only 4% of the enzyme was recovered. Details of the purification procedure 

are summarized in Table 5.1. As evident from the table, there is severe loss in the 

enzyme activity at every step involved in the purification process. This fmding is in 

agreement with that reported by many researchers that the PHA synthase enzyme 

extracted from the granule membrane is highly unstable and any attempt made 

towards its removal from the granule membrane invariably results in the activity loss 

(Haywood et al., 1989; Pantazaki et al., 2003; Griebel et al., 1968). This activity loss 
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Table 5.1 Purification of granule bound PHA synthase from isolate Bacillus 
sp.NQ-11/A2 

Purification 

steps 

Total . 

Protein 

(mg) 

Specific 

synthase activity 

(U mg ' ) 

Purification 

fold 
Yield 

(0/0) 

Whole cells 3743.4 0.62 1 100 

Sonicated granule 

extract 
372.72 5.83 9 94 

Ammonium 

sulphate 

precipitation 

41.74 20.32 33 37 

Superdex 200 

purified protein 

fraction 

2.13 43.19 70 4 

1 1 1 
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Fig. 5.5. Elution profile of protein using Superdex 200 column. 



of the enzyme has been attributed to the presence of certain labile factors in the cells 

which help in the stabilization of the enzyme and are missing in the purified synthase. 

In addition, the activity of the solubilized PHA synthase enzyme has also been 

demonstrated to be time dependent and no activity was detected after 8 h of 

incubation in the buffer (Ren et aL , 2000). 

Further, PAGE (10% acrylamide) under native conditions was carried out in order to 

confirm the homogeneity of the fractionated protein (Fig. 5.6). The native PAGE 

profile obtained for the crude protein dialysate (0-50%) revealed presence of 

approximately 19 bands of different intensities. The Superdex 200 purified fraction 

also exhibited several bands. It has been suggested that the PHA synthase occurs only 

as a minor band whereas major part of the PHA granule membrane is covered with 

other structural and regulatory proteins such as phasins which under PHA 

accumulating conditions, can amount up to 5% of the total cellular protein as reported 

in Ralstonia eutropha (Wieczorek et al., 1996; Jendrossek, 2009). Analysis of the 

molecular weight of these bands revealed presence of a protein corresponding to 62 

kDa in the lane corresponding to Superdex 200 purified fraction, depending on the 

relative mobility of the standard proteins on the native PAGE. Interestingly, the 

molecular weight of this band when compared with that reported in literature, was 

found to be exactly identical to class IV PHA synthase represented by Bacillus 

megaterium and found in the members of the genus Bacillus (McCool and Cannon, 

2001; Rehm, 2007). 

Purification of the enzyme PHA synthase either as, soluble or granule bound form has 

been attempted by many researchers. This enzyme is reported to be highly unstable 

and any treatment used for the purification of this enzyme leads to a severe loss in the 
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Fig. 5.6 Native polyacryamide gel electrophoresis (PAGE)of partially purified PHA 
synthase from isolate Bacillus sp. NQ-11/A2. Proteins were stained using silver nitrate. 
Lane: 1, crude protein dialysate obtained after 0-50% saturation with solid ammonium 
sulphate; 2, empty; 3, molecular weight markers (kDa values of the protein standards 
are indicated on the left); 4, Superdex 200 column purified protein fraction 



enzyme activity. In the literature, so far there is only one report on the purification of 

PHA synthase enzyme from its host organism, Thermus thermophilus. Hence, this 

study was aimed at purification of the granule bound form of PHA synthase from the 

isolate NQ-11/A2. This enzyme when solubilized from the granule membrane was 

found to undergo severe loss of activity resulting in a marginal reduction in the 

enzyme activity at the final step of the purification process. Due to the high 

unstability of the solubilized PHA synthase, only partial purification of the enzyme 

could be achieved with an overall yield of only 4%, fold purification of 70% and a 

specific activity of 43 U mg -I . Further, the native PAGE profile of the Superdex G 

200 purified fraction revealed presence of several protein bands. Interestingly, one of 

these bands possessed a molecular weight of approximately 62 kDa which was found 

to be exactly identical to class IV PHA synthase represented by Bacillus megaterium 

and found in the members of the genus Bacillus (McCool and Cannon, 2001; Rehm, 

2007). 
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Summary  and Future prospects 



SUMMARY 

In the present study, non-discriminate isolation of bacteria from diverse marine and 

coastal arenas was carried out in order to obtain PHA producers, potentially useful for 

industrial applications. The sediment samples were collected from various platforms 

around the Bombay High Oil Field (BHOF), coastal beaches, mangrove area and plant 

leaf litter area and processed for the determination of total viable count. These 

analyses revealed highest heterotrophic bacterial load in the mangrove area, however, 

the distribution of culturally dissimilar isolates, Gram positive as well as PHA 

producers were maximum in the marine sediments obtained from BHOF. 

Based on the intensity as well as the duration of maximum PHA production on 

glucose, five Gram positive, rod shaped sporulating isolates each were selected from 

BHOF, coastal beaches and plant leaf litter area and one Gram positive, rod shaped 

sporulating isolate from the mangrove area. Identification of these isolates was carried 

out according to the cultural, morphological and biochemical tests described in 

Bergery's manual of Systematic Bacteriology (Sneath et al., 1986). From these tests, 

all the isolates were found to belong to the genus Bacillus, with majority being 

Bacillus megaterium. Nile blue A staining of all the sixteen isolates revealed the 

presence of intracellular PHA granules. Further, characterization of the polymer 

extracted from these isolates using FTIR confirmed the aliphatic nature of the PHA 

polymer. 

These sixteen Bacillus isolates were tested for their ability to utilize a wide range of 

diverse carbon substrates.,Carbohydra46S were:found to-be the choice of substrate for 

PHA production. Long chain fatty acids as well as aliphatic and aromatic compounds 
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were not preferred as substrates for PHA accumulation therefore indicating a narrow 

substrate range of PHA synthase present in these isolates. Among the several isolates 

accumulating PHA on media containing diverse carbon sources, one potential PHA 

producer, Bacillus sp. NQ-11/A2 could metabolize maximum number of carbon 

substrates-and-synthesize intracellular PHA for a longer duration of time. Submerged 

cultivation of this strain using different sugars, polyols and organic acids revealed 

maximum PHA production on glucose. Mannitol was also found to be an ideal 

substrate for PHA synthesis. PHA production with organic acids was less as 

compared to both, sugars and polyols. 

In the further studies, seven out of the sixteen isolates were selected based on the 

econiche, diverse cell morphology and their ability to utilize a range of carbon 

substrates as sole source of carbon for PHA production. Identification of these 

selected isolates using 16S rRNA gene sequencing confirmed six out of seven to 

belong to the genus Bacillus. Determination of the type of the polymer using Nile red 

staining revealed that all the isolates accumulated short-chain-length PHA when 

grown on different chain length substrates supplied as sole carbon source. Further 

characterization of the polymer accumulated by one of the Bacillus isolates, NQ-

11/A2 exhibiting excellent PHA production on a wide range of carbon substrates was 

achieved using GC-MS. The GC-MS data revealed that the PHA synthesized by this 

isolate contained only short-chain-length (SCL) 3-hydroxybutyrate units therefore 

confirming the substrate specificity of PHA synthase to be SCL-type. 

Thermogravimetric analysis of the polymer extracted from Bacillus sp. strain NQ- 
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11/A2 grown in glucose supplemented E2 mineral medium indicated that the polymer 

could be used as a melt processible thermoplastic (Caballero et al., 1995). 

The present study was also carried out to investigate the structure of PHA granules in 

the selected Bacillus isolates as well as in vitro determination of their specific granule 

bound PHA synthase (GBPS) activity. Some of these isolates could accommodate 

seven to eight PHA granules per cell. Isolation and purification of these intracellular 

PHA granules was carried out using sucrose density gradient. Scanning electron 

micrographs revealed the PHA granules to be spherical and intact in shape, thus 

confirming the integrity of granule membrane. These granules were present either 

single or in budding groups. Whole granule protein profile revealed the presence of 15 

to 20 granule associated proteins. Further, the in vitro studies carried out using the 

purified native PHA granules indicated that the isolate NQ-11/A2 possessed highest 

GBPS activity. Therefore, this isolate was selected for further studies dealing with the 

characterization of GBPS with respect to temperature, pH, stability and determination 

of kinetic parameters. The effect of additives on the GBPS activity was also 

evaluated. 

The GBPS of the isolate NQ-11/A2 was found to be active over a narrow temperature 

and pH range with optima at 30 °C and 7.0, respectively. This enzyme was found to be 

relatively stable at cold temperatures. Determination of the substrate saturation 

constant revealed this enzyme to be twenty percent better than that reported for 

Bacillus megaterium (Griebel et al., 1968). Further, the GBPS of the isolate NQ-

11/A2 had a requirement for sodium. Detergents were found to adversely affect its 

enzyme activity whereas BSA and glycerol were found to enhance the GBPS activity. 
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This enzyme was also negatively affected by the chaotropic agent urea indicating the 

covalent bonding of the enzyme with the granule membrane. 

Further studies were aimed at purification of granule bound PHA synthase from the 

isolate Bacillus sp. NQ-11/A2. This enzyme when solubilized from the granule 

membrane was found to undergo severe loss in activity resulting in a marginal 

reduction in the specific enzyme activity at the final step of the purification process 

thus indicating that the PHA synthase activity is maximum when bound to the granule 

membrane. Due to the high instability of solubilized PHA synthase, only partial 

purification of the enzyme could be achieved with an overall yield of only 4%, fold 

purification of 70% and a specific activity of 43 U me. Further, the native PAGE 

profile of the Superdex G 200 purified fraction revealed presence of several protein 

bands. Interestingly, one of these bands possessed a molecular weight of 

approximately 62 kDa which was found to be exactly identical to class IV PHA 

synthase represented by Bacillus megaterium and found in the members of the genus 

Bacillus (McCool and Cannon, 2001; Rehm, 2007). 

AREA OF FURTHER RESEARCH 

The sixteen potential PHA producers belonging to the genus Bacillus obtained in the 

present study .were found to utilize diverse substrates as carbon feedstock for PHA 

production. One of the isolates, Bacillus sp. NQ-11/A2 was found to be highly 

saccharophilic and therefore considered a potential candidate to be explored as an 

industrial strain for PHA production using different agro-economic substrates. Studies 

on PHA production by this isolate using diverse carbon substrates provided as single 
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carbon sources revealed production of the homopolymer, PHB. The native PHA 

granules isolated from this strain were found to exhibit highest PHA synthase activity 

hence further characterization of this GBPS was carried out. Attempt was also made 

to solubilize as well as purify the GBPS enzyme. Based on the results obtained from 

the present study, the following work can be envisaged in this direction: 

The major application of PHA being in the medical field, especially in tissue 

engineering needs to be free from any contaminating substances like the endotoxin, 

lipopolysaccharide (LPS). This is known to copurify along with PHA when extracted 

from Gram negative bacteria. Hence, in the recent years, Gram positive organisms 

such as Bacillus and Streptomyces species have been recognized as potential strains 

for commercial scale PHA production (Valappil et al., 2007a). Different strains of 

Bacillus species obtained in the present study could be exploited for production of 

PHA for biomedical applications. Further, co-feeding of the appropriate low 

molecular weight organic acids would also be of interest for copolymer production in 

these native Bacillus isolates. 

The nano-sized, spherical PHA inclusions synthesized by these Bacillus isolates are 

potential functionalized micro-/ nanobeads which can be used in several biomedical 

and biotechnological applications (Grage et al., 2009). Hence attempts can be made 

towards in vitro synthesis of these functionalized PHA granules. 

Purification of PHA synthase from its host organism, especially from the genus 

Bacillus has not been reported as yet. Hence, the present study was aimed at 

purification of this enzyme from one of the Bacillus isolates, NQ-11/A2. However, 

further work needs to be carried out in order to purify this enzyme to homogeniety. So 
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far, characterization of class IV PHA synthases is only at a preliminary level 

(Valappil et al., 2007a) and there is a need to study this enzyme so as to optimize the 

envisaged PHA production processes. Hence further characterization of this enzyme 

could be undertaken in future. 

119 



Appendices 



A.1 MEDIA COMPOSITION 

Nutrient Broth 

APPENDIX A 

Peptone 10.0 g 

Sodium chloride 5.0 g 

Beef Extract 3.0 g 

Distilled water 1.0 L 

pH 7.4 

Nutrient agar (NA) 

Nutrient broth 1.0 L 

Agar agar 20.0 g 

pH 7.4 

Used for isolation, maintenance and cultivation of microorganisms. 

E2 mineral medium (Lageveen et al., 1988) 

Basal medium 

Microcosmic salt 3.5 g 

(NaNH4PO4) 

Dipotassium hydrogen phosphate 7.5 g 

Potassium dihydrogen phosphate 3.7 g 

MgSO4.7H20 (100 mM) 10 ml 

MT microelement stock 1.0 ml 

Yeast extract 0.004 g 

Carbon Source 20.0 g 

Distilled water 989 ml 

PH 7.2 

MT stock 

FeSO4.7H20 2.78 g 

MnC12.4H20 1.98 g 

CoSO4.71120 2.81 g 

CaC12.2H 20 1.47 g 

CuCl2.2H 20 0.17 g 
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ZnSO4.7H20 
	

0.29 g 

Distilled water 
	

1.0 L 

The basal medium, carbon source, magnesium sulphate solution, yeast extract solution and 

MT microelement stock were sterilized separately and added to the medium prior to use. 

E2 mineral medium agar 

E2 mineral medium 
	

100 ml 

Agar agar 
	

2.0 g 

A.2 MEDIA FOR BIOCHEMICAL CHARACTERIZATION OF ISOLATES (Sneath et 

al., 1986) 

Hugh-Leifson's Medium 

Peptone 2.0 

Sodium Chloride 4.0 

Dipotassium hydrogen phosphate 0.3 

Bromothymol blue (1%) 2.0 ml 

Agar agar 4.0 g 

Glucose (10%) 20.0 ml 

Distilled water 1.0 L 

pH 7.1 

Five ml of medium was dispensed in test tubes and sterilized. Glucose (10%) was sterilized 

separately and 0.1 ml was added to the sterilized medium. 

Procedure: Inoculated the culture using the stab technique in two tubes. After inoculation, 

the medium in one tube was overlaid with sterile liquid paraffin to create anaerobic 

conditions. Growth and color change of the indicator dye was noted in the two tubes after 

incubation. Strict aerobes grew only in aerobic conditions. Facultative anaerobes grew in both 

aerobic and anaerobic conditions. The anaerobic organisms grew only in anaerobic 

conditions. 

Indole Production Medium 

Tryptone 	 10.0 g 

Sodium Chloride 	 5.0 g 

Distilled water 	 1.0 L 

pH 	 7.1 
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Procedure: Inoculated culture in indole production medium and incubated for 24 to 48 h at 

30°C. After incubation, Xylene was added to the tube and shaken vigorously. A few drops of 

Kovac's reagent were added. A red ring at the interface indicated a positive test. 

Voges-Proskauer Broth 

Peptone 7.0 

Glucose 5.0 g 

Sodium chloride 5.0 g 

Distilled water 1.0 L 

pH 6.5 

Procedure: Inoculated tubes with culture in triplicates and incubated at 30 °C and tested for 

acetyl methyl carbinol production after incubation for 3, 5 and 7 days by mixing 3 ml of 

Omeara's reagent. Salmon pink color after 30 to 60 min at 37 °C indicated a positive test. 

Final pH produced in V-P Broth: pH was measured with pH meter after 7 days of incubation. 

Sabouraud dextrose broth 

Peptone 

Glucose 

10 g 

40 g 

Distilled water 1.0 L 

pH 5.7 

Sabouraud dextrose agar 

Peptone 10 g 

Glucose 40 g 

Agar agar 15 g 

Distilled water 1.0 L 

pH 5.7 

Procedure: Inoculated a slant of Sabouraud dextrose agar and a tube of Sabouraud dextrose 

broth with loopful of culture grown in nutrient broth and inoculated a tube of nutrient broth as 

a control. Observed for growth in either or both Sabouraud media for up to 2 weeks of 

incubation. 
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Citrate Utilisation Medium 

Tri sodium citrate 	 1.0 g 

(or sodium propionate) 	 2.0 g 

Magnesium sulphate 	 1.2 g 

Diammonium hydrogen phosphate 	 0.5 g 

Potassium chloride 	 1.0 g 

Trace elements 	 40.0 ml 

Agar agar 	 15.0 g 

Distilled water 	 920.0 ml 

Phenol Red (0.04%) 	 20.0 ml 

PH 	 6.8 

Trace Elements 

Ethylene diamine acetate 	 500.0 mg 

Ferrous sulphate 	 200.0 mg 

Zinc sulphate 	 10.0 mg 

Magnesium chloride 	 3.0 mg 

Boric acid 	 30.0 mg 

Copper chloride 	 1.0 mg 

Cobalt chloride 	 20.0 mg 

Nickel chloride 	 2.0 mg 

Disodium molybdate 	 3.0 mg 

Distilled water 	 1.0 L 

Procedure: Inoculated slants of citrate or propionate utilization medium and incubated for 14 

days. Observed for red coloration, indicating utilization of organic acids. 

Nitrate Reduction Medium 

Beef Extract 	 3.0 g 

Peptone 	 5.0 g 

Potassium nitrate 	 1.0 g 

Distilled water 	 1.0 L 

PH 	 7.0 

Distributed the medium into test tubes containing inverted Durham's tubes 
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Procedure: Inoculated the tubes with cultures and incubated at 30 °C. After growth, a few 

drops of Griss-Illosways reagent were added to medium. Red coloration indicated a positive 

reaction. Checked for gas production by observing air bubbles trapped in the durham's tubes. 

Starch Agar 

_Peptone 5.0 g 

Beef extract 3.0 g 

Sodium chloride 5.0 g 

Soluble starch 20.0 g 

Distilled water 1.0 L 

Agar agar 20.0 g 

pH 7.2 

Procedure: Spot inoculated cultures on the medium and incubate at 30°C. Clearance around 

the colony indicates starch hydrolysis. 

Milk Agar 

Skimmed milk powder 	 100.0 g 

Agar agar 	 20.0 g 

Distilled water 	 1.0 L 

pH 	 7.2 

Procedure: Spot inoculated cultures on the medium and incubated at 30°C. Clearance around 

the colony indicated casein hydrolysis. 

Phenylalanine Agar 

Yeast extract 3.0 g 

DL-phenylalanine 2.0 g 

Disodium hydrogen phosphate 1.0 g 

Sodium chloride 5.0 g 

Agar agar 12.0 g 

Distilled water 1.0 L 

pH 7.3 

Procedure: Inoculated cultures on phenyalanine agar and incubated for 24 h. Pipetted 4 to 5 

drops of 10% (w/v) ferric chloride solution over the growth. Observed for the production of 

green color beneath the growth indicating a positive reaction. 
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Tyrosinase Medium 

A. L-Tyrosine 	 0.5 g 

Distilled water 	 10.0 ml 

B. Nutrient Agar 	 100 ml 

Both A and B were prepared and sterilized separately and mixed aseptically before use and 

poured in petridishes. 

Procedure: Inoculated plates of tyrosine agar with one streak of inoculum and incubated. 

Observed for clearing of the tyrosine crystals around and below the growth indicating the 

production of tyros inane. 

Medium for acid production from carbohydrates 

Basal Medium 

Diammonium hydrogen phosphate 	 1.0 g 

Potassium chloride 	 0.2 g 

Magnesium sulphate 	 0.2 g 

Yeast extract 	 0.2 g 

Agar agar 	 15.0 g 

Bromocresol purple (0.04%) 	 15.0 ml 

Distilled water 	 860.0 ml 

PH 	 7.0 

Carbohydrate solutions (10%) were sterilized separately at 10 psi for 15 minutes and 0.5 ml of 

sterile sugar solution was added to the sterilized medium. Sugars used were glucose, 

arabinose, Mannitol and Xylose. 

Procedure: Streaked the cultures on the slants containing the different carbohydrates and 

incubated at 30°C. Observed for growth and production of acid and gas. Examined the tubes 

for color change. Positive reaction is indicated by change in color of the medium. 

Uninoculated tubes served as control. 

Nutrient Gelatin 

Peptone 	 5.0 g 

Meat extract 	 4.0 g 

Yeast extract 	 2.5 g 

Sodium chloride 	 5.0 g 
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Gelatin 
	 120 g 

Distilled water 
	

1.0 L 

Procedure: Inoculated gelatin tubes and incubated at 30 °C for 24 to 48 h. Following growth 

refrigerated the tubes for 30 min and observed. Liquid medium after refrigeration indicated 

gelatinase production. Uninoculated medium served as the control. 

Christensen's urea medium 

Peptone 	 1.0 g 

KHRO4 	 2.0 g 

Sodium chloride 	 5.0 g 

Phenol red (0.2%) 	 6.0 ml 

Distilled water 	 1.0 L 

Agar agar 	 20 g 

PH 	 6.8-6.9 

Urea 	 10 g 

Glucose (10%) 	 100 ml 

Digested, dispensed 5 ml of medium into tubes and sterilize. 

Sterilized 10% glucose and filter sterilized urea separately. Added 0.1 ml glucose and 0.5 ml 

urea in each 5 ml of molten medium aseptically. 

Procedure: Inoculated cultures on the medium and incubated at 30°C. Observed for change 

in medium color. 

Tributyrin agar 

E2 mineral medium 	 100 ml 

Agar agar 	 2.0 g 

Tributyrin 	 1.0 ml 

Procedure: Spot inoculated cultures on the medium and incubated at 30°C. Clearance around 

the colony indicated lipase production. 

Chitin agar 

E2 mineral medium 	 100 ml 

Agar agar 	 2.0 g 

Chitin 	 2 g 

126 



Procedure: Spot inoculated cultures on the medium and incubated at 30 °C. Clearance around 

the colony indicated chitin hydrolysis. 

Sodium chloride medium 

Nutrient broth 	 3 ml per tube 

Sodium chloride 	 0, 5, 7, 10 and 15% (w/v) 

Procedure: Inoculated loopful of culture in the above medium and incubated at 30 °C. 

Observed for growth in the different concentrations of sodium chloride after 7 and 14 days of 

incubation. 

Resistance to Lysozyme medium 

Lysozyme solution 	 10,000 enzyme units m11 1  

Nutrient broth 	 99.0 ml 

Sterilized the lysozyme solution by filter sterilization. Added 1.0 ml of Lysozyme solution to 

99.0 ml of sterile Nutrient broth and dispensed 2.5 ml in sterile plugged test tubes. 

Procedure: Inoculated a loopful of broth culture into a tube containing lysozyme medium 

and into a control tube containing only nutrient broth. Growth or its absence was observed 

after 48 h at R.T. Uninoculated tube served as negative control. 

Egg- yolk reaction medium 

Tryptone 	 10.0 g 

Disodium hydrogen phosphate 	 5.0 g 

Potassium dihydrogen phosphate 	 1.0 g 

Sodium chloride 	 2.0 g 

Magnesium sulphate 	 0.1 g 

Glucose 	 2.0 g 

Distilled water 	 1.0 L 

pH 	 7.6 

Egg yolk (1.5 ml) aspirated aspectically was added to 100 ml of basal medium. The medium 

was allowed to stand in the refrigerator overnight and the supernatant broth dispensed in 

sterile tubes (2.5 m1). 

Procedure: Inoculated the culture into egg yolk broth and a tube of control broth without egg 

yolk. Incubated the tubes for 48 h at 30 °C and observed for the appearance of heavy white 

precipitate in or on the surface of the medium. Uninoculated tube served as a control. 
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A.3 Saponification and extraction of fatty acids (Method modified according to Tan et al., 

1997) 

Oil + NaOH (5 N) + Ethanol + few glass beads 

4 
Placed in boiling water bath till the liquid formed a single layer 

Removed from water bath and cooled 

Added hydrochloric acid (HCI, 1 N) for neutralization 

vjr 
Extracted the saponified fatty acids by vigorously shaking with chloroform 

Separated the organic layer 

Added HCl (1 N) and distilled water to the organic layer 

Collected and evaporated organic layer containing the saponified fatty acids 

128 



APPENDIX B 

B.1 STAINS, BUFFERS AND REAGENTS 

i) MICROSCOPIC STAINING 

Gram staining reagents 

Crystal violet stain 

Crystal violet 	 1.0 g 

Alcohol (absolute) 	 10.0 ml 

Distilled water 	 upto 100 ml 

Gram's Iodine 

Iodine 	 1.0 g 

Potassium iodide 	 2.0 g 

Distilled water 	 100 ml 

Decolourizer (70% ethanol) 

Ethanol 
	

70.0 ml 

Volume made upto 100m1 with distilled water. 

Counterstain 

Safranine 
	

0.5 g 

Distilled water 
	

100 ml 

Safranine was dissolved in distilled water and kept for 30 min at 30°C. The solution was then 

filtered through filter paper. 

Procedure: Prepared a smear and heat-fixed. Stained with crystal violet for 1 min. Discarded 

stain and covered with Gram's iodine for 30 sec. Rinsed with water and then decolorized with 

70% ethanol for 30 sec. Counter stained with safranine for 1 min. Rinsed, dried and examined 

the slide under oil immersion objective. 

Gram negative bacteria stained pink and Gram positive bacteria stained purple. 

Endospore Staining (Schaeffer and Fulton's method) 

Malachite Green stain 

Malachite Green stain 
	

5.0 g 

Distilled water 	 100 ml 
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Malachite Green was dissolved in distilled water, kept for 30 minutes at 30°C, and filtered 

through filter paper. 

Safranine Stain 

Safranine 
	

0.5 g 

Distilled water 
	

100 ml 

Safranine was dissolved in distilled water and kept for 30 min at 30°C. The solution was then 

filtered through fi lter paper. 

Procedure: Prepared a smear and heat-fixed. Placed slide on a staining rack and flooded with 

malachite green stain. Heated the under side of the slide and maintained at 60 to 70 °C for 10 

min. Cooled and washed the slide with tap water and stained with safranine stain for 3 to 4 

min. Washed slide and dried. Observed slide under oil immersion objective. 

Spores appeared green and cells were stained red. 

PHA staining (Ostle and Holt, 1982) 

Nile Blue A 
	

1.0 g 

Distilled water 	 100 ml 

The solution was mixed by shaking and mildly heated to fully dissolve the stain. The solution 

was filtered before use. 

8% Glacial Acetic acid solution 

Glacial acetic acid 	 8 ml 

Distilled water 	 92 ml 

Procedure: Prepared smear and heat-fixed. Stained with Nile Blue A solution for 10 min 

with intermittent heating using Bunsen burner, till vapors arose from the stain and 

replenishing the stain as it dried out. Washed slide with tap water and treated slide with acetic 

acid solution for 1 min. Washed, dried and observed slide under fluorescence microscope. 

PHA granules appear bright orange against a dark background. 

ii) REAGENTS FOR BIOCHEMICAL CHARACTERIZATION 

Reagent for catalase test 

Hydrogen peroxide 	 10.0 ml 

Distilled water 	 90.0 ml 
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Procedure: Flooded 24 h old culture grown on nutrient agar with 0.5 ml of above hydrogen 

peroxide solution and observed for gas production/effervescence. 

Reagent for oxidase test 

N,N, N',N'- Tetramethyl-p-phenylene 

diamine dihydrochloride 
	

1.0 g 

Distilled water 
	

100 ml 

Stored this solution in a dark coloured bottle for up to 2 weeks in the refrigerator. 

Procedure: Placed a loopful of culture grown on nutrient agar on a filter paper soaked with 

the oxidase reagent. A purplish blue color change within 30 sec indicated oxidase activity. 

Kovac's reagent for Indole test 

KOH 	 40.0 g 

Creatine 	 0.3 g 

Distilled water 	 100.0 ml 

Omeara's reagent for Voges-Proskauer test 

Iso-amyl alcohol 	 150.0 ml 

p-dimethyl-l-aminobenzaldehyde 	 10.0 g 

HCl (concentrated) 	 50.0 ml 

Methyl Red test reagent 

Methyl Red 	 0.1 g 

Ethyl alcohol (95%) 	 300.0 ml 

Distilled water 	 200.0 ml 

Griss-Illosway's reagent for nitrate reductase activity 

A. Sulphanillic acid 
	

0.5 g 

Acetic acid (5N) 
	

100 ml 

B. a-napthylamine 	 0.8 g 

Acetic acid (5N) 
	

100 ml 

Used to check nitrate reduction. (A) and (B) mixed in equal quantities makes the Griss-

Illosway's reagent. 
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Nile Blue A stain for plate assay 

Nile Blue A 
	

0.05 g 

Ethanol 
	

100 ml 

Buffers 

Sodium phosphate buffer (pH 5.8-8.0) 

Mixed appropriate volumes of stock and added an equal volume of distilled water to make a 

final buffer solution of 0.1 M sodium phosphate. 

Stock solutions: A- 0.2 M NaH2PO 4  

B- 0.2 M Na2HPO4  

A (ml) 	B (m1) pH 

92.0 8.0 5.8 

87.7 12.3 6.0 

81.5 18.5 6.2 

68.5 31.5 6.5 

62.5 37.5 6.6 

56.5 43.5 6.7 

51.0 49.0 6.8 

45.0 55.0 6.9 

39.0 61.0 7.0 

33.0 67.0 7.1 

28.0 72.0 7.2 

23.0 77.0 7.3 

19.0 81.0 7.4 

16.0 84.0 7.5 

8.5 91.5 7.8 

5.3 94.7 8.0 
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Tris-HCl Buffer (0.35 M) 

Stock solution 

A. Tris base 	 17.0 g 

Distilled water 	 upto 100 ml 

B. HC1 (1N) 

50 ml of A was taken and set to desired pH with B. The final volume of the solution was 

made upto 200.0 ml for (0.35M) buffer. 

Sodium hypochlorite (2% active chlorine) 

Sodium hypochlorite 	 50 ml 

(4% w/v active chlorine) 

Distilled water 	 50 ml 

Physiological Saline 

Sodium chloride 	 0.85 g 

Distilled water 	 100 ml 
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APPENDIX C 

GENOMIC DNA EXTRACTION AND PCR AMPLIFICATION 

Saline-EDTA buffer 

Sodium chloride 

Sodium-EDTA (pH 8.0) 

TE Buffer 

Tris (pH 7.3) 

Sodium-EDTA 

0.15 M 

0.1 M 

0.01 M 

0.001 M 

Phenol-chloroform-isoamyl alcohol (PCI) 

Phenol (pH 8.0) 	 25.0 ml 

Chloroform 	 24.0 ml 

Isoamyl alcohol 	 1.0 ml 

PCR amplification 

The 16S rRNA gene was amplified using isolated chromosomal DNA as the template. The 

primers 	used 	for 	the 	amplification 	were 	S-D-Bact-0011-a-S-17 	5'- 

GTTTGATCCTGGCTCAG-3' 	as 	forward 	and 	S-*-Univ-1392-b-A-15 	5'- 

ACGGGCGGTGTGTTC-3' as reverse primer (Alm et al., 1996). All PCR reactions were 

performed in a reaction mixture of 100 Ill total volume using 1 gg template DNA. The 

reaction mixture was heated at 94 °C for 3 min followed by 40 cycles of 94 °C for 1 min, 52°C 

for 1 min and 72°C for 1 min. The final elongation step was carried out at 72 °C for 5 min. The 

PCR amplified product was sent for sequencing to Macrogen Inc, Korea. 
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APPENDIX D 

ESTIMATION AND STANDARD GRAPH 

i) Folin-Lowry's method for protein estimation (Lowry et al., 1951) 

Reagent A 	Sodium carbonate reagent 

Sodium carbonate 

NaOH (0.1N) 

2.0 g 

100.0 ml 

Reagent B 	Copper sulphate solution 

Sodium potassium tartrate 	 1.0 g 

Copper sulphate 	 0.5 g 

Distilled water 	 100.0 ml 

Reagent C 	Alkaline copper sulphate 

Reagent A 	 50.0 ml 

Reagent B 	 1.0 ml 

Reagent D 	Folin-Ciocalteau Reagent 

Folin-Ciocalteau Reagent 	 10.0 ml 

(commercial grade) 

Double distilled water 	 20.0 ml 

Prepared freshly at the time of estimation. 

Procedure: To 1 ml of the sample, 5 ml of copper sulphate solution was added and kept at 

room temperature in the dark for 10 min. 0.5 ml of Folin-Ciocalteau reagent was added and 

kept in the dark for 20 min. Absorbance was measured at 750 nm against reagent blank. 

0.50 

0.40 - 

y = 002x - 0.068 
R.? = 0.995 

0.30 

er, 0.20 

0.10 

•  ,  
0.00 

0 	50 	100 	150 	200 	250 

C'onceolinlion ()i2 10 1) 

The calibration curve was prepared using bovine serum albumin (BSA) as standard. 
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APPENDIX E 

POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE) (Laemmeli, 1970) 

D.1 STOCK SOLUTIONS FOR PAGE 

Acrylamide-bis-acrylamide solution [monomer solution] 

Acrylamide (29% w/v) and N,N' methylene bisacrylamide (1% w/v) dissolved in warm 

distilled water. The pH of solution was made to 7.0. Stored in amber colored bottles and used 

within 30 days. 

Resolving gel buffer [1.5 M Tris, pH 8.8] 

Dissolved 18.15 g Tris in 70 ml of distilled water. Adjusted pH of the solution to 8.8 using 

concentrated HCI and brought up the volume to 100 ml with distilled water. Stored the 

solution at 4 °C. 

Stacking gel buffer [1.0 M Tris, pH 6.8] 

Dissolved 12.11 g Tris in 70 ml of distilled water. Adjusted pH of the solution to 6.8 using 

concentrated HCI and brought up the volume to 100 ml with distilled water. Store the solution 

at 4°C. 

Ammonium per sulphate (APS, 10% w/v) 

Dissolved 0.1 g of APS in 1.0 ml of distilled water. 

Electrophoresis buffer 

Tris 	 3.0 g 

Glycine 	 14.4 g 

SDS (10% w/v) 	 10 ml 

PH 	 8.4 

Distilled water 	 make upto 1.0 L 

Sample loading buffer (4X) 

Tris-HCI (1 M, pH 6.8) 	 0.04 ml 

Glycine 	 0.04 g 

SDS 	 0.004 g 

Distilled water 	 make upto 1.0 L 
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Tracking dye 

Sucrose (50% w/v) 
	

10 ml 

Bromophenol blue 	 10 mg 

Preparation of gel monomer 

The, col ►puaitipui 	 staiiikiir* gin; is-ay latuww.: -  

Solution 
	

Resolving gel (10%) 	Stacking gel (5%) 

(ml) 	 (ml) 

Monomer 	 3.3 	 0.67 

1.5 M Tris, pH 8.8 	 2.5 	 - 

1.0 M Tris, pH 6.8 	 - 	 0.5 

APS 	 0.1 	 0.04 

Distilled water 	 4.0 	 2.7 

TEMED 	 0.004 	 0.004 

Procedure 

The native-PAGE was carried out in a Bangalore Genei apparatus. After a pre-run for 10 min, 

100[11 of the samples along with the standard molecular weight markers (Bangalore Genei) 

were loaded onto the gel. The electrophoresis was carried out at a constant voltage of 80 V till 

tracking dye reached the bottom of the gel. At the end of the run, the gel was stained either 

with Comassie blue or Silver stain. 

I/2 PROCEDURES FOR STAINING OF GELS 

i) COOMASSIE BLUE STAINING 

Coomassie Blue Staining solution 

Methanol 	 25 ml 

Glacial acetic acid 	 10 ml 

Distilled water 	 65 ml 

Coomassie Brilant Blue R-250 	 0.25 g 

Destaining solution I 

Methanol 
	

40 ml 

Glacial acetic acid 
	

10 ml 
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Distilled water 	 50 ml 

Destaining solution II 

Methanol 	 5 ml 

Glacial acetic acid 	 7 ml 

Distilled water 	 88 ml 

Procedure: The gel was stained in Comassie blue staining solution for 1 h, followed by 

destaining under mild shaking conditions using Destaining solution I for 3 to 4 h and 

destaining solution 11 for several hours till the protein bands became clearly visible with no 

background color. 

ii) SILVER STAINING (Heukeshovan and Dernick, 1985) 

Fixing solution (100 ml) 

Methanol 	 50 ml 

Glacial Acetic acid 	 12.5 ml 

Formaldehyde 	 0. 5 ml 

Distilled water 	 37.5 ml 

Na2S2O3 Stock solution (2 ml) 

Na2 S203.5H20 	 0.05 g 

Distilled water 	 2.0 ml 

Pretreament solution (100 ml) 

Na2S2O3  Stock 	 0.8 ml 

Distilled water 	 99.2 ml 

Silver solution (100m1) 

AgNO3 	 0.2 g 

Formaldehyde (37%) 	 0.075 ml 

Distilled water 	 99.92 ml 

Developing solution (100m1) 

Na2CO3 	 6.0 g 

Na2 S2O3  stock solution 	 0.016 ml 

Formaldehyde 	 0.05 ml 

Distilled water 	 99.93 ml 
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Stop solution (100 ml) 

Methanol 	 50 ml 

Glacial Acetic acid 	 12 ml 

Distilled water 	 38 ml 

All solutions listed above prepared fresh 

Protocol: 

Electrophoresed gel 

4 
Fixed* the gel in fixative solution for at least 1 h 

Washed* gel with methanol (20 min for 2 to 3 times) 

Treated with 0.02% Na2S203  for 1 min 

Rinsed the gel with distilled water 

Stained with 0.2% silver nitrate solution for 30 min (placed in dark) 

Rinsed the gel with distilled water to wash off excess silver staining solution 

Added developer solution till protein bands appeared 

Incubated in the fixative and for 10 min 

Washed the gel with distilled water 

*The gel was placed on gel rocker during these steps 
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Abstract A rapidly growing marine derived Bacillus 
sp. strain NQ-11/A2, identified as Bacillus megateri-
um, accumulated 61% polyhydroxyalkanoate by 
weight. Diverse carbon sources served as substrates 
for the accumulation of short chain length polyhy-
droxyalkanoate. Three to nine granules either single or 
attached as buds could be isolated intact from each cell. 
Maximum activity of polyhydroxyalkanoate synthase 
was associated with the granules. Granule-bound 
polyhydroxyalkanoate synthase had a K m  of 7.1 x 
10-5  M for DL-/3-hydroxybutyryl-CoA. Temperature 
and pH optima for maximum activity were 30°C and 
7.0, respectively. Sodium ions were required for 
granule-bound polyhydroxyalkanoate synthase activ-
ity and inhibited by potassium. Granule-bound poly-
hydroxyalkanoate synthase was apparently covalently 
bound to the polyhydroxyalkanoate-core of the gran-
ules and affected by the chaotropic reagent urea. 
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Detergents inhibited the granule-bound polyhydrox-
yalkanoate synthase drastically whilst glycerol and 
bovine serum albumin stabilized the synthase. 

Keywords Polyhydroxyalkanoate (PHA) • 
Granule bound PHA synthase (GBPS) • 
Marine derived Bacillus • Short chain 
length—PHA (SCL-PHA) 

Introduction 

Bioplastics have received tremendous attention in the 
recent years due to their high molecular weight, 
thermoplastic/elastomeric properties, biodegradabil-
ity, biocompatibility, non-toxicity and its production 
from renewable carbon sources. Polyhydroxyalkano-
ates (PHAs) are simple macromolecules synthesized 
by a wide variety of Gram-positive and Gram-
negative bacteria, and members of family Halobac-
teriaceae of the Archaea (Philip et al. 2007; Hezayen 
et al. 2002). The synthesis of the polymer is initiated 
when acetyl-CoA is restricted from entering the 
tricarboxylic acid cycle due to the nutrient limitation, 
shunting the acetyl units from the TCA cycle into the 
production of polyhydroxybutyrate (PHB), which is 
an ideal carbon and energy storage polymer. Cur-
rently more than 150 different hydroxyalkanoic acids 
have been identified as substrates by PHA synthases, 
thereby determining the type of PHA produced by the 
organism. 

t2'.I Springer 



Journal 
of 

Current Sciences 

Studies on polyhydroxyalkanoate production by a marine Bacillus 
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ABSTRACT 

The marine bacterial strain Bacillus sp. NQ-11/A2 isolated from continental shelf sediment exhibited bright 
orange fluorescence indicating PHA production. Optimum temperature for growth and PHA accumulation was 
found to be 30 °C. Out of the five diverse carbon rich wastes tested as substrates for PHA production, maximum 
growth and PHA accumulation was obtained using sugarcane molasses. Among the different ,inorganic nitrogen 
sources supplied, ammonium chloride supported excellent PHA production. The polymer accumulated by the 
isolate using glucose as sole carbon source was characterized. Fourier transform-infrared (FT-IR) spectroscopy 
confirmed the aliphatic nature of the polymer with a low Crystallinity Index and a thermal melting temperature (T rn) 
of 167 °C. 

Keywords: Polyhydroxyalkanoate, Bacillus, continental shelf sediment, glucose, carbon rich wastes, feedstock. 

INTRODUCTION 

Biodegradable plastics are gaining tremendous attention globally not only due to the 
rising oil prices but also because of the problems associated with the disposal of conventional 
plastics. Polyhydroxyalkanoates (PHAs) are polyesters synthesized by a wide range of 
bacteria when a carbon source is present in excess and one of the essential growth nutrients 
is limiting (Rehm 2007). The basic unit and the most common member of PHA is poly-3- 
hydroxybutyric acid [P(31113)], a homopolymer made up of repeating units of (R)-3HB. It is 
hard and brittle unlike P(3HB-co-3HV), a copolyester containing randomly arranged units of 
(R)-3-hydroxybutyrate and (R)-3-hydroxyvalerate, which is an elastomer. The copolymer 
possesses superior material properties and finds application in many fields including 
manufacture of consumer products such as plastics, films and fibres (Rehm 2003). This 
copolymer was produced at an industrial scale for the first time in the year 1982 by Imperial 
Chemical Industries Ltd. (ICI), England using the Gram-negative bacterium, Alcaligenes 
eutrophus and the commercialized product was trade named "Biopol" (Lenz and Marchessault 
2005). 
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PHA Production Using Low-Cost Agro-Industrial Wastes by 
Bacillus sp. Strain COL1/A6 
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Abstract Recycling of wastes generated from agro based industries for 
polyhydroxyalkanoate production is not only crucial for waste management but also in 
economizing and commercializing the polymer. In this study, the heterotrophic bacterium 
Bacillus sp. strain COLT/A6 isolated from humus was biologically characterized and 
explored for its potential to synthesize PHA using agroindustrial wastes. Qualitative 
analysis using Mlle blue A staining revealed that starch, wafer residue, citrus pulp and cane 
molasses proved to be excellent carbon substrates for PHA accumulation. Growth and PHA 
producing ability of the isolate on cane bagasse and rice chaff improved after dilute acid 
hydrolysis. Highest cellular PHA content was obtained using wastes such as hydrolyzed 
wafer residue (62.4111.04% of dry cell wt.) followed by cane molasses (54.68±1.36% of 
dry cell wt.) and hydrolyzed citrus pulp (47.511.01% of dry cell wt.). This is the first 
report wherein a Bacillus sp. has been reported to grow and utilize wastes such as wafer 
residue and citrus pulp as carbon feedstock for PHA production. 

Key words: Bacillus sp., humus, low-cost, polyhydroxy alkanoate, agroindustrial wastes  

INTRODUCTION 

The extensive usage of petrochemical plastics due to their versatile properties especially 
durability is causing severe problem in waste management affecting the aesthetic quality of cities, water 
bodies and natural areas (Full et al., 2006). As a result, lot of research is now focused on the production 
of biodegradable plastics. Polyhydroxyalkanoates (PHAs) are the only naturally occurring polymers 
that are 100% biodegradable (Khanna and Srivastava, 2005). The wide spread use of this polymer is 
restricted only to areas where conventional plastics find limited applications such as the medical field 
due to its high production cost (Verlinden et al., 2007; Valappil et al., 2007a) 

Process economics reveal that the use of inexpensive and renewable carbon substrates viz. agro 
industrial wastes and byproducts as PHA feedstock can contribute to as much as 40-50% reduction 
in the overall production cost (Choi and Lee, 1999; Kim, 2000). Other parameters which also influence 
the total production cost are bacterial strains, fermentation strategies and recovery processes. 
Currently, Gram negative microorganisms such as Cupriavidus necator, Alcaligenes taros and 
recombinant Escherichia coli are used for commercial polymer production (Valappil et al., 2007a). 
They contain Lipopolysaccharide (LPS) endotoxins which co-purify with PHA. This limits the 
application of the polymer in medical field as LPS can elicit severe immunological reactions 
(Valappil et al., 2007a; Chen and Wu, 2005). Synthesis of LPS free polymer requires additional 
purification step increasing the production cost Gram positive bacteria such as Bacillus sp. are ideal 
candidates for industrial scale PHA production due to the lack of LPS layer. Members of this genus 
are known to grow rapidly, possess various hydrolytic enzymes and produce copolymers from 
structurally unrelated carbon sources (Valappil et al., 2007b; Halarni, 2007). These very characteristics 
of Bacillus sp. can be exploited for the production of PHA with desirable material properties from 
various low-cost agricultural feedstocks. 

Correspondhui Author: M.C. Santimano, Department of Microbiology, Goa University, Taleigao plateau 
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ABSTRACT 

The bacterial strain, COL1/A6 used in this study was phenotypically characterized and identified as Bacillus sp. 
Ability of this isolate to utilize waste coconut oil cake as carbon feedstock for polyhydroxyalkanoate (PHA) 
production was exploited. The innovative method developed for polymer synthesis yielded 41.92 % PHA of total 
cell dry weight. The polymer purity was confirmed by detecting the presence of a single crotonic acid peak at 
235 nm. This is the first report on the use of waste coconut oil cake as sole source of carbon for PHA production. 

Keywords. Bacillus, humus, polyhydroxyalkanoate, biodegradable, carbon feedstock, coconut oil cake 

INTRODUCTION 

The global production of oil seeds for the year 2007-08 is estimated to be about 
392.6 million tonnes with India being one of the world's leading oil seed producers (FAO 
2008). During the oil extraction process, the major by-product generated is the oil cake 
which contributes to almost 50 % of the discarded waste. These cakes can be used as 
fertilizers, fuel or animal feed due to their rich protein content, but are mostly disposed off as 
waste in the environment (Ramachandran et al. 2007). 

Utilization of oil cakes as potential raw materials in bioprocesses is advantageous 
since they can serve as excellent substrates for the growth of microorganisms. With in-
creasing emphasis on cost reduction of industrial processes, attempts are now being made to 
exploit such agro-industrial wastes for production of value added commodities such as en-
zymes, amino acids, organic acids and mushrooms (Joo and Chang 2005; Pandey 2003; 
Sircar et al. 1998; Shashirekha et al. 2002). In the recent past, attempts have been made for 
producing polyhydroxyalkanoates (PHAs) using these wastes (Singh and Mallick 2008; 
Oliveira et al. 2004). 
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