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Chapter 1 

Problems concerning the global environment have created much 

interest in developing ecofriendly products. The commercially available 

thermoplastics being environmentally recalcitrant are posing a hazard in the 

environment. One of the greatest virtues of plastics, their durability, is 

becoming a greatest problem. Several lakh tons of plastics are discarded: into 

marine environments each year (1-3), and this waste material accumulates in 

certain regions of the ocean (1). As a result, approximately one million 

marine animals are killed every year either by choking on floating plastic 

items which are mistaken for food sources or by entanglement in non-

degradable plastic debris (1-3). Another adverse effect of plastic litter is 

clogging of drainage pipes and water channels. At present, the general 

method of coping with the disposal of non-degradable plastics is in the use of 

landfills whose capacity is rapidly being exhausted (4). Incineration of 

plastics is potentially dangerous and can be expensive. During the 

combustion of plastic waste, hydrogen cyanide can be formed from 

acrylonitrite-based plastics and nylon, and hydrogen chloride is released from 

polyvinyl chloride (PVC) (5). The recycling of plastic material changes the 

1 



Chapter 1 

material properties in an adverse manner, thus limiting their applications (6) 

and use. The presence of additives, such as pigments, coatings, fillers and 

other reinforcements, further limits the post-user recovery significantly. The 

slow development programs for recycling of plastics have necessitated 

research towards biodegradable polymers. As an alternative for the 

petrochemical plastics, the polymers must be truly degradable, non-polluting 

and economically priced. Polymers synthesized by microorganisms such as 

Polyhydroxyalkanoates (PHA) are considered to be good substitutes for 

biodegradable plastics and elastomers, since they possess material properties 

similar to those of synthetic polymers currently in use (7-12) and can be 

processed by traditional techniques used in the plastic industry such as 

injection molding, extrusion, blow molding, melt casting, etc.. 

Though several bacteria accumulating PHA have been screened from 

various environments (13-16), the commercial production of these polyesters 

is still not explored widely because of their high price as compared to the 

petrochemical plastics. Much work is hence focused on improvising the 

recovery process, studying the molecular biology of bacteria synthesizing 
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Chapter 1 

PHA, novel monomer constituents of PHA, characterization of the polymer 

and their biodegradability, to enable commercial exploitation. 

Occurrence and Physiological role of PHA in different 

organisms 

Synthesis of PHA occurs in a wide variety of organisms like 

procaryotes, eucaryotes, plant and animal tissue (17-20). Amongst 

procaryotes, PHA biosynthesis is known to occur in Gram positive and Gram 

negative bacteria (20-68), in the aerobic and anaerobic (27,42) heterotrophic 

bacteria and also in photosynthetic bacteria like the cyanobacteria 

(25,26,28,31,-33,48,50,62); archaebacteria (38,46,55), bacteroids (45,63), 

Azotobacter sps (30,52-53,67), Methylotrophs (15,39,40-41,47,49,60-61,66) 

and floc formers like Zoogloea ramigera (29,43). The different bacteria 

accumulating PHA are listed in Table 1.1. 

PHA are synthesized and accumulated by the cells as a carbon reserve 

in the presence of excess carbon but otherwise in growth limiting nutrient 

environments. During starvation PHA serve as a carbon and energy source 

3 



Chapter 1 

Table 1.1: Various bacterial genera accumulating PHA (19,114) 

Genus Species 
Achromobacter xylosoxidans, sp, 
Acidovorax delafieldii 
Acidovax facilis 
Acinetobacter calcoaceticus, lwoffu, sp. 
Alcaligenes aestus, denitnficans, eutrophusfaecalis, hydrogenophilus, latus, paradoxus, rhulandii, 

sp. 
Alteromonas macleodii 
Amoebobacter roseus, pendens 
Aquaspirillum Autrophicum 
Azorhizobium Caulinodans 
Azospirillum brasilense, lipoferum, sp. 
Azotobacter agilis, beijerinckir, chroococcum, insigne, macrocytogenes, vinelandii, 

sp. 
Bacillus anthracis, cereus, circulars, megaterium, polymyxa, subtilis, 

thuringiensis, sp. 
Beggiatoa alba, sp. 
Beijerinckin indicus, fluminensis, mobilis, lacticogenes, sp. 
Beneckea natrigens, nereida, nigrapulchrituda, pelagic, sp. 
Bordetella pertusis 
Bradyrhizobium . japonicum 
Caryophanon Tatum 
Caulobacter bacteroides, crescentus, sp. 
Chloroflexus aurantiacus 
Chlorogloea fritshii, sp. 
Chromatium minutissimum, okenii, purpuratum, tepidum, vinosum, warmimgii,  sp. 
Chromobacterium violaceum, sp. 
Clostridium botulinum, perfringens, spheroides 
Comamonas acidovorans, testosterone, sp. 
Corynebacterium autotrophicum, equi, hydrocarboxydans, sp. 
Derxia gummosa, sp. 
Desulfococcus multivorans 
Desulfonema limicola, magnum 
Desulfosarcina variabilis 
Desulfovibrio sapovorcms 
Ectothiorhodospira halochloris, mobilis, shaposhnikovii, vacuolata 
Escherichia coli 
Ferrobacillus ferrooxidans 
Haemephilus influenzae 
Halobacterium gibbonsii, hispanicum, volccmii, sp. 
Halo erax mediterranei 
Hydroclathratus clathratus 
Hydrogenomonas facilis 
Hydrogenophaga flava, palleronii, pseudoflava, taeniospiralis 
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Chapter 1 

Hyphomicrobium vulgare, sp. 
delafieldii 	' Ilyobacter 

Labrys monachus 
Lamprocystis reseopersicia 
Lampropedia hyalina 
Leptothrix discophorus 
Methylobacterium AMI, extroquenx, organophilum, sp. 
Methylococcus thermophilus 
Methylocystis parvus 
Methylomonas methenica 
Methylosinus sporium, trichosporium 
Methylovibrio soehngenii 
Micrococcus denitrificans, halodenitrificans 
Mycobacterium album, vaccae 
Mycoplana rubra 
Nitrobacter agilis, winogradskyi , sp. 
Nocardia alba, asteroides, brasiliensis, lucida, otitidiscaviarum, petroleophila, 

rubra, sp. 
Paracoccus dinitrOcans 
Oscillatoria limosa 
Penicillium cyclopium 
Photobacterium mandapamensis, phosphoreum 
Physarum polycephalum 
Prosthecomicrobium hirschii, pneumatis 
Pseudomonas aeruginosa, alcaligenes, 	butanovora, caiyophylli, cepacia 

pseudoalcaligene thermophilus„cichorii,putida dacunhae, 
dinitrifycans, fluorescens, gladioli, hydrogenovora, lemoignei, 
lemonieri, marginalis, marina, mendocina, stutzeri, ruhlandii, 
multivorans ssaccharophila, oleovorans, pantotropha,antimycetica, sp. 

Rhizobium hedysarum, japonicum, leguminosarum, lupini, meliloti, phaseoli, 
trifoli, sp. 

Rhodobacter capsulatus, sphaeroides 
Rhodococcus rhodochrous, sp. 
Rhodocyclus gelatinosus, tenuis 
Rhodomicrobium vannielii 
Rhodopseudomonas acedophila, blastica, capsulata, palustris, spheroides, viridis, sp. 
Rhodospirillum fulvum, molischianum, rubrum 
§phaerotilus discophorus, natans 
Sphingomonas paucimobilis 
Spirillum itersonii, hpoferun, normaal, serpens, sp. 
Spirulina jenneri, laxissima, maxima, platensis, subsalsa 
Staphylococcus aureus, xylosus, epidermidis 
Stella humosa, vacuolata 
Streptomyces antibioticus, coelicolor, wolfei, sp. 
Thiobacillus A2, acidophilus, ferrooxidans, versutus  

pfennigii, sp. Thiocapsa  
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Thiocystis violacea 
Vibrio parahaemolyticus 
Xanthobacter antotrophicus 
Xanthomonas maltophilia 
Zoogloea ramigera, sp. 
Aphanocapsa, Aphanothece, Flavobacterium, Rhodobacillus, Legionella, Actinomyces, sps 
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and is rapidly oxidized as demonstrated in staphylococci (44,57) and A. 

brasilense (51). Due to its preferential catabolic role as a carbon reserve 

under stress, PHA retard the degradation of cellular components (31,57) and 

thus offer an advantage to the accumulator organism in a mixed flora to 

survive adverse conditions as in rhizosphere (51). PHA play a significant role 

in the survival of the microorganism under other conditions of environmental 

stress such as when subjected to osmotic pressure, desiccation or UV 

irradiation (69). 

In cyanobacteria, glycogen, which is a common storage material 

undergoes fermentation in the dark period forming PHA, which are 

assimilated in the next light period (56). The advantage of PHA formation 

over the other fermentation products is that the stored carbon remains inside 

the cell. As a carbon and energy reserve, PHA also assist in the sporulation 

process in Bacillus sp. (21-22,24,35-36,65) though the accumulation of PHA 

is not a pre requisite for the sporulation process. 
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PHA is a reduced compound,and therefore,acts as a sink for excess 

electrons. This role of PHA has been evidenced in many nitrogen fixing 

bacteria (30,45,52-53,56,67,51). Oxidation of PHA provides a means of 

respiratory protection to the oxygen labile nitrogenase system in these 

bacteria. In highly aerobic cyanobacteria, nitrogen fixation has to be 

separated from oxygenic photosynthesis. There is no direct coupling between 

reducing power derived from the photosynthetic spitting of water and electron 

donation to nitrogenase. PHA are thus thought to be a transient electron store 

(56). In bacteria,accumulating PHA, like the Azospirillum sp. (51) and 

Azotobacter sp. (30,52- 53,67), the organisms are capable of fixing nitrogen 

even in the absence of exogenous carbon. 

Location of PHA in the cells 

Light microscopic investigations of the cells, stained with Sudan 

Black B (70) or more specific with epifluorescence microscope using Nile 

Blue A (71-72) provide easy means for detecting PHA in cells. In the 

procaryotes, PHA occur either as inclusion bodies or as complexes of calcium 

ions and polyphosphates in the cytoplasmic membranes. 
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Intracellular inclusion bodies: PHA generally occur as inclusion bodies with 

an irregular morphology (17,33-34,73) and are present as discrete granules in 

the cytoplasm (74). The number per cell and the size of the granules remain 

fixed for a particular species (9,18), but vary amongst the different species. 

There are 8 to 13 granules per cell having a diameter of 0.2 to 0.5pm in 
po).0.y cttoptbaty..a.tes 

Ralstonia eutropha (18). These accumulatepHli in quantities upto 80% of 

the biomass, thereby increasing the cell volume and buoyant density of the 

cells (9,18,75). The PHA granules appear as refractile inclusions under 

electron and phase contrast microscope (17,74,76). These have an ability to 

scatter light (77,78) and contribute to the opacity of the colony. The mobile 

amorphous state of the polyester in the native granules was revealed by X-ray 

diffraction studies (79-81). Granules contain approximately 40% w/w water. 

Lipids present in PHB granules act as plasticizer, removal of which from 

isolated granules initiated the crystallization of PHB (9). Proteins, 2% w/w 

and 0.5% w/w lipids associated with the extracted PHA granules apparently 

originated from the membrane coat about 2n m thick surrounding the granules 

(9,18-19,24,82). The proteins associated with PHA are known to possess the 

PHA synthase and depolymerase activities (23,83). 
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PHA present in the cytoplasmic membranes: Recent studies revealed the 

presence of PHA in the cytoplasmic membranes of bacteria like Azotobacter 

vinelandii, Bacillus subtilis, Haemophilus influenzae and Escherichia coli 

and also in eucaryotic membranes like in mitochondria and microsomes 

(18,20,84-87). In cytoplasmic membranes, PHA are found as complexes of 

calcium ions (Ca2+) and polyphosphates in a ratio of 2:1:2. PHA are assumed 

to be helically wound with the lipophilic methyl and methylene groups on the 

outer surface and the carbonyl oxygen atoms of the ester linkage, located on 

the inner surface of the helix. These are complexed via Ca2+  with the 

polyphosphates strand, which is also helically wound (20). The inner cylinder 

of the helix comprises of polyphosphates with 7 monomer units per turn and 

the outer PHB helical cylinder with 14 monomer units per turn. Each calcium 

ion is ligated to four phosphoryl oxygens from two adjoining meta phosphate 

units and four ester carbonyl oxygens of PHB (87). Computer and molecular 

modeling indicates that the putative structure has a diameter of 240 nm and a 

helical rise of 40 nm with an average length of 450 nm. These complexes of 

PHA are found to the highest concentrations in genetically competent cells of 
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Chapter 1 

E. coli (84). The inner diameter of the helix seems to provide enough space 

for a SS DNA, thus suggesting their involvement in the uptake of DNA (18-

20) and hence are of importance in genetic recombination. 

Chemical Structure of PHA 

Lemoigne, in 1925 first discovered polyhydroxybutyrate (PHl3), one of 

the PHA (88). PHA are made up of monomeric units of hydroxyalkanoic 

acids (HA) (Fig. 1.1 a), linked together by ester bonds. The number of carbon 

atoms in the HA monomer vary from C3 for propionic acid to C14 for 

tetradecenoic acid (Fig. 1.1b) (89). The hydrogen atoms of the various 

carbon atoms in the monomeric unit may be substituted by various functional 

groups like hydroxy, phenoxy, epoxy, methyl, phenyl, cyano or nitro 

phenoxy, halides or by the cyano groups, giving rise to various diverse 

monomeric units (Fig. 1.1b) (89). Many of the alkanoic acids exist as their 

methyl, ethyl or propyl esters, like methyl ester of 3-hydroxy succinic acid or 

benzyl ester of 3-hydroxy sebacic acid as shown in Fig. 1.1b. Some of the 
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General structure of monomeric units* 

R 	0 

o- CH - [CH2]n - C 

R = H / CH2-CH2-........CH3, n =1 to 4 

Alkanoic acids and their various substituent functional groups 

Acids** 1 011 2Px/3Epx/4Acx 50H,013 6Cn/7Nt Px Others 

Butyric 3/4 -OH 3-0H,4-Px 3-0H,2- CH3  3-OH,4-CnPx 3-0H,5-8CyHx 

Valeric 3/4/5-OH 3-0H,5-Px 3-0H,2/4-CH3  3-OH,5-CnPx 3-0H,5-9Phe 

Hexanoic 3/4/5-OH 3-0H,4/5-CH3  3-OH,6-CnPx 
3-OH, 6-NtPx 

3-0H,6-1°C1 
3-0H,6-"Br 

Heptanoic 3/4 -OH 3-0H,7-Px 3-0H,6- CH3  3-0H,7-13Cn 3-0H,722F 

Octenoic 3/4 -OH 3-0H,8-Px 
3-OH,8-Acx 

3-0H,4/5/6/7- 
CH3  

3-0H,8-C1 
3-0H,8-Br 

Nonanoic 3-OH 3-OH,9-Acx 3-0H,6/7/8- 
CH3  

3-OH,9-Cn 3-OH,9-F 

Decanoic 3/4 -OH 3-0H,4,5- Epx 3-0H,7/9-CH3  3-011,11-Br 
Dodecanoic 3/6-OH, 3,12-di 

OH 
3-0H,6,7- Epx 

6 Octenoic 3-OH 3-0H,7- CH3  
5 heptenoic 3-0H,2,6-di 

CH3  
5 tetradecenoic 3-OH, 3,8-di 

OH 
3-0H,8,9-Epx 

*Other monomeric units in PHA are methyl esters of 3-OH- Succinic acid/ Adipinic/ Suberic/ 
Azelaic/ Sebacicacids, ethyl esters of Suberic/ Sebacic acids and propyl abd benzyl esters of 3-
OH Pimelic/ Sebacic acids respectively. 
**other Alkanoic acids: 3 -0H-Propionic/Tetradecanoic/Hexadecanoic/Undecanoic/2- 
Butenoic/4-Pentenoic/4-Hexenoic/5-Hexenoic/6-Octenoic/7-Octenoic/8-nonenoic/9-Decenoic/5- 
Dodecenoic/6-Dodecenoic/7-Tetradecenoic/5,8-Tetradecenoic acids. 
10H-Hydroxy, 2Px- Phenoxy, 3Epx- Epoxy, 4Acx-Acetoxy, 5CH3-Methyl, 6CnPx- p-
cyanophenoxy, fiTtPx-p-nitrophenoxy, TyHx-Cyclohexyl, Vhe-Phenyl„ "Cl-Chloro, 
Bromo, ' 2F-Fluoro,"Cn-Cyano. 

Fig 1.1: Various monomeric units and their substituent functional groups in a PHA 
polymer 

12 



Chapter 1 

monomeric units are also made up of alkenoic acids with either one or two 

double bonds. The structure of such alkenoic acids has been found to exist in 

either the cis or the trans position about the double bond, like 3-hydroxy-6- 

trans-oc tenoic acid and 3-hydroxy-6-cis-octenoic acids thus increasing the 

diversity of the PHA monomeric units. Acids such as malic and lactic acids 

also constitute the monomeric units of PHA (89). 

The monomer HA units of PHA are all in the D (-) configuration due to 

the stereospesificity of biosynthetic enzymes (18). The PHA polyesters may 

be present as a homopolyrner, where all the monomeric units are the same or 

as a heteromer, where two or more different monomeric units could be 

present. Certain heteromers are found to have as many as six different 

monomeric units (90). PHA exhibit a strong absorbance at 1720 and 1180 

cm-1 , in the Infra red spectrum generally representing the ester linkage (90-

94). 

Characterization of the polymer can be done by high performance 

liquid chromatography (HPLC) (95), gas chromatography (GC) analysis (96- 
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100) followed by nuclear magnetic resonance (NMR) and 13C NMR 

spectroscopy (90,101-107). Mild acid methanolysis hydrolyses the polymer 

to form methyl esters of the corresponding monomers (96), which can be 

separated by GC using a carbowax M15 capillary column with Helium as the 

carrier gas and flame ionization detector (97) to fmd out the percentage of 

monomers in the polymer, by comparing with the standard methyl esters. 

Jacob and coworkers (101) also showed that it was possible to use 13C NMR 

spectra to study the accumulation and utilization of PHA without destruction 

of the lyophilized cells of Pseudomonas sp. strain LBr of the cells. 

Physical properties of PHA 

Physical properties of the polymer, such as thermal properties, 

molecular weight, viscosity, crystallinity and mechanical properties, vary with 

the composition of the PHA (Table 1.2). 

Thermal analysis : Thermal analysis help to study the enthalpy changes 

associated with heating, annealing, crystallizing and a variety of responses of 

the system like degradation or other chemical changes. Changes in 
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Table 1.2 : Physical and mechanical properties of some PHA (9,114) 

Properties PHB P(HB-co-71% 
HV) 

PHV* PHO** 

Melting temperature 
(°C) 

177 102 107 61 

Glass transition (°C) 5 -8 -16 -35 
Enthalpy of fusion 

(J/g) 
85 - - - 

Molecular weight 0.1- 0.8 x 106  0.6 x 105  0.2 x 106  0.5 x 106  
Tensile strength 

(MPa) 
40 11 - 6-10 

Elongation to break 
(%) 

5 10 - 300- 450 

Young's modulus 
(MPa) 

3500 700 - - 

Crystallinity (%) 60-80 —60 80 30 
, po yhydroxyvalerate; **, polyhydroxyoctanoate 
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measurements of specific heat and enthalpies of transition between the 

material under study and an inert standard are carried out in a differential 

scanning calorimeter (DSC). The small quantities of sample placed in a 

heating block are warmed at an uniform rate at the predetermined time-

temperature program. The sample temperature is monitored by means of a 

thermocouple and compared with the temperature of an inert reference such 

as powdered alumina or simply an empty pan, which is subjected to the same 

linear heating program. As the temperature of the block is raised at a 

constant rate the sample temperature (Ts) and that of the reference (Tr) will 

keep pace until a change in the sample takes place. If the change is 

exothermic Ts will exceed Tr for a short period, but if it is endothermic Ts 

will temporarily lag behind Tr. A temperature difference circuit compares 

the temperatures of the sample and reference holders and proportions power 

to the heater in each holder so that the temperature remains equal. A signal 

proportional to this power difference is plotted on the second axis of the 

recorder, temperature being on the first. The area under the resulting curve 

gives a direct measure of the heat of transition (108-109). 
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The thermal properties of PHA are expressed in terms of Tm and Tg. 

Tm is the melting temperature of the crystalline phase while Tg is the glass to 

rubber transition temperature of amorphous phase. The DSC for PHB sample 

reveals three relaxation peaks, a, 0, y in the order of decreasing temperature 

(90,110). The low temperature relaxation peak (y) is related to moisture 

absorbed by the polymer during storage and its intensity is decreased by 

heating above 100 °C or by drying under vacuum over P 2O5 . The 0 relaxation 

peak is attributed to the glass transition of the amorphous fraction of PHB 

(91,111). The a relaxation peak, attributed to the motions in the crystalline 

phase of the polymer is located between the Tg and Tm and tends to reduce 

strongly when the sample is rerun, after heating at 150 °C. The addition of 

HA comonomers to PHB alters the thermal properties of PHA. For example, 

the Tm and Tg of PHB decrease from 177°C and 2°C to 77°C and —10°C as 

the content of 3-hydroxyvalerate (3HV) increases from 0-55% (9), in a 

copolymer P(31-1B-co-3 HV). 

Mechanical properties : The stress-strain measurements on thermoplastics 

are important as they provide information on the modulus, the brittleness and 
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the yield strengths of the polymer. The measurements can be done by 

subjecting the specimen to the tensile force applied at a uniform rate on either 

sides and measuring the resulting deformation. The physical properties of 

polymers notably the tensile strength is related to the molecular weight and 

the degree of polymerization (112). The PHB homopolymer is a relatively 

stiff and brittle material, though the addition of 3HV greatly improves the 

mechanical properties of the copolymer (9,113), making it more flexible in 

nature than PHB. 

Molecular weight : Molecular weight of the polymers can be determined by 

chemical or physical methods of functional group analysis, by measurement 

of colligative properties, light scattering, ultra-centrifugation or by 

measurement of dilute solution viscosity (Table 1.3). The molecular weight 

of the polymer is related to its chain length or to the degree of polymerization. 

When a polymer dissolves in a liquid, the interaction of the two components 

stimulates an increase in polymer dimensions over that in the unsolvated 

state. Due to a vast difference in size between the solvent and solute, 
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Table 1.3 : Methods for molecular weight determination (108) 

Method Molecular weight 
End group analysis Upto 3 x 104  
Ebullioscopy, cryoscopy and 
isothermal distribution 

Upto 3 x 104  

Viscometry 104  to 106  
Light scattering 104  to 107  
Sedimentation in ultra-centrifuge 
and diffusion 

104  to 107  
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frictional properties of the solvent in the mixture are drastically altered andan 

increase in viscosity occurs which reflects the size and shape of the dissolved 

solute (108-109). This was first recognized in 1930 by Staudinger, who 

found that the empirical relation existed between the relative magnitude of the 

increase in viscosity and the molar mass of the polymer. Molecular weight of 

PHA can be determined using Gel permeation chromatography in chloroform 

at 30 °C (79-80) or by viscosity measurements (111) by using Ubbelohde 

viscometer and polystyrene samples with low polydispersity as standards. 

Mark-Houwink equation 	[9 ] = KM' where, K and a are constants for a 

particular solute-solvent combination, is used to correlate the intrinsic 

viscosity (q) with the molecular weight (M). The molecular weight of PHA 

generally range between 2 x 10 5  to 1.5 x 10 6  (9,114). 

X-ray diffraction : Defects and distortions are present in crystals of polymers 

and they play an important role in the crystal structure of the polymers. The 

cryatallites present in a powdered or unoriented polymer sample diffract X-

ray beams from parallel planes for the incident angles 0 which are determined 

by the Bragg's equation n?. = 2d sin0, where A, is the wavelength of the 
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radiation, d is the distance between the parallel planes in the cryatallites and 

n is an integer. The reinforced waves reflected by all the small cryatallites 

produce diffraction rings or halos, which are sharply defined for highly 

crystalline materials and become increasingly diffused when the amorphous 

content is high. Sample crystallinity can be estimated from the X-ray patterns 

by plotting the density of the scattered beam against the angle of incidence. 

PHA are highly crystalline in nature. The crystallinity of PHB increases as the 

3HV content increases from 0-55 mol % (9,115). In contrast, increasing the 

4HB content from 0-49 mol % in copolymers introduces the defects in 

P(3HB) crystal lattice (9,115) thereby decreasing the crystallinity from 55% 

to 14%. PHA in wet cells and native granules, exists in an amorphous state 

(9,18). Treatment of these granules with alkaline solutions, such as sodium 

hypochlorite, sodium hydroxide, acetone or lipases initiates crystallization of 

PHA. 

The gas barrier properties of PHA, particularly to oxygen, are excellent 

and much superior to those of uncoated polyolefin films and have promising 

future as packaging material (9). The polymer blends are miscible in a melt 
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and exhibit a single glass transition temperature. Blending of such polymers 

helps in regulating the physical properties and biodegradability of microbial 

polyesters. The wide range of applications similar to those of plastics and the 

advantage of being completely biodegradable, makes the PHAs a strong 

alternative to petrochemical plastics. 

Factors affecting the composition of PHA 

The monomeric composition of a PHA depends on the bacterial strain, 

the culture conditions and the carbon source used for growth. The different 

number of carbon atoms in the monomer unit depends on the substrate 

specificity of the PHA synthases that can only accept 3HA of a certain range 

of carbon atoms. R. eutropha produces short chain length (SCL) PHA with 

C3-05  monomers (116) while in Pseudomonas oleovorans the PHA synthase 

accepts 3HA of only 6-14 carbon atoms forming medium chain length (MCL) 

PHA (59,90,102,117-122). The latter also forms copolymer of 3- 

hydroxyalkenoate units with terminal double bonds (118) when grown on 1- 

alkenes. A homopolymer is produced from organic acids with even carbon 

numbers (acetic, butyric and hexanoic) while a copolymer of P(3HB-co-3HV) 
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is produced from organic acids with odd carbon numbers in R. eutropha. The 

3HV fraction of the copolymer increases with the increase in concentration of 

propionic acid (9). Copolymers with wide range of compositions, can be 

produced using mixtures of butyric, pentanoic and oleic acids as carbon 

source (9,123). PHA containing four different 3-HA monomers have been 

reported from hexanoic or octanoic acid, but not from glucose (101). 

The composition of the copolymer also depends upon the concentration 

of the carbon substrate in the culture medium. In R. eutropha, when pentanoic 

acid is used as a sole carbon source, a copolymer with a high 3HV fraction 

(90 mol%) is produced (9). Also the 3HV fraction of the copolymer P(3HB-

co-3HV) increases from 22-45 mol% as the concentration of propionic acid 

in the growth medium is increased from 2 to 23 g/1 (9). Therefore to obtain a 

uniform composition, maintenance of a constant carbon substrate 

concentration during cultivation of a copolymer is important. Generally 

addition of precursors like propionic acid or butanediol produce copolymers, 

which are known to be toxic, even at low concentration, which leads to 

decrease in polymer production. 
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Synthesis of PHA 

The pathway and regulation of P(3HB) synthesis have been studied 

extensively. The biosynthesis and degradation of P(3HB) in bacterial cells 

occurs via a cyclic metabolic process (9,18-19,124-125) (Fig. 1.2). 

There are three principal enzymes involved in PHA synthesis, viz [3- 

ketothiolage, acetoacetyl-CoA reductase and PHA synthase. The general 

pathway of P(3HB) synthesis starts with the conversion of any appropriate 

carbon substrate such as sugars, alcohols or organic acids, to acetyl-

coenzyme A (Acetyl-CoA). Two molecules of acetyl-CoA are condensed by 

the action of key regulatory enzyme P-ketothiolase to form acetoacetyl-CoA 

with release of a free coenzyme A (CoASH). The intermediate is reduced to 

D(-)-3 hydroxybutyryl-CoA by NADPH dependent acetoacetyl-CoA 

reductase. P(3HB) is then produced by the polymerisation of D(-)-3 

hydroxybutyryl-CoA by the action of P(3HB) synthase (polymerase) (Fig. 

1.2) (124). 
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Reductase (pha B); 3, NADH Dependent Acetoacetyl CoA Reductase; 4, PHA Synthase (pha 
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A partially different pathway has been found for the P(3HB) synthesis 

in R. eutropha wherein butyrate is incorporated directly into P(3HB), without 

the decomposition of carbon skeleton into acetyl-CoA. (Fig. 1.2) (9,126). 

When propionate is used as a sole carbon source, R. eutropha 

produces a copolymer of 3HB and 3HV. The condensation reaction of 

acetyl-CoA with propionyl-CoA byl3-ketothiolase is an essential step for 

synthesis of P(3HB-co-3HV) from propionate. Propiono-acetyl-CoA formed 

is acted upon by reductase and later by synthase, resulting in formation of a 

random copolymer of 3HB and 3HV units (Fig. 1.3) (9,127). In Aeromonas 

caviae, the enoyl CoA helps in PHB synthesis using the 3-hydroxyacyl CoA 

monomer units from I3-oxidation of fatty acid (128). 

/3-Ketothiolase (/3 -KT) : The enzyme is inhibited by high 

concentrations of free coenzyme A (CoASH). In aerobes and facultative 

anaerobes under balanced growth conditions (presence of excess nitrogen), 
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acetyl-CoA enters tricarboxylic acid cycle (TCA) for energy generation and 

formation of amino acids (129). As a result, the concentration of CoASH is 

high which inhibits the condensation reaction of acetyl-CoA to acetoacetyl-

CoA by (3-KT (130). Under growth limiting conditions, in the presence of an 

excess carbon source, citrate synthase is inhibited, which leads to a decrease 

in the concentration of CoASH, thereby initiating the synthesis of P(3HB). In 

contrast the production of P(3HB) from butyric acid takes place even in 

presence of nitrogen, because the pathway doesn't involve the condensation 

reaction of acetyl-CoA to form acetoacetyl- CoA (131). Environmental and 

nutritional conditions affect the PHB synthesis considerably showing the 

complexed interlinkage of cellular metabolism with that of PHB (9,132). 

(3-KT has multiple isozymes in mamalian cells, yeast and 

procaryotes (9). Haywood et al (130) purified two types of (3-KT, A and B 

from R. eutropha. Enzyme A is a tetramer, active for thiolysis reaction with 

only acetoacetyl-CoA and 0- Ketopentanoyl-CoA, where as enzyme B also a 

tetramer, is active with all the (3-Ketoacyl CoA (C4-C10) tested. The substrate 

specificity of (3-KT A alone can account for the formation of a copolymer 
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containing both 3HB and 3HV units. The broad specificity of enzyme B 

suggests its role in fatty acid degradation (130). 

Acetoacetyl-CoA reductase (ACR): In Zoogloea ramigera and R. eutropha 

(124) ACR has two streospecificities, one is NADPH linked and the other 

NADH linked. The NADPH linked ACR reduces acetoacetyl-CoA to 3- 

hydroxybutyryl-CoA in the PHB biosynthetic pathway initiating from acetyl-

CoA. Where as NADH linked ACR plays an important role in conversion of 

L(+)-3-hydroxybutyryl-CoA to D(-)-3-hydroxybutyryl-CoA, with 

intermediate formation of acetoacetyl- CoA in the pathway initiating from 

butyric acid or fatty acids (Fig.1.2). 

PHA Synthase (PS) : The PS activity remains in the soluble fraction of the cell 

prior to PHA accumulation and is localized in the particulate fraction as PHA 

are accumulated. The level of total PS in the cells is independent of the 

content of PHA granules in cells, as observed in R. eutropha (9). With 

respect to the structures deduced from the sequence of structural genes and 

the substrate specificity, three types of PS are distinguished (54,133). 
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Type I comprises of SCL PS, such as occurring in R. eutropha with a 

molecular weight of about 64 Kda. Their primary structures exhibit 

similarities of 36.8 - 39.8% identical amino acids. 

Type II comprises of MCL PS occurring in Ps. oleovorans and Ps. 

aeruginosa. These synthases lack 26 amino acids at the N-terminus of Type I 

synthases of gram negative bacteria. Type II synthases exhibit similarities of 

53.7-79.6% identical amino acids. 

Type III comprises of SCL PS, occurring in Chromatium vinosum and 

Thiocystis violacea. The amino acid sequences of the synthases of these two 

bacteria exhibit similarity of 87.3% identical amino acids. These synthases 

are well distinguished from type I and type II synthases. They lack 175 amino 

acids at the N-terminus and approximately 55 amino acids at the C-terminus 

as compared to Type I. 
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Degradation of PHA 

A remarkable characteristic of microbial polyesters is their 

biodegradability in the environment. The films and fibers of microbial 

polyesters can be degraded in soil, sludge, fresh water pond, compost or 

seawater (12,134-136). The polymer chain of PHA is hydrolyzed in water 

without enzymes at a very slow rate (9). It has been observed that after the 

exhaustion of the extracellular carbon source, PHA accumulated 

intracellularly disappeares at a very high rate (18,118). 

Intracellular degradation of PHA : Bacteria accumulating PHA possess an 

enzyme system, which seem to be rather complex, consisting of several 

components, mobilizing PHA intracellularly under certain conditions. 

The predominant products of PHB hydrolysis are 3-HB and its dimeric esters 

(23,104,137). The presence of an intracellular 3-1IB dieter hydrolase, 

indicates that oligomers are important intermediates of PHB mobilization, 

regulated by two proteins referred to as protein H and protein I. These 

enzymes exhibit a high degree of homology to the 11Pr protein and to enzyme 

I of the phosphoenolpyruvate : carbohydrate phosphotransferase system. It 

has been hypothesized (19) that in the wild type the intracellular 
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concentration of PEP reflects the presence of an extracellular carbon source. 

Also, one component of the PHB-mobilizing enzyme system gets inactivated 

by transfer of the phosphoryl group of PEP through protein H and protein I. 

Thus the synthesis and the degradation of PHB is thought to occur in parallel 

and less PHB would accumulate in mutant , cells unable to synthesize protein 

H and protein I (19). 

Extracellular degradation of PHA : The synthesis of extracellular PHA 

hydrolases in bacteria and fungi can be demonstrated by a clearance zone 

around the colony on mineral salt agar medium, containing PHA as the sole 

carbon source. Degradation of PUB seems to occur in two steps; the 

hydrolysis of PHB from the hydroxyl terminus to releases 3-BB dimers, 

followed by their cleavage into the monomers. Most of the data on 

extracellular depolymerases is available on A. faecalis (138). This bacterium 

synthesizes two different enzymes exhibiting activities that hydrolyze ester 

bonds (Table 1.4). The molecular weight of the extracellular depolymerase 

range between 37-60 Kda (141) like 50 Kda as seen in A. faecalis (142) and 

60 Kda in Ps. stutzeri (143). On treating the depolymerase from A. faecalis 
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Table 1.4: Components and properties of some of the enzymes involved in 
degradation of PHA. 

Organism Components of enzyme 
system 

Properties of 
enzyme system 

Ref. 

B. megaterium A heat labile factor, 
PHA depolymerase 
activator protein 

Mobilization of PHA 
in the cell. 

24 

R. rubrum A granule associated heat 
labile factor, 
PHB depolymerase, 
Oligomer hydrolase, Heat 
stable activator protein. 

Mobilization of PHA 
in the cell. 

23 

R. eutropha Protein H and Protein I Mobilization of PHA 
in the cell. 

19 

A. faecalis PHB depolymerase, 3- 
hydroxybutyrate oligomer 
hydrolase 

Hydrolyses water 
soluble/ insoluble 
PHB and 3HB 
oligomer 
extracellularly 

138 

Ps. lemoignei PHB depolymerase C 
(phaZ3), PHB depolymerase 
B (phaZ2), PHB 
depolymerase D (phaZ 3), 
PHV depolymerase (phaZ 4), 
PHB depolymerase A 

PHB hydrolysis 
dependent on Ca+2 

 ions 

139 

Streptomyces 
exfoliatus K10 

PHB depolymerase (phaZ) hydrolyses PHB but 
not PHO 140 

PHO depolymerase Hydrolyses PHO 
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with trypsin, a hydrophobic region of the enzyme is removed, decreasing the 

molecular weight from 50 to 44 Kda (142). The depolymerase activity of this 

truncated depolymerase towards the water soluble oligomers is lost. 

However, the same is restored in the presence of 1M ammonium sulphate 

(144). It is therefore assumed that the hydrophobic N-terminal region of PHB 

depolymerase binds to the polyester molecule. The extracellular 

depolymerase exists as a 488 amino acid precursor with a signal peptide of 27 

amino acids. The serine residues S 138  and S 139  in Ps. lemoignei and A. 

faecalis respectively were found important for depolymerase activity (145). 

Hydrolysis of polyester films in phosphate buffer (pH 7.4) by PUB 

depolymerase purified from A. faecalis is strongly affected by the incubation 

temperature and composition of the polyesters (9,12,146). The rate of 

hydrolysis reduces as the side chain length of the HA monomeric units is 

increased. 

Anaerobic degradation of exogenous PHA has been observed in 

Ilyobacter delafieldii, I.polytrophus, Clostridium homopropionicum yielding 
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acetate, butyrate and molecular hydrogen ( 147-149). Anaerobic degradation 

of PHA also forms methane (150). 

Genes involved in PHA metabolism 

The genes for proteins involved in the metabolism of PHA have been 

revealed by nucleotide sequence analysis, physical mapping and by the 

determination of enzyme activities expressed in recombinant clones (151-

154). 

To construct recombinant DNA, plasmids like pUC18, pUC19 (152) 

and cosmids like pLA2917 and pJRD215 (151) have been used as DNA 

vectors. These are generally digested with restriction enzymes such as 

EcoRl, BamHl, Hind III or Sal I. The partially digested DNA fragments of 

the PHA producing donor, are then ligated with fragments of the plasmid or a 

cosmid digested generally with the same restriction enzyme (155). The ligated 

DNA are then transformed (152) or transfected (151) into the recipient E. coil 

(156) or any other bacterium (157). Cloning of PHA biosynthetic genes into 

a recipient lacking depolymerase enzyme helps in overcoming the problem of 

35 



Chapter 1 

polymer degradation and thus helps in increasing the recovery of the polymer. 

Recombinant E. coli has been considered as a strong candidate for PHA 

production due to several advantages over the wild type PHA producers 

(152,156,158-159). PHA accumulating recombinant E. coil form opaque 

colonies as against the translucent wild type making selection of recombinant 

clones easy (152-153). E. coli can utilize a wide range of carbon sources. 

PHA accumulation in E. coli can reach to a high levels upto 95% of cell dry 

weight (156,160-161). The cells of recombinant E. coil accumulating large 

amount of polymer become fragile, allowing easy recovery of PHA. 

Recombinant E. coli harboring the pha CI gene of Ps. oleovorans encoding 

the MCL-PHA synthase (Polymerase) have been constructed to scale up 

MCL-PHA production (162). Cloning and molecular analysis of the 

biosynthetic genes from Ps. mendosina and Ps. aereofaciens are recently 

being studied (163-164). 

Identification of recombinant clones is attempted using several 

principally different strategies such as screening of genomic libraries for PHA 

accumulation, phenotypic complementation of PHA negative mutants, use of 
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homologous, heterologous or oligonucleotide specific gene probe. Such 

recombinant studies have been of immense help in generation of information 

regarding the PHA biosynthetic genes, promoter, initiation and termination 

codons (Table 1.5, Fig. 1.4). 

As the genes for metabolism, synthesis and catabolism of PHA were 

studied in various bacteria, these were designated independently as series of 

pha A, pha B or phb A, phb B,... or ORF 1, ORF 2, ... leading to multiple 

misnomial designations for the same gene product for example, gene 

encoding PHA synthase 1 in Ps. oleovarans was designated as ORF 1 (166), 

whereas the same gene was designated as pha C1  in Ps. aeruginosa (133). 

Also, gene encoding a protein of unknown function is termed pha D in Ps. 

oleovarns (166), while same designation was given to the gene encoding 

PHA depolymerase in Ps. aeruginosa (133). Table 1.6 compiles the recently 

accepted nomenclature of the genes with their earlier designation. 

The three principal enzymes, 13-KT, NADPH dependent ACR and PS, 

involved in PHA biosynthesis are encoded by three different genes pha A, 
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Table 1.5 : Genetic studies carried out on some of the PHA accumulators 

Donor / Recepient Vector Findings Strategy* Ref. 
No. 

A. latus / 
E. coli XL1-Blue 

. 

Plasmids 
(pUC18, 
pUC 19) 

Three PHA phaC, phaA and phaB 
expressed constitutively from a 
natural promoter 

1 153 

R. eutropha H16 
IE.coli DH1, 
E. coli LE392 

Cosmid 
pVK102 
plasmid 
pUC 18, 
pUC19 

Cloned MB biosynthetic pathway in 
E.coli. 

1 152 

R. eutropha / 
E. coli 

plasmids Identification the promoter sequence, 
310bp 5' upstream of the initiation 
codon and N-terminus of the PS. 

3 158 

Rhodobacter 
capsulatus and 
recombinant 
R. capsulatus 

Plasmids 
pRGK271 
pRGK272 

phaA and phaB were not linked to 
phaC in the PHA operon. phaC and 
phaA were constitutively expressed. 
Mutants with phaA & phaB deletions 
synthesized PHA, proving an 
alternative route for the synthesis of 
substrate for PS. 

2 62 

Pseudomonas sp 
strain 61-3 / 
Ps. putida 
R. eutropha 

Plasmids 
pJHS60 
pJASc60 

pha &phb. phb locus has 3 open 
reading frames encoding the 3 
principal enzymes, while pha locus 
consisted of genes encoding two PS, 
depolymerase and two ORFs. The 
two PS of different loci are 
responsible for the formation of SCL 
or MCL 3HA units. 

3 154 

Chromobacterium 
violaceum /E. coli, 
Ps. putida, 
K. aeruginosa, 
R. eutropha 

Plasmid 
pBR1MC 
S-1 

Metabolic environment alters the 
product range of PS. C. violaceum 
accumulates P(31-113) or P(3HB-co-
3HV), while K aeruginosa or 
R. eutropha with phaC„ accumulate 
the two polymers and additionally 
accumulate P(3HB-co-3HHx) 

3 157 

* Strategies for identification of clones 
1. Conferring ability of PHA accumulation in organisms not accumulating PHA 
2. Phenotypic complementation of PHA" mutants 
3. Using gene probe 
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A.latus (153) 

ORF 4 	 -35/-10 	pha C 	 pha A 	pha B 

	 III° 	  

646 	1190 	 256 	1680 	 56 	1029 	118 735 (bp) 

R eutropha (152) 

-35/-10 	pha C pha A 	pha B 
	1110,--■•■•111110. 

 

300 	1767 	 84 	1179 	74 738 (bp) 

Z. ramigera (43) 
-35/-10 pha A 	pha B 

-6■1■11111111■-••••1111•111M11011■ 

94 	1173 	88 723 	(bp) 

C. vinosum (165) 

pha C 	 pha E -35/-10 phaA 	ORF4 ORF5 	phaB 

1068 	 1074 P11150 1185 P1174162711t=t (bp) 

T. violacea (133) 

pha C 	 ORF 2 -35/-10 phaA 	 ORF 4 

011010--••••11■1111■11 

	

1068 	63 	1095 	137 	1185 	133 	 (bp) 

Pseudomonas sp. (133,154,166) 
phb locus (154) 

	

phbR -35/-10 phbB 	phbA 	 phbC 

	

1137 	 744 	 1176 	 1701 	(bp) 

pha locus (133,154,166) 

	

ORF1/ phaD 	phaCj 	 phaZ 	 phaC2  

	1100.- 11111■1+■■•■■•11011■IMMI■110 ■00. 

1677 	 855 	 1680 	 618 

Fig. 1.4 : Organization of PHA biosynthetic genes in different bacteria 
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Table 1.6 : Terminology of PHA biosynthetic genes 

Accepted 
designation 

Proteins encoded Earlier 
designation 
phb A (152,167) pha A P-ketothiolase 

pha B NADPH dependent ACR phb B (152,167) 
pha C PHA synthase phb C (152,167) 
pha CI PHA synthase 1 ORF 1 (166) 
pha C2 PHA synthase 2 ORF 3 (166) 
pha Z PHA depolymerase ORF 2 (166) 
pha D Protein of unknown function ORF 3 (133) 
pha E Granule associate protein required for 

expression of PHA synthase activity 
ORF 2 (165) 

- Unknown function ORF 4 (153,165) 
ORF 5 (165) - Unknown function 

- Activator of transcription of phb BAC phb R (154) 
phb A* 13-Ketothiolase (154) 
phb B* NADPH dependent ACR (154) 
Phb C* PHA synthase (154) 

phb locus of Pseudomonas strain 61-3 (154) 
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pha B and pha C respectively. Besides these various other genes like pha Z, 

pha D, pha E, ORF 2, ORF 4, ORF 5 and phb R have been found clustered in 

the PHA operon. Genomic organization of these genes has been studied 

widely in a large number of organisms and are depicted in Fig. 1.4. 

In organisms like A. latus and R. eutropha (152-153,167) genes are 

clustered and organized in one operon in the order pha C, pha A and pha B 

(Fig. 1.4). They are expressed constitutively from a natural promoter 

sequence present upstream of pha C (152), exhibiting homology to E. coli 670  
• 

promoter. In A. latus the promoter was found upstream of ORF 4, which 

coded for an unknown protein. An inverted repeat structure, which may serve 

as transcription termination signal was located in the region downstream of 

pha B. But these genes are not necessarily clustered in all organisms. For 

example in Zoogloea ramigera (43) and R. rubes- (54) genes, pha A and pha 

B constitute one single operon, however pha C is not adjacent. While the 

genomic organization of PHA biosynthetic genes in C. vinosum D (165) and 

T violacea (133) consist of pha C, preceeded by pha E and the 670 

 dependent promoter and adjacent to pha E, but on opposite strand are the 
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genes pha A and pha B, separated by two ORFs (ORF4 and ORF 5). The 

PHA promoter resembled E. coli 67°  consensus promoter (Fig. 1.4). Ps. 

oleovorans and Ps. aeruginosa possess two genes encoding two different 

PHA synthases responsible for the incorporation of different monomeric HA 

units in the polymer. These two genes for PHA synthase are separated by a 

gene coding for PHA depolyrnerase (pha Z) (133,166,168). Recent studies 

on Pseudomonas strain 61-3 (154) have revealed the presence of two 

different loci, pha and phb for PHA synthesis. The phb locus was found to 

be responsible for the production of P(3HB) and SCL 3HA units, while the 

pha locus for the production of both SCL and MCL 3HA units. The phb 

locus differed in organization than the conventional pha CAB locus of A. latus 

and R. eutropha and consisted of a phb BAC operon encoding the three 

principal enzymes of the biosynthetic pathway. The pha locus however was 

organized similar to the pha loci of Ps. oleovorans and Ps. aeruginosa. 

PHA accumulation from cheaper carbon substrates 

The major factor limiting the use of PHA as a commercial plastic is its cost of 

production. The two significant areas increasing the production cost are (a) 
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the feedstock used for the polymer production and (b) the downstream 

process. The use of cheaper feed stocks will result in lower polymer cost. 

Azotobacter vinelandii UWD accumulates PHA when grown on impure sugar 

sources like beet and cane molasses, malt extract or corn syrup (52-53). 

Another attractive raw material for PHA production is cheese whey, a by-

product of the dairy industry (15,66). Methylobacterium sp. ZP24 when 

grown on cheese whey, accumulates the polymer upto 3.0 g/1 using 

ammonium sulphate supplement. Wheat bran, an agricultural waste is rich in 

carbon and other essential nutrients for bacteria. B. megaterium B51 has 

been reported to grow on wheat bran, accumulating the polymer upto 10% 

cellular dry weight (14). Starch is yet another cheap carbon source, which has 

been used as a raw material for PHA accumulation in Haloferax mediterranei 

accumulating upto 6 g/1 of PHA in a continuous fermentation (46). PHA have 

also been produced using carbon dioxide (68). PHA are receiving general 

attention because their production is based on renewable compounds instead 

on diminishing fossil fuel stockpiles (169). Many such cheaper raw materials 

could be used for cultivating the bacteria accumulating PHA. This will 

definitely help in reducing the cost of the polymer. 
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Industrial importance and applications of PHA 

Plastics have a strong influence on our everyday life. The rapidly 

expanding production and the use of plastic materials create a massive 

problem for their disposal. Biodegradable plastics emerge as potential 

substitutes for overcoming the environmental problem. Some special 

agricultural and horticultural applications include the use of microbial 

polyesters as a biodegradable matrix for the sustained release of plant growth 

regulators or pesticides, as the polyesters are degraded in soil and monomers 

released and as mulching films PHB are easily miscible with other polymers 

like nylon, polyethylene oxide, polyvinyl acetate, polyvinyl chloride and 

polysaccharides because of hydrogen bonding and thus many copolymers 

could be formed of desired properties. In medicine, PHA find applications in 

controlled drug release by surface erosion (170), wound dressings, surgical 

sutures, bone plates in fabrication of ostomy bags, nappy liners, tampoon 

ejectors and medical dusting powder (9,18,170-172). All of these potential 

uses depend on the biocompatibility and slow resorption of microbial 

polyesters in biological environment. PHB and its copolymers exhibit good 

biocompatibility with no cytotoxicity response (142-145). Simple hydrolytic 
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degradation due to water is the only process for biodegradation of PHA in 

human tissue as it lacks PHB degrading enzymes and hence PHA are not 

rapidly degraded. The ultimate biodegradation product of PHA is D(-)-3-HB 

which is a normal metabolite in human blood and hence has no cytotoxic 

response. 

Commercially produced PHA: Biopol, the commercially available PHA is a 

copolymer of P(3HB-co-3HV). The commercial production of BIOPOL has 

seen a number of transformations with respect to the producer organism and 

the propritership. The initial production of BIOPOL was started using 

Azotobacter sp, but the excessive uncontrolled production of polysaccharide 

(EPS) led to use of a methanol utilizing organism, Methylobacterium. Due to 

slow growth and low polymer content, the commercial production of PHA 

was shifted to Alcaligenes eutrophus, a glucose utilizing mutant from original 

H16 strain (173). 

Started by ICI, UK, the commercial production of BIOPOL was taken 

over by ZENECA, UK (174-175) and subsequently by Monsanto, USA 
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(176). The production of BIOPOL is about 1000 tonnes per annum (109). 

The product is successfully being used for marketing of a shampoo bottle 

(SANARA), besides various containers, disposable razors and tray for 

holding food are available commercially. 

Novel microbial PHA, with desirable physical properties and high 

productivity are still being discovered in the quest of biodegradable plastics. 

PHA production is also being tried in plants and insect cell lines (177-179). 

Since the commercial production of PHA from expensive substrates is 

untenable, cheap and readily available substrates are now being tried (14-

15,46,52-53,66,167). The application of recombinant DNA technology and 

acquisition of knowledge of the precise control mechanism involved in 

polymer synthesis should lead to the production of novel polymers tailored 

for specific purposes. Strategies should be thought to produce this polymer 

extracellularly so as to reduce the cost of the downstream process. 
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Aim and scope 

Plastic materials have become an integral part of contemporary life 

because of many desirable properties, mainly the durability and resistance 

to degradation. These non-degradable plastics accumulate in the 

environment and are posing problems regarding the solid waste 

management. This has created much interest in the development of 

degradable plastics, which must still retain the desirable physical and 

chemical properties of the conventional synthetic plastics. An alternative 

to the synthetic plastics are the polymers synthesized by microorganisms, 

such as polyhydroxy alkanoates (PHA), which possess material properties 

similar to those of synthetic polymers currently in use (7-12). The 

properties of PHA vary depending upon its chemical composition, which 

is dependent on the bacteria strain accumulating them. Hence there is a 

need to screen large number of organisms accumulating PHA with 

desirable quality, in sufficiently large amounts. Bacteria accumulating 

PHA have been reported from various environments such as soils, sewage 

sludge, marine sediments and fresh water ponds (14-15). Mangroves form 

an integral part of the tropical coastal ecosystem. They are nutritionally 

diverse, thus inhabiting a wide range of bacteria involved in degradative 
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processes. Bacteria degrading phenolic compounds and various 

hydrocarbons have been reported from mangroves (180-181). Such a 

specialized ecosystem has not been studied adequately with respect to 

PHA accumulators and hence was considered as an ideal environment to 

screen bacteria accumulating PHA. Human activities such as 

transportation, accidental spills and petroleum mining along the coast also 

contribute to the diversity of the microflora. For comparative analysis, 

samples were also screened from Bombay high oil fields and beach sands 

along the coast of Goa. 

The present study was undertaken in the following direction 

1. to survey the mangrove and also marine ecosystem for bacterial 

isolates accumulating PHA, 

2. to standardize the extraction method for PHA from bacterial cells, 

3. to select potential PHA accumulating bacteria and their identification, 

4. to optimize the physico-chemical parameters for maximum PHA yield 

in the selected isolates and 

5. to characterize PHA from the selected isolates. 
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Survey of marine and mangrove ecosystem 

Mangrove is one of the specialised ecosystems of the tropical areas 

(182). It is nutritionally rich due to the continuous shedding of foliage by 

the evergreen trees, which gets decomposed to form detrital matter. 

Decomposition of foliage is initiated by fungi followed by bacteria and 

yeast (183). The mangrove ecosystem is subject -  to tidal variation and 

hence the variation in salinity (184). The microbial flora of mangrove 

ecosystem hence tends to be physiologically diverse due to the tidal 

variation, salinity (185-186) and the presence of rich nutrients (187). 

Seasonal variations also tend to influence the microflora of such an 

ecosystem (183,188). Besides the naturally occurring tidal variations, 

salinity, etc., the intense human activities such as transportation through 

ships, barges, the accidental spills thereof and from the oil fields account 

for the physiologically diverse microflora in the marine coastal ecosystem. 

Microorganisms in such ecosystems utilise detrital matter and other 

available nutrients including petroleum hydrocarbons breaking these into 

simpler compounds (180,188). The bacterial flora in presence of rich 

nutrients tends to accumulate certain storage materials like volutin 

granules, lipids and polyhydroxyalkanoates (PHA) (74). Surprisingly 
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however, such rich and diverse ecosystem despite their potential has not 

been adequately explored for bacteria accumulating PHA and was 

considered as an ideal environment for the same. This chapter reports on 

seasonal variation and enzymatic potential of bacterial flora in marine and 

mangrove ecosystem, isolation of organisms accumulating PHA and their 

role in the ecosystem. 

Materials and Methods 

1. Sampling 

Sediment samples were collected from mangrove swamps situated 

along the Mandovi estuary ( Fig. 2.1) during the low tide, approximately 

during 
15-20 cm below the surface 1998-1999. The effect of seasonal 

variation on the bacterial flora with respect to their enzymatic potentials 

was studied by collecting and analysing the sediment samples during 

different seasons of the year. Sediment samples were also collected during 
dri 

the low tide from the beacheshGoa (2,3,5,6 Fig. 2.1) 
u 
 July-October 1999. 

Composite sea-water sample were collected from a depth of 30 cm from 

Talpona and Karwar ( Fig. 2.1). From various stations of Bombay high 

Fig 2.1), 150 km west from Indian coast, the sediment samples were 
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Fig. 2.1 : The sites of sample collection along the west coast of India. 1, 
Bombay High oilfields; 2-7, sampling sites in Goa; 8, Karwar. 
Inset A, stations of Bombay High oilfields a, SHP; b, ICP; c, 
NQ; d, BHN; e, BHS; f, Mukta; g, PANNA; h, Heera and B, 
Map of Goa depicting the sites of sample collection 2, Arambol; 
3, Baga / Calangute; 4, mangroves along the Mandovi estuary; 
5, Colva; 6, Palolem; 7, Talpona. 
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collected from about 100m depth using Grabs sampler and the sea-water 

samples from a depth of about 22-84 m using Niskin sampler, in 

December 1999. 

7 
	

2. Bacteriological analysis 

a. Bacterial colony forming units 

Sediment sample weighing 10 g was added to 100 ml saline and 

shaken vigorously for 30 min. The sediment was then allowed to settle 

and saline suspension was diluted ten folds. 0.1 ml of each dilution was 

surface spread on sterile Luria Bertani agar medium in aged sea-water (AI. 

2). After incubation at room temperature for 48 h the colony fonning units 

were counted to check the total bacterial viable count. For Bombay high, 

the composite sediment and sea-water samples were prepared by pooling 

small amounts of the respective samples collected from each of the 

station. 

b. Enzymatic potential of the bacterial flora 

Colonies from the plates were picked at random, purified by surface 

streaking and their colony characteristics including pigment colours were 

noted. The isolates were replica plated using sterile tooth-picks on 
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tributyrin agar (AI. 5), milk agar (AI. 6), cellulose agar (AI. 7) and nutrient 

agar with 3% (w/v) NaC1, to study lipase, protease, cellulase and salt 

tolerant activities respectively. Isolates exhibiting growth on tributyrin and 

nutrient agar with 3% (w/v) NaCI were scored positive for lipase activity 

and salt tolerance, while isolates slowing a halo around the colony on milk 

and cellulose agar were scored positive for protease and cellulase 

activities. The bacterial isolates were also grown in Norris's nitrogen free 

medium (AI. 8) to check for nitrogenase activity. Isolates growing in 

absence of nitrogen were subcultured in the same medium three times to 

confirm the ability of the isolates to grow in absence of nitrogen. 

c. Staining and microscopic examination 

i. Gram 's staining: The randomly picked isolates were stained with 

Gram's stains (189) to determine their Gram character and then 

observed under light microscope. 

ii. Intracellular 	Intracellular lipids were looked for, by staining the 

cells with Sudan black B (189). Smears of saline suspension of various 

bacterial isolates were made on glass slides and heat fixed. The slides 

were then flooded with Sudan black B (AR 1) and replenished as it 
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dried out for 15 min The excess stain was drained and the slides were 

blotted dry. The slides were counter stained with safranin (All. 2) for 

10 s, after which it was washed with tap water, dried and then 

examined under light microscope. The bacteria accumulating 

intracellular lipids appear as pink cells with black granules in the 

cytoplasm. 

iii. Accumulation of PHA in bacteria (microscopic method): Various 

isolates col leek) from the mangrove sediments and sea-water of Talpona 

and Karwar were checked for PHA accumulation by the staining 

method described by Ostle and Holt (71). Heat fixed smears of various 

bacterial isolates were stained with aqueous nile blue A (AII. 3) 

solution for 10 min with intermittent heating using Bunsen burner, till 

vapours arise from the stain. The stain was replenished as it dried out. 

After staining, the slide was washed with tap water to remove excess 

stain, followed by treatment with 8% (v/v) acetic acid for 1 min. The 

stained smears were washed and blotted dry with a tissue paper. The 

slides were observed under Olympus microscope with fluorescence 

attachment using a green filter. The PHA granules appeared bright 

orange against a dark back ground. 
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iv. Accumulation ofPHA in bacteria (plate assay method) : Bacteria 

accumulating PHA were screened by the plate assay method (190), 

from all marine sediments and sea-waters of Bombay high. The 

bacterial isolates were replica plated on E2 mineral medium agar (Al. 

3), with 2% (w/v) glucose. The colonies were allowed to grow till a 

diameter of 5 mm. The plate was then flooded with ethanolic nile blue 

A (All. 4) for 20 min with intermittent shaking at room temperature. 

The staining solution was decanted and the plate allowed to dry. The 

plate was then exposed to UV light keeping a distance of 10 cm from 

the light source. Colonies exhibiting an orange fluorescence were 

scored as PHA accumulators. The approximate time of maximum PHA 

accumulation was determined by performing the assay on eight 

randomly selected isolates, viz; 28/2, 64/4, 25/2, 33/2, 32/2, 18/3, 61/4 

and 182/5, with respect to incubation time in days and observing the 

intensity of fluorescence visually. A standard Bacillus culture obtained 

from Dr. A. Desai, MS University, Baroda, was used as a standard 

positive culture. 
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3. Extraction of PHA from marine sediments 

PHA were extracted from the marine sediments from various 

stations of the Bombay high oil fields 	The extraction of 
41 1 Ow; n3 

PHA from these sediments was done 4-  F in di ay and White's method 

(36). The lyophilised sediment samples (25 g) were sonicated with 

chloroform (50 ml). The sample 'S'asextracted for 2 h by boiling in 

125 ml chloroform in a soxhlet extractor. The chloroform was removed 

using rotary evaporator. PHA were further purified by redissolving in 

hot chloroform and filtered through glass wool. The chloroform 

collected was dried in a stream of nitrogen and the polymers were 

washed in 2 ml diethyl ether. The purified polymer was quantitated by 

Slepecky and Law method (191) using concentrated sulphuric acid. 

4. Assay of PHA 

Quantitative estimation of PHA extracted was done by Slepecky and 

Law method (191). 0.5 ml of the PHA sample was treated with 4.5 ml 

of concentrated sulphuric acid in a boiling water bath for 10 min. The 

contents were mixed thoroughly, but gently. The absorbance was 

determined at 235 nm against a blank with 0.5 nil distilled water, 

treated in the same manner as the PHA samples. Standard (DL)-0- 
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hydro.  xybutyric acid (Sigma chemical) in the concentration range 50-

300 nM was used for the standard plot (MV. la). The amount of 

PHA was estimated as shown in AIV. lb. 

5. Plasmid DNA in bacterial cells 

a. Extraction of plasmid DNA 

Plasmid DNA were extracted and isolated from various cultures using 

the methods described by Sambrook et al (155). 

i. Gram negative cultures : A single bacterial colony was transferred into 

10 ml of Luria Bertani broth (AI.1) and incubated overnight with vigorous 

shaking. 1.5 ml of culture, in a microfuge tube was centrifuged at 12,000 

rpm for 5 min at 4 °C. The supernatant was removed leaving the bacterial 

pellet as dry as possible. The pellet was suspended in 100 Ill of ice cold 

glucose EDTA tris buffer (solution I) (AIR. 1 ai) by vigorous vortexing. 

200 µl of freshly prepared SDS solution II (AM 1 aii) was added and the 

contents were mixed by inverting the tube rapidly 4-5 times, making sure 

the entire surface of the tube came in contact with solution II. The tube 

was stored on ice for 1 min. 150 Ill of ice cold Potassium acetate solution 

11I (All 1 aiii) was added and the tube gently vortexed for 10 s, to 
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disperse solution III through the viscous bacterial lysate. The tube was 

stored on ice for 3-5 min, after which it was centrifuged at 12,000 rpm for 

5 min at 4 °C. The supematant was then transferred to a fresh microfuge 

tube. Double stranded DNA (ds DNA) was precipitated with two volumes 

of cold ethanol at room temperature. The contents were vortexed gently 

and allowed to-stand for 2 min at room temperature. The tube was 

centrifuged at 12,000 rpm for 5 min at 4 °C. The supernatant was 

removed and the tube was allowed to stand in inverted position on a paper 

towel, to drain all the fluid. The pellet of ds DNA was rinsed with 70% 

(v/v) ethanol at 4 °C and the supernatant was removed. The pellet was 

allowed to dry in air for 10 min and then dissolved in 50 pl of '1E buffer 

(AIII 1 c) containing DNase free pancreatic RNase (20 µg/ml). The tube 

was gently vortexed and DNA stored at -20 °C. 

ii. 	Gram positive cultures : A single bacterial colony was transferred 

into 10 ml of Luria Bertani broth (AI.1) and incubated overnight with 

vigorous shaking. 1.5 ml of culture, in a microfuge tube was centrifuged at 

12,000 rpm for 5 min at 4 °C. The supernatant was removed leaving the 

bacterial pellet as dry as possible. The pellet was suspended in 3501_1,1 of 

STET buffer (AIII lbi). 25 pl of freshly prepared solution of lysozyme 
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(Au . lbii) was added to the tube and mixed by vortexing for 3 s. The 

tube was placed in boiling water bath for 40-50 s and the bacterial lysate 

was centrifuged at 12,000 rpm for 10 min at room temperature. The pellet 

of bacterial debris was removed from the tube using a sterile tooth pick. 

To the supernatant 40 gl of 2.5 M sodium acetate (A111. lbiii) and 420 121 

of isopropanol were added. The contents were mixed by vortexing and the 

tubes stored for 5 min at room temperature. The pellet of nucleic acids 

was recovered by centrifuging at 12,000 rpm for 5 min at 4 °C. The 

supernatant was removed and the tubes allowed to-stand in an inverted 

position on a paper towel to drain all the fluid. The pellet was rinsed once 

in 1 ml of 70% (v/v) ethanol and centrifuged at 12,000 rpm for 5 min at 

4 °C. Again all the fluid was removed and the pellet of nucleic acids was 

dissolved in 50 121 of TE buffer (AM. lc) containing DNase free pancreatic 

RNase (20 µg/ml). The tube was gently vortexed and DNA stored at 

-20 °C. 

b. Electrophoresis of plasmid DNA 

i. Preparation of gel slabs : Agarose gel 0.7% (w/v) (AM. 2a) was 

prepared in lx TAE buffer (pH 8.0)(AM 2b) by heating in a 

microwave oven for 2 min. The platform for electrophoresis was 
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sealed on open sides with leucoplast. The comb adjusted to lmm 

above the gel slab and 1.5 cm from one sealed side. To the molten 

agarose (50 ml) 20 pl of ethidium bromide (AIII.2c) was added to get a 

concentration on approximately 4 pg/m1 and poured onto the platform 

to a thickness of 0.5 cm and allowed to set at room temperature. After 

setting, the comb and leucoplast were carefully removed. The gel slab 

was placed in the electrophoretic chamber and the lx TAE buffer 

(AIII 2b) was added to the chamber till the gel was just below the 

buffer. Two drops of ethidium bromide were added to the buffer. 

ii. Loading of DNA sample: DNA sample (16 ill) was mixed with 4µl of 

tracking dye (AM 2d) and added in the sample slots of agarose gel 

using micropipette. 

iii.Running of the gel: The lid of the electrophoresis chamber was closed. 

The electrodes were connected to the power supply by means of 

connecting wires. The voltage was adjusted to 80 V and the 

electrophoresis was carried out at constant voltage for 2 h. 
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iv. Visualisation of DNA: The gel was observed on a UV photodyne 

transilluminator. 

Results 

Profile of bacterial flora 

The effect of seasonal variation on the bacterial flora of the 

mangrove ecosystem was studied by selecting a single site for samplings 

(4 Fig. 2.1), during various seasons. The ecological changes in the 

environment associated with seasonal variations are reflected in the 

bacterial flora (Table 2.1). The total bacterial viable counts ranged from 

as high as 1.7 x 107  cfu/g sediment during postmonsoon period to as low 

as 6.2 x 102  cfu/g sediment during monsoons (Table 2.1). The bacterial 

load in the marine sediments and sea-waters was comparatively low and 

varied with the sampling sites. The marine sediments from Bombay high 

oil fields, collected from a depth of 100 m showed a count of 1.29 x 10 9 

 cfu/g sediment. The isolates obtained from the various sediment and sea-

water samples were picked at random and studied for their morophlogical 

characteristics and enzyme activities. The number of organisms tolerating 

3% (w/v) NaC1 varied from as low as 28.72% of the total isolates screened 
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Table 2.1: Profile of bacterial flora in mangrove and marine sediments and seawaters 

Mangrove sediments Marine Sediments Sea water 
Post 
monsoon 

Pre monsoon* Monsoon* Baga Palolem Colva Arambol Bombay 
high 

Bombay 
high 

Karwar 
& 
Talpona 

Cfu+  1.70 x 107  1.03 x 106/ 
6.25 x 103  

3.15 x 104/ 
6.2 x 102  

1.60 x 104/ 
6.5 x 102  

1.63 x 106  8.4 x 103  1.04 x 106  1.29 x 10 9  3.24 x 103  2.67 x 102  

No. of isolates 76 66/200 90/66 19 22 36 47 100 50 94 

Salt (3%) tolerant 
organisms 

98.6 70.00/75.50 77.80/68.20 ND ND ND ND 60.00 64.00 28.72 

Lipase@ 47.36 42.40/25.00 81.30/56.06 42.11 68.18 61.11 61.70 42.00 62.00 42.55 

Protease@ 85.52 34.00/48.50 66.66/53.03 21.05 31.81 30.55 25.53 23.00 24.00 22.34 

Cellulase@ 60.27 47.20/50.55 42.22 ND ND ND ND 28.00 18.00 21.28 

Nitrogenase 26.41 30.15/31.89 33.29 ND ND ND ND 21.38 20.57 27.42 

Multiple enzyme 
activity@ 

32.89 15.15/9.50 26.66 ND ND ND ND 8.00 10.00 10.64 

Gram +ve@ 16.67 85.50/69.96 84.84/74.24 84.21 45.46 80.56 70.21 72.00 60.00 88.88 

Gram -ve@ 83.33 14.50/30.31 15.16/25.76 15.79 54.54 19.44 29.18 28.00 40.00 11.12 

Intracellular lipids@ 47.37 66.67/67.00 83.33 ND ND ND ND ND ND 45.74 

PHA 
accumulation@ 

13.15 59.09/66.00 42.22 31.59 27.27 44.44 36.17 12.00 4.00 29.78 

Pigment 
producers@ 

40.00 33.00/48.50 33.33/42.42 21.05 9.09 16.66 25.53 NIL NIL 1.00 

*, samplings at two different occasions from the same place in same season 
cfu+  ,colony forming units cfulg sediments or cfu/ml water 

@, positive isolate expressed in % of total number of isolates screened from individual sample, for various tests 
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from sediments of Talpona and Karwar to as high as 98.60% of the total 

isolates screened from mangrove sediments during the postmonsoon 

period. Pigment producing organisms were observed mainly from the 

mangrove samples. Upto 48.5% of the isolates screened were pigmented. 

Not many isolates from marine sediments and sea-waters were pigmented. 

The bacterial flora in the mangrove swamps and the marine 

sediments was dominated by Gram positive bacteria. Only during the 

postmonsoon period, the isolates from mangrove swamps were 

predominantly Gram negative (83.33%). Marine sediments from Palolem 

were also dominated by gram negative bacteria, out numbering the Gram 

positive flora. 

While isolating bacteria from the mangrove sediments, plaques of 

bacteriophage were observed on plates with crowded and spreading 

colonies. 

Enzymatic potentials of the bacterial flora 

Bacterial flora of the mangrove, marine sediments and sea-waters 

showed the presence of hydrolytic enzymes. The randomly picked isolates 
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were checked for their enzyme activities. Amongst the heterotrophic 

bacteria from the mangrove swamps, lipid hydrolysers ranged between 

25.0% to 81.3% of the isolates screened, highest being during the 

monsoon period. The lipase producers in the bacterial flora increased 

from premonsoon to monsoon and decreased then on. Marine sediments 

also possessed lipase producing bacteria, maximum from the Palolem 

sample and least in the isolates from sediments of Baga. 

The count of protein degraders ranged between 34.0% to 85.52% of 

the isolates screened from mangrove sediments, highest (85.52%) being in 

the postmonsoon period and least (34.0%) in the premonsoons. The 

number of protein degraders is seen to increase from monsoons to the 

postmonsoon and decrease then on. The protease producing isolates from 

marine sediments and sea-waters ranged between 21.05% to 31.81% of 

the total isolates screened. 

The number of cellulose degraders in mangrove swamps increased 

from monsoon (42.22%) to postmonsoon (60.27%) and decreased later till 

the monsoons. During premonsoon period the count was intermittent to 

the postmonsoon and monsoons. Cellulose activity was checked for 
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isolates from only two marine sites and only about 20-25% isolates 

possessed cellulase activity. 

The ability of the organisms to possess an active nitrogenase system 

was checked by growing the isolates in nitrogen free medium. Nitrogenase 

activity was detected in many of the isolates (20.57% to 33.29%) from 

mangrove sediments and marine sediments and also in sea-waters. The 

isolates from Bombay high oil fields, showed very low percentage of 

organisms possessing the active nitrogenase system. Isolates from 

mangrove sediments, screened during the monsoon season possessed a 

high number of organisms with active nitrogenase system. 

Isolates with multiple enzyme activity (ie: lipase, protease, cellulase 

and nitrogenase) are important in an ecosystem due to their involvement in 

the foliage degradation. The number of isolates from mangrove sediments 

exhibiting multiple enzyme activities was highest (32.89%) during the 

postmonsoon period and least (9.5%) during the premonsoon period. The 

isolates from marine sediments had a low number (10.64%, 8.66%) of 

bacteria possessing multiple enzyme activity. 
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Presence of extrachromosomal DNA in bacterial isolates 

Amongst the bacterial isolates screened (498) from the mangrove 

sediments, only five isolates possessed plasmids (Fig. 2.2), of which three 

were from gram negative isolates; while two were from gram positive 

isolates. Three isolates from marine sediments and sea-waters possessed 

plasmids, all being from Gram positive isolates. Overall, only eight out of 

866 bacterial isolates possessed plasmids (Fig. 2.2). 

Reserve materials 

The bacteria isolated from the mangrove and marine sediments were 

screened microscopically for the presence of intracellular lipids and 

accumulation of polyhydroxyalkanoates (PHA). Amongst the bacteria 

isolated from the mangrove swamps 47.37% to 83.33% of the total isolates 

accumulated intracellular lipids, highest being during the monsoons, 

coinciding with the highest percentage of isolates possessing lipase 

activity. Intracellular lipids in the bacteria isolated from sea-waters of 

Talpona and Karwar showed a count of 45.74% of the total isolates. The 

number of PHA accumulators in the mangrove sediments, screened by 

Ostle and Holt's method (71) (Fig. 2.3), was found to be the highest 

(66.00%) in the premonsoon period followed by 42.22% of the total 
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Fig. 2.2 : Profile of plasmids isolated from some cultures inhabiting the 
mangrove and marine ecosystem 
Lane 1 : empty, Lane 2 : Molecular weight marker, double 
digest A. DNA, Lane 3 : 48/1, Lane 4 : 36/1, Lane 5 : 9/1, Lane 
6 : 40/4, Lane 7 : 84/4, Lane 8 : 54/4 
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Fig. 2.3 : Cells of isolate 85/6 under fluorescence microscope after 
staining with Nile blue A (magnification 1000 x) 
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isolates during the monsoons and decreased further during the 

postmonsoon period (13.15%). 

Another method for the screening bacteria accumulating PHA, the 

plate assay method (189) (Fig. 2.4), was preferred to screen PHA 

accumulators from all marine sediments and sea-waters of Bombay high, 

due to its simplicity. Culture-wise variation was seen in the intensity of 

fluorescence exhibited by the bacterial cultures with the increase in the 

incubation period (Table 2.2). The intensity of fluorescence was seen to 

increase with time, followed by a decline. Hence, the plate assay method 

for screening bacteria accumulating PHA was standardised for the 

optimum incubation period, using eight randomly selected isolates 

screened positive for PHA accumulation by Ostle and Holt's method (71). 

Data presented in Table 2.2 represents the intensity of fluorescence 

exhibited by each culture with respect to the incubation period. Based 

upon the results obtained, the time of 48 h ie, 2 days was selected for 

screening the isolates. 

The isolates from marine sediments and sea-waters of Bombay high 

were also found to accumulate PHA. 	27.27% to 44.44% ofthe 
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Fig. 2.4 : Fluorescence exhibited by some isolates grown on E2 medium 
plate on staining with Nile blue A by the plate assay method, 
isolate 3/4 negative for PHA accumulation (black and white 
photograph) 
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Table 2.2: Intensity of fluorescence exhibited by different isolates with 
increasing incubation period 

Isolates Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
Bacillus sp.* - + ++++ +++ ++ ++ 

28/2 ++ ++ +++ +++ ++ ++ 
64/4 + ++++ +++ ++ + + 
25/2 - + ++ ++ + + 
33/2 ++ ++ ++ + + + 
32/2 ++ ++ ++ + + + 
18/3 ++ +++ ++ - - - 
61/4 ++ ++++ ++ + - - 
182/5 + ++++ ++ + - - 

*, standard culture obtained from Dr. A. Desai, MS University, Baroda 
Key: + ++++, increasing i ntensity of fluorescence; - , no 
fluorescence 
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total isolates from different sites, accumulated PHA. However, the 

number of isolates accumulating PHA in the Bombay high oil fields was 

found to be very low (4.00%). Overall, 337 bacterial isolates accumulated 

PHA out of 866 isolates from all the samplings. 

Presence of PHA in marine sediments 

The presence of PHA in sediments of Bombay high oil fields was 

checked, due to the presence of bacteria accumulating a large amount of 

the polymer. The quantities of PHA in these sediments are listed in Table 

2.3. The PHA content of the sediment samples ranged from 24 mg/ 100 g 

to as high as 69 mg/ 100 g sediment. The sediment samples when stored 

at 4 °C for over a period of one month, no PHA could be recovered from 

the sediments. 

Discussion 

Profile of bacterial flora 

The influence of seasonal variations on the bacterial flora of the 

mangrove sediments is evident from the results presented in Table 2.1. In 
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Table 2.3 : PHA accumulators and the amount of PHA content in the 
sediment samples of Bombay high oil fields 

Sampling site' PHA 
(mg/100g sediment) 

Number of bacteria 
Screened PHA +ve PHA +ve 

(%) 
a 69.0 12 4 33.33 
b 24.0 51 24 47.10 
c 47.0 42 2 4.76 
d 16.5 19 1 5.26 
e 28.5 24 13 54.17 
f 31.5 26 16 61.54 
g 27.0 21 11 52.39 
h 30.0 55 6 10.91 

'eight stations of Bombay high oil fields (1 in Fig. 2.1); a, SHP; b, ICP; c, 
NQ; d, BHN; e, BHS; f, Mika; g, PANNA; h, HERA. 
PHA +ve -organisms accumulating PHA 
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the monsoons, the heavy rainfall leads to continuous washout of nutrients 

and dilution of estuarine waters (192), leading to low counts of bacteria. 

However, heavy leaf fall during the monsoons provides a good medium for 

the growth of decomposers like fungi and bacteria (183). After monsoons 

the accumulation of degraded foliage with particulate matter, utilised by 

the heterotrophic bacteria, leads to increase in bacterial counts in the 

postmonsoon period. Thus the ecological changes in the environment are 

reflected on the bacterial population of the ecosystem. The bacterial load 

in the marine sediments and sea-waters is low, probably due to low 

amount of organic matter as compared to the mangroves. 

The mangrove swamps are continuously influenced by the tidal 

activity and the inflow of fresh waters (193-195). Also, in the monsoons 

heavy rainfall leads to considerable reduction in salinity, which normalises 

after monsoons (192). Such variations give rise to salt tolerant organisms 

in the mangrove swamps and coastal seas. High counts of salt tolerant 

bacteria were obtained in the postmonsoon period, probably due to the rich 

nutrients available during that season from the foliage degradation, which 

help the bacteria to withstand the saline stress. 
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The study of cultural characteristics of the isolates revealed the 

presence of significant number of pigmented organisms. Pigments have a 

great commercial value and are used immensely as a colorant in numerous 

industries such as plastics, gums, food industry, as dyes and stains, etc. 

(196). The number of pigmented organisms is more in the mangrove 

sediments, than the marine sediments and sea-waters. The bacterial flora 

of any econiche is divided into two groups, based upon their gram 

character. Overall, the Gram positive bacteria tend to dominate the 

mangrove sediments. 

Presence of bacteriophage in the mangrove sediments was an 

important observation. Bacteriophage are viruses which attack a specific 

bacteria as a host (197). Bacteriophage are of immense importance in 

processes like fermentation, where the whole process depends on the 

growth of the bacterium. Contamination by phage could prematurely 

arrest the entire process, leading to severe loss of product. Hence, it is a 

general practise to avoid bacteriophage while screening for industrially 

important organisms from natural ecosystems. Bacteriophage, due to their 

property of killing the host bacterium can be used to eliminate unwanted 
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bacteria from the natural environments like hydrocarbon degraders, after 

the cleaning of an oil spill. 

Enzymatic potential of the bacterial flora 

The bacterial flora of the mangrove swamps possesses hydrolytic 

enzymes (Table 2.1) involved in deigadative processes, corroborating 

previous reports (198). Amongst the heterotrophic bacteria screened, the 

number of cellulose and protein degraders is highest in the postmonsoon 

period, due to their involvement in the degradation of the shedded foliage. 

The presence of such organisms in mangrove swamps reflects the 

cumulative activity, leading to the turnover of nutrients. The presence of 

similar physiological activity in mangrove sediments has been reported 

earlier by Matondkar et al (199) and demonstrated under laboratory 

conditions by Khanna and Mavinkurve (198). Isolates with multiple 

enzyme activity though small in number are important in such ecosystems 

due to their potentiality in industrial applications (200). For example, 

bacteria with lipase and protease activity could be of immense use in the 

detergent industry. 
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Bacteria from marine sediments and sea-waters also exhibited 

lipase, protease, cellulase and nitrogenase activities, reflecting their role in 

such ecosystems. Thus the bacterial flora of the tropical marine 

ecosystems is very diverse in their enzymatic potentials. 

Plasmid DNA in bacterial cells 

Plasmids are extrachromosomal DNA reflecting certain additional 

beneficial characteristics such as resistance to antibiotics or heavy metals, 

degradation of certain unusual or synthetic compounds, etc. (197). Thus 

plasmids make an important contribution in the removal of environmental 

pollutants like chlorinated hydrocarbons, herbicides and various detergents 

(197). The presence of plasmids in the bacteria also signifies their 

versatility in the natural ecosystem, possibly to withstand the unfavourable 

conditions. Hence, though small in number, the bacteria possessing 

plasmids contribute to the diversity of the bacterial flora in an ecosystem. 

Reserve materials 

The high turn over of nutrients in the mangrove swamps and marine 

sediments make the ecosystem nutritionally rich. In such an econiche, 

bacteria tend to accumulate reserve materials like intracellular lipids and 
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polyhydroxyalkanoates, which are generally utilised when the conditions 

are adverse. Surprisingly, no work has been reported on such a 

nutritionally rich tropical marine ecosystem for screening of PHA 

accumulators. 

A large number of organisms accumulated intracellular lipids during 

the monsoons, coinciding with the large number of isolates possessing 

lipase activity. Accumulation of PHA occurs in the presence of excess 

carbon, which is *available for the organisms from the degradation products 

of foliage in the sediments. The high counts of bacteria accumulating PHA 

during the premonsoon period signify the availability of necessary 

nutrients and small molecular weight components for growth of bacteria 

and accumulation of PHA. These nutrients are made available through the 

sequential action of fungi, during the monsoons, followed by yeast and 

bacteria, during the postmonsoon period, on the plant litter, thus forming 

the detritus. 

Bacteria accumulating PHA were screened using the microscopic 

method of Ostle and Holt (71) in the initial part of the work. Later, 

however, the plate assay method of Shirokitamura and Doi (190) was 
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standardised to screen bacteria accumulating PHA. The plate assay 

method was preferred to the microscopic method for its simplicity and 

reliability. Approximately 40 isolates could be screened on one agar plate 

at a time, thus helping in a survey work by saving time. The intensity of 

fluorescence was seen proportional to the amount of PHA. Monitoring the 

intensity of the fluorescence over a period of time during growth of the 

culture therefore shows the gradation of increasing fluorescence followed 

by the decline as the PHA get degraded (Table 2.2). This method is hence 

important for approximating the optimal time of PHA accumulation and 

hence screening the cultures. It is therefore possible that some of the 

potential PHA accumulators were lost during screening, if the time of 

screening did not coincide with the optimal time of PHA accumulation. 

Presence of PHA in marine sediments 

The presence of PHA, if any, in the sediments from Bombay high 

fields was studied, considering each of the sediment samples showed the 

presence of bacterial isolates accumulating PHA (Table 2.3). Small 

quantities of the polymer were detected in the sediments. It was observed 

that, on storage for one month, no PHA could be recovered from the 

sediments, indicating the high rate of the polymer degradation. The time 
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lag between sampling and processing of the samples, probably facilitates 

degradation of certain amount of PHA. PHA being a storage material, 

organisms accumulating PHA have the ability to depolymerise and utilise 

the products as a carbon and energy source (17,74). Apart from these 

organisms, the non accumulators also possess the enzymes necessary for 

PHA depolymerization (9,19,140,145). This could be one of the reasons 

for the lower content of PHA in the sediments. Besides bacteria, plant 

debris and cyanobacteria also contribute to the PHA in the sediment (56). 

With a density more than that of water, PHA tends to sink to the bottom of 

the water layer and remain in the sediment, helping the microflora of the 

sediments during starvation. 

The marine and mangrove ecosystem was found to be a rich source 

of bacteria accumulating PHA, since a wide variety of bacteria were 

scored positive for PHA accumulation. All the samples analysed 

possessed bacteria accumulating PHA, thus proving the potential of the 

ecosystem. Since a wide range of organisms were screened, it was 

essential to develop a rapid method for extracting PHA from bacterial cell, 

to ease the quantitation of PHA in various isolates. A new method for 
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extraction of PHA was developed which is discussed in the following 

chapter. 
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Chapter 3 

Standardization of method for extraction of PHA 

from bacteria 

Three hundred and thirty seven bacterial isolates accumulating PHA 

were isolated from the estuarine and marine ecosystems of the tropical 

areas (chapter 2). Isolation and purification of the PHA polymers is an 

important step for their analysis and characterization. Various methods 

have been employed for extracting PHA from cells. These methods may 

be solvent based, non-solvent based or may lyse the cells by physical 

disruption (Table 3.1). The routinely used methods for extracting PHA are 

tedious and laborious. In a survey, when a large number of organisms are 

being screened for their ability to produce PHA, the method of extraction 

needs to be simple, quick, reproducible and reliable. Hence a necessity 

was felt to develop a rapid method for extraction of PHA from bacterial 

cells. Hypochlorite was selected as an extractant since it dissolves the 

cellular material completely and is not required in large excess as other 

solvents like chloroform which make the extraction process expensive 

(201-202). This chapter describes the development of a quick extraction 

method using sodium hypochlorite and comparison of its efficacy with the 

four routinely used solvent and non- solvent methods of PHA recovery. 
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Table 3.1: Various methods ::of isolating PHA from bacteria 

Methods References 
Solvent extraction 
Chloroform 15,202-204 
Methylene chloride 202 
1,2-Dichloroethane 202,205-206 
1,1,2-Trichloroethane + Water 207 
Chloroform with methanol, ethanol, acetone or hexane 208 
Acetone 90,209 
Ethylene carbonate and Propylene carbonate 210-211 
Non-solvent extraction 
Sodium hypochlorite 21,212-213 
Dispersion of sodium hypochlorite and chloroform 214-216 
Enzymes and surfactants 217-218 
Physical disruption 
Sonication 29 
Repeated centrifugation 219 
Differential and density gradient centrifugation 24,34 
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Materials and Methods 

Selection of organisms 

Amongst the 337 isolates screened for accumulation of PHA from 

mid west coast of India (chapter 2), two isolates viz; 12BL a Gram 

negative and 61/4, Gram positive isolates, were selected for 

standardization of a new Hypochlorite method (Hyp) developed herein for 

extraction of PHA from cells. The reproducibility and reliability of Hyp 

were compared with the other reported methods using five isolates 61/4, 

64/4 and 82/4, Gram positive rod shaped organisms and 12BL and 85/6, 

Gram negative rod shaped organisms. 

Cultivation 

Each isolate was grown in 250 ml Erlenmeyer flask containing 50 

ml E2 mineral medium (118) (AI. 3), with 2% (w/v) glucose as carbon 

source. The flasks were incubated at 28 °C for 48 h on an environmental 

shaker at 150 rpm. 

Extraction methods 

Extraction methods for PHA 	 , selected for 

comparing with Hyp were, Williamsom and Wilkinson's method (WW) 
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(21), Disk assay method (DA) (220), Chloroform extraction (Chlm) (15), 

Chloroform-hypochlorite dispersion (Disp) (214-216). 

a. Hypochlorite method (Hyp) 

General method: Cell suspension (10 ml) was centrifuged at 6000 rpm for 

10 min The cell pellet was washed once with 10 ml saline and cells were 

centrifuged again to get the pellet. The cell pellet was suspended in 5 ml 

sodium hypochlorite and incubated with stirring. The extract was 

was 
centrifuged at 8000 rpm for 20 min and the pellet of PHAJwashed with 

cold diethyl ether. The PHA were centrifuged and assayed with sulphuric 

acid (191). 

Standardization of parameters: The concentration of active chlorine in 

hypochlorite solution, temperature and time of incubation - were 

optimized using 12BL and 61/4 bacterial isolates. 

The method so optimized was used for extraction for comparative 

purpose and to study the efficiency, reproducibility and reliability (Fig. 

3.1). 
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WW (21) DA (220) Chlm (15) Disp (214-216) Hyp 
Suspend *pellet in Suspend *pellet *pellet, acidify Suspend*pellet in Suspend 

10 ml hypcl in 1 ml D/W 5 ml hypcl + 5 ml *pellet in 5 
(37°C/2h) Dry at 60°C hot CHC13 ml hypcl 

0.2 ml on disk 
Dialyse D/W/24h dry at 60°C Extract with Stir at 37°C/10 1  Incubate 

10m1 hot 37°C/1.0 1  
pH 8.0 with 0.1N 0.2 ml hypcl (till CHC13 (x6) Extract with hot on shaker 

NaOH colourless) 
ppt with cold 

CHC13 (x2) 
©8000rpm/ 

©8000rpm/20 1  Dry at 80-100°C DEE Pool organic 
phases 

20' 

Pellet in Hot CHC13 ©8000/2d Wash pellet 
minimum D/W (0.2 ml x 5) ppt with cold with cold 

+ Na2S2O3 (0.1 N) Pellet wash DEE DEE 
2-3 drops Dry disks with acetone 

©8000rpm/10' ©pellet 
Dialyse D/W/24h Immerse in hypcl Dissolve in hot 

Lyophilise 
37°C/lh CHC13  Pellet wash with 

acetone 
Assay 

Wash Evaporate-* 
Extract with DEE, 
Evaporate DEE 

consecutively in 
D/W, ethanol, 
acetone, DEE 

film 

Assay 

Dissolve in hot 
CHC13 

Dissolve in hot Evaporate-*film 
CHC13 Dry disks 

Assay 
Evaporate-*film Assay 

Assay 

Fig. 3.1 : Extraction of PHA from bacterial cells by different methods 

WW= Williamson and Wilkinson's; DA= Disk Assay; Chlm= Chloroform; Disp= Dispersion; 
Hyp= Hypochlorite; ©= Centrifugation; ppt= precipitate; DEE= Diethyl ether; D/W= Distilled 
water; Hypcl= sodium hypochlorite (2% w/v active chlorine) *, 10m1 bacterial cell suspension 
was centrifuged at 6000rpm x 10', the pellet washed with 10m1 saline, cells were again 
centrifuged to get the pellet. 
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b. Williamson and Wilkinson's method (Wig') (21) 

Culture suspension (10 ml) was centrifuged at 6000 rpm for 10 min 

The cell pellet was washed once with 10 ml saline and the cells were 

centrifuged again to get the pellet. The cell pellet was then suspended in 

10 ml hypochlorite (Mn. 3) at 37 °C for 2 h with constant stirring. The 

cell extract was dialyzed against deionized water for 24 h at 30 °C (±1.0). 

The pH of the dialyzed extract was adjusted to 8 with 1N sodium 

hydroxide and then centrifuged. The PHA pellet was suspended in minimal 

amount of distilled water and traces of chlorine were removed by addition 

of 0.1N sodium thiosulphate (AIII 4) until a negative reaction was 

obtained with starch iodide reagent (AIII 5). The dialysis was repeated 

for 24 h and the solution freeze-dried. The PHA were then washed with 

diethyl ether and the ether was evaporated in a rotary evaporator at 40 °C. 

The traces of ether were removed by holding the PHA in vacuum. PHA 

were then dissolved in hot chloroform and on evaporating the chloroform, 

a thin film of PHA was obtained which was assayed with concentrated 

sulphuric acid (191). 
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c. Disk assay method (DA) (220) 

i. Treatment of Glass fiber disks: Whatman glass fiber disks (GF/A 2.5 

cm) were washed with concentrated sulphuric acid after heating in boiling 

water bath. The acid was decanted and replaced with fresh sulphuric acid 

after every 40 and 80 min. After 2 h the acid was decanted and the disks 

washed well in distilled water. 

ii. Extraction: Glass fiber disks were mounted on pins stuck into a flat 

board. 0.2 ml of 48 h old culture containing dry weight of 25 mg/ml was 

applied on the glass fiber disks. The disks were dried in an oven at 80 °C 

for 5-10 min and treated with 0.2 ml sodium hypochlorite for 1 h to digest 

the bacteria. The disks were again dried at 80 °C for 5-10 min in an oven 

and treated with several applications of 0.2 ml hot chloroform, to ensure 

firm adherence of PHA to disks. The disks were dried and immersed in 

sodium hypoclilorite and left at 37 °C for 1 h. The disks were washed 

twice in distilled water, ethanol, acetone and diethyl ether, respectively. 

The disks were removed from ether, dried and placed in test tube with 

concentrated suphuric acid to assay for PHA (191). 
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d. Chloroform extraction method (Chlm) (15) 

Cell suspension was centrifuged at 6000 rpm for 10 min. The cell pellet 

was washed once in 10 ml saline and centrifuged to get the cell pellet. The 

cell pellet was acidified with 6N Hydrochloric acid and dried in an oven at 

60 °C. The dry cells were treated repeatedly with hot chloroform to 

extract PHA. Cold diethyl ether was used to precipitate the PHA, which 

were then centrifuged at 8000 rpm for 20 min The pellet of PHA was 

washed with acetone and dissolved in hot chloroform. The PHA solution 

was poured into a plate and chloroform was allowed to evaporate leaving 

behind a thin film of PHA, which was assayed with concentrated sulphuric 

acid (191). 

e. Dispersion method (Disp) (214-216) 

Cell suspension (10 ml) was centrifuged at 6000 rpm for 10 min. The cell 
. 

pellet was washed once in saline and the cells re-centrifuged to get the 

pellet. The cell pellet was suspended in 5 ml each of sodium hypochlrite 

and hot chloroform. The suspension was stirred at 37 °C for 10 min PHA 

were extracted twice with hot chloroform and the organic phases were 

pooled. Cold diethyl ether was used to precipitate the PHA from 

89 



Chapter 3 

chloroform. The precipitate was sedimented by centrifuging at 8000 rpm 

for 10 min. The PHA pellet was washed once with acetone and dissolved 

in hot chloroform. The chloroform solution of PHA was poured into a 

plate and chloroform allowed to evaporate. The thin film of PHA was 

assayed with concentrated sulphuric acid (191). 

Statistical analysis 

Fig. 3.1 shows the flow diagram of the stepwise protocols followed for 

each method for extracting PHA. The reproducibility and reliability of the 

newly devised Hyp was compared in relation to the reported four methods. 

Each of the five isolates was subjected to extraction of PHA by each of the 

methods in quantruplates. The results were subjected to following 

statistical analysis: 

a. Standard deviation (221 ) 

The yields of PHA extracted by each method for each culture were 

computed for arithmetic mean and standard deviation using the 

formula : 

Arithmetic mean 
n 
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Standard deviation = ± J Ex 2 -(lx) 2  
n 

  

 

n-1 

 

b. ANOVA (221 ) 

F test of variance was applied to the results obtained in Table 3.2 for 

each culture, to analyse the significant variation amongst the different 

methods of PHA extraction for a single culture and for studying the 

reproducibility of each of the methods for a given culture. 

Row sum of squares =X= 	EE x 2 	= 	1Ex 2  
Degrees of freedom 	4 

Column sum of squares = Y = 	ZE x' 	= 	EE x 2  
Degrees of freedom 	4 

Error sum of squares = E = Total sum of squares - X - Y  = e 
Degrees of freedom 	16 

F 4,16 "="--- X and 
	

F 4,16 = 
	Y 

E 
	

E 

The table for F test was followed and the value for F 4,16 at 5% level of 

significance was noted. 
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Assay of PHA 

PHA were assayed using concentrated sulphuric acid by Slepecky and 

Law method (191) as mentioned in chapter 2. 

Results 

Standardization of Hyp 

The rapid hypochlorite method developed in the present work 

consists of treatment of bacterial cell pellet with hypochlorite followed 

by centrifugation to get the pellet consisting of PHA, while the cellular 

debris dissolve in hypochlorite. The effect of time and temperature of 

incubation in hypochlorite solution and the concentration of active 

chlorine in the hypochlorite solution on extractability of PHA were 

studied and are depicted in Fig. 3.2, 3.3 and 3.4. 

a. Incubation period 

Immediately on treatment with hypochlorite the cells of both the 

cultures 61/4 and 12BL get pelleted on centrifugation. The pellet 

subjected to PHA assay by sulphuric acid treatment exhibit eida very high 
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Fig. 3.2 : Standardization of time of incubation in hypochlorite solution 
during extraction of PHA from bacterial cells • 12/BL 
and 0 61/4 by Hyp 
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Fig. 3.3 : Scans of the assay mixtures of (A) PHA accumulating cells of 
isolate 61/4, (B) PHA non accumulating cells of isolate 61/4, (C) PHA 
accumulating cells of isolate 12/BL, (D) PHA non accumulating cells of 
isolate 12/BL, incubated in hypochlorite solution for -- 0 min; 
2.5 min; 	5 min; 	.10 min; 	20 min; 	40 min 
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absorbance of > 2.0 with 1:200 dilution at 235 nm (Fig. 3.2, 3.3). 

However on incubating the cells for 2.5 min, a fall in absorbance was 

noted, which is decreased further at 5 min incubation. Surprisingly, the 

yield of PHA is seen to increase there after. The absorbance at 235 nm 

almost remained steady after 10 min (12BL) or increased marginally on 

further incubation (61/4) (Fig.3.2). Such a decrease in the absorbance, 

followed by an increase with hypochlorite treatment was investigated 

further by treatment of control cells grown in nutrient broth, which do not 

accumulate PHA. The cell pellets of isolates 61/4 and 12BL, grown in 

nutrient broth, immediately on treatment with hypochlorite exhibit a sharp 
irnaEO 

peak at 235 nm, although the absorbance was approN 50 times lower than 

the test cells, >2 at 1:4 dilution (Fig. 3.3). On incubating these cells in 

hypochlorite for 10 min, the peak at 235 nm is diminished and the 

absorbance was almost zero (Fig. 3.3), in contrast to the PHA 

accumulating cells where persistence of peak was noted even after 10 min 

of incubation. 

Cells of isolate 61/4, Gram positive rods, besides the peak at 235 
ed 

nm, exhibikan increased absorbance at 325 nm (Fig. 3.3) in the form of a 

sharper peak in the PHA accumulating cells and plateaued absorbance in 
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the nutrient broth grown cells. Incubation in hypochlorite for 10 min, 

diminished this peak and was lost completely after 10 min of incubation in 

both the cells. 

b. Temperature of incubation 

The incubation of the cells in hypochlorite solution at 37 °C, recovered the 

polymer optimally (Fig. 3.4a), the yield being lower at both lower (28 °C) 

and higher (45 °C) temperatures. 

c. Concentration of active chlorine in hypochlorite solution 

Hypochlorite solution with 2% and 3% (w/v) active chlorine, extracted the 

maximum polymer (Fig. 3.4b). Surprisingly, the yield was reduced 

significantly at higher concentration especially for the Grain positive cells 

of 61/4. 

Accordingly the Hyp was standardized as follows. The bacterial 

cell pellet obtained from 10 ml of stationary phase culture, washed once in 

saline is suspended in 10 ml of hypochlorite solution with 2% (w/v) active 

chlorine and incubated at 37 °C for 10 min on shaker to allow separation 

of PHA from the cellular material. The PHA pelleted by centrifugation at 
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8000 rpm for 20 min are then washed with diethyl ether to remove any 

contaminating lipids and assayed with sulphuric acid. 

Comparison of Hyp with other methods of PHA extraction 

The relative quantities of PHA obtained by the five extraction 

methods from five different isolates are presented in Table 3.2. 

The efficiency of DA to extract the polymer varied from culture to 

culture (Table 3.3). It extracted around 87% and 80% of the polymer from 

isolates 64/4 and 85/6, as compared to the amount of the polymer 

extracted by Hyp method. 

The Disp, extracted marginally higher amounts of PHA than the other 

extraction methods in all the isolates (Table 3.2), except in isolate 82/4, a 

gram positive rod, wherein the method consistently gave lower values of 

PHA. 

The Chlm, yielded lower values of PHA from isolates 61/4, 64/4 

and 85/6, as compared with the other methods; while it extracted 90% of 
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Table 3.2: Estimation of PHA extracted from the bacterial cultures by 
different methods 

Culture Method PHA content (g/l) Arithmetic 
mean 

61/4 WW 0.8212 1.2817 1.1688 1.0009 1.0614 1.0668 
± 0.174 

DA 0.7895 0.9446 0.9440 0.9490 0.9265 0.9107 
±0.068 

Chlm 0.8254 0.7923 0.7900 0.8568 0.8686 0.8260 
±0.0367 

Disp 1.6305 1.2698 1.3696 1.3671 1.3709 1.4070 
±0.154 

Hyp 1.5138 1.3547 1.4165 1.4907 1.4607 1.4473 
±0.065 

64/4 WW 1.1724 1.0801 1.1381 1.1562 1.1662 1.1426 
± 0.037 

DA 1.2860 1.2848 1.2873 1.2492 1.2885 1.2791 
±-0. 0 10 

Chlm 0.8441 0.8372 0.8141 0.8578 0.8322 0.8371 
±0.017 

Disp 1.3690 1.3734 1.3509 1.3703 1.3659 1.3659 
±0.009 

Hyp 1.4676 1.4327 1.4607 1.4670 1.4770 1.460 
±0.017 

82/4 WW 0.4904 0.4692 0.4960 0.4318 0.4885 0.4698 
±0.026 

DA 0.3564 0.2070 0.3562 0.3792 0.3799 0.3358 
±0.073 

Chum 0.5541 0.5223 0.5429 0.5410 0,5579 0.5436 
±0.014 

Disp 0.5316 0.5410 0.4960 0.5260 0.5335 0.5256 
±0.017 

Hyp 0.5172 0.6608 0.5765 0.6228 0.6128 0.5980 
±0.054 

contd.... 
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Culture Method PHA content (WI) Arithmetic 
mean 

12BL WW 1.4526 1.4083 1.3684 1.3203 1.3609 1.3821 
±0.050 

DA 0.9247 0.8985 0.9029 0.8068 0.8860 0.8838 
±0.045 

ChM? 1.2898 1.6167 1.3447 1.5924 1.5300 1.4748 
±0.1486 

Disp 1.6498 1.4327 1.4358 1.4445 1.4688 1.4863 
±0.159 

Hyp 1.6866 1.5337 1.8052 1.6498 1.7103 1.6772 
±0.097 

85/6 WW 1.050 1.024 1.007 1.031 1.054 1.0332 
±0.021 

DA 1.074 1.056 1.082 1.069 1.093 1.0748 
±0.011 

Chlin 0.623 0.607 0.626 0.650 0.645 0.6302 
±0.0003 

Disp 1.133 1.111 1.112 1.118 1.128 1.1204 
±0.009 

Hyp 1.348 1.324 1.324 1.375 1.343 1.3428 
±0.019 
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the polymer from isolate 82/4 as compared to the amount extracted by Hyp 

method (Table 3.3). 

WW extracted slightly lower content of the polymer from all isolates 

(Table 3.2), though not the least. Almost 82% of the polymer extracted by 

Hyp, is recovered by WW from isolate 12/BL WW shows a good 

consistency of 73-82% in extracting PHA from the cells, like the Disp, 

which recovers 83-97% of the polymer, as compared with that extracted 

by Hyp. 

Hyp, extracted marginally higher amounts of PHA than the other 

methods from all five isolates. 

The F test of variance was applied to the data in Table 3.2 to check 

the variation amongst the methods of extraction. The F(4,16) ratio of 

variance was within the permissible level of 3.01 at 5% level of 

significance (Table 3.4), for the readings within each method of extraction 

for one culture. But the F(4,16) ratio of variance when applied within a 

culture for various methods of extraction, the values obtained 
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Table 3.3: Efficacy of hypochlorite method compared to other methods of 
PHA extraction 

Cultures 61/4 64/4 82/4 12BL 85/6 

Hyp: WW 1: 0.73 1: 0.78 1: 0.78 1: 0.82 1: 0.76 

Hyp: DA 1: 0.63 1: 0.87 1: 0.56 1: 0.52 1: 0.80 

Hyp: Chlm 1: 0.57 1: 0.57 1: 0.90 1: 0.87 1: 0.46 

Hyp: Disp 1: 0.97 1: 0.93 1: 0.87 1: 0.88 1: 0.83 

Table 3.4 : F(4,16) ratio of variance between cultures for different methods 
of extraction 

Cultures 61/4 64/4 82/4 12BL 85/6 

For readings within a method 1.386 1.277 1.092 1.053 1.380 

For readings of different 
methods 

316.00 203.00 67.56 219.00 3251.00 

F4,  16 value at 5% level of significance is 3.01 
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were much higher than the permissible level, indicating significant 

variation in extraction of PHA within the methods. 

Since Hyp visibly extracted higher amounts of PHA from the cells, 

the efficacy of extraction of Hyp was compared with other methods (Table 

3.3). The extractability of PHA from isolates 64/4 and 85/6 followed the 

same order, Disp>DA>WW>Chim. But for isolate 12BL, except for DA, 

the other three methods exhibited almost the same efficiency of PHA 

extraction. 

Discussion 

Standardisation of Hyp 

A simple hypochlorite method (Hyp) was developed in the present 

work by modifying WW by eliminating the two laborious steps of dialysis 

and optimizing the parameters like temperature and time of incubation in 

hypochlorite solution and the concentration of active chlorine in 

hypochlorite solution. Two cultures viz; 61/4, Gram positive rods and 

12BL, pigmented Gram negative rods, were used in the present study to 
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eliminate the differences in PHA extraction, if any, due to the cell wall 

composition. 

Hypochlorite possesses approx. 4% (w/v) active chlorine, which 

acts as an oxidizing agent (222). Hypochlorite oxidizes the cellular 

material, dissolving it completely, while PHA being perfectly insoluble in 

hypochlorite get pelleted on centrifugation (9,21). Hence hypochlorite was 

selected as an extractant. 

Incubation period of cells in hypochlorite influences the extraction 

of PHA as seen in Fig. 3.2 and 3.3. Hypochlorite requires some time to 

effectively lyse the cells. Hence on immediate treatment, the cells are not 

lysed and get pelleted, contributing to the high absorbance at 235 nm, 

recorded for the assay mixtures of control and still higher (approx. 50 

times) in the PHA accumulating cells. Apparently, on further incubation in 

hypochlorite, solubilisation of the cellular material leads to the fall in 

absorbance at 235 nm noted after 2.5 and 5 min exposure in hypochlorite. 

PHA granules in the cells are surrounded by a protein membrane 

(24,82). During the hypochlorite treatment PHA get partially separated 
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and carried by the cellular material and are apparently lost either in the 

aqueous supernatant or the subsequent washings with diethyl ether, 

accounting for lower absorbance at 5 min. Further incubation however 

leads to complete lysis of cells with recovery of PHA in pellet thereby 

raising the absorbance of 10 min sample, which persists and remains 

almost steady in the PHA accumulating cells. Significantly, in the control 

cells of both isolates 61/4 and 12/BL, the peak at 235 nm diminishes and is 

completely lost on incubation for 10 min. Prolonged contact of 

hypochlorite during extraction of PHA is reported to affect the polymer 

leading to decreased molecular weight (9). Hence considering the risk of 

polymer degradation with increasing incubation period and almost 

complete extraction of PHA in 10 min for both the isolates, despite the 

marginal increase, after 40 min for isolate 61/4, the treatment of cells with 

hypochlorite, limited to 10 min was adopted for extraction of PHA from 

bacterial cultures. 

Incubation of the cells in hypochlorite at 37 °C extracted the 

polymer optimally from both the isolates 61/4 and 12/ BL (Fig. 3.4a). The 

concentration of active chlorine in the hypochlorite solution influenced the 

efficiency of PHA extraction. Concentrations of 2% and 3% (w/v) active 

105 



Chapter 3 

chlorine, exhibited almost the same extractibility for both isolates. At 

lower (1%) and higher (4%) concentrations of active chlorine the yield of 

extracted PHA is low. Lower concentration of active chlorine probably 

does not extract the polymer fully, resulting in a lower yield of PHA, while 

at the higher concentration PHA get degraded, resulting in lower PHA 

yield (9). A sharper fall in PHA yield is observed at 4% active chlorine for 

Gram positive isolate 61/4 than in 12BL, Gram negative bacterium, 

probably due to the differences in the cell wall composition and/ or 

permeability. In order to prevent the risk of PHA degradation, the 

concentration of 2% (w/v) active chlorine was opted. Thus the incubation 

of the cells in hypochlorite solution with 2% (w/v) active chlorine at 37 

°C, recovered the polymer optimally (Fig. 3.4a,b). 

Comparison of Hyp with other methods of PHA extraction 

There are various solvent and non-solvent methods used for 

extraction of PHA from cells. A comparative study was necessary 

between the routinely used methods and the method developed herein with 

respect to their efficacy, reproducibility and/or practical advantages. The 

data regarding comparative study of these extraction methods indicating 

the reproducibility, reliability and relative efficacy are meager. Amongst 
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all the solvent, hypochlorite and chloroform are the extractants of choice 

for PHA. Hypochlorite dissolves the non-PHA cellular material, leaving 

the insoluble polymer precipitated 	in solution. Prolonged incubation 

for over 30 min with hypochlorite is known to degrade the PHA (9). Hot 

chloroform on the other hand extracts and dissolves PHA from the cells 

leaving the cellular material in aqueous. The extraction methods employed 

in the study namely, WW, DA, Disp and Hyp involve the use of sodium 

hypochlorite where as three methods use hot chloroform for extraction, 

either wholly (Chlm) or in combination with hypochlorite (DA, Disp). 

DA is devised specially for screening and quantitating the polymer 

content from a large number of organisms (220). A very dense mass of 

cells (25 mg or more dry weight) is needed for the application on the glass 

fiber disks. Repeated treatment with chloroform, after the digestion of the 

cell mass by hypochlorite, fixes the polymer to the disks. Lower amounts 

of PHA extracted by DA may probably be due to the improper chloroform 

treatments or due to the prolonged 2 h treatment with hypochlorite (9). 

The efficiency of polymer extraction was also seen to vary from culture to 

culture. This could possibly be due to the varying amount of lipids and 

proteins adhering to PHA. These proteins and lipids interfere during PHA 
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extraction from the dense mass of cells (25 mg) applied on the glass fiber 

disks. 

The Disp, involves the use of both sodium hypochlorite and 

chloroform. Hypochlorite dissolves the non-PHA cellular material and 

chloroform simultaneously extracts the PHA. Hence though hypochlorite 

is used to extract PHA, the risk of polymer degradation is lowered in 

chloroform, resulting in marginally higher yields of PHA (Table 3.2). 

The Chlm does not involve the use of hypochlorite and is now the 

most accepted method for extraction of PHA. It is specially a method of 

choice for the purpose of PHA characterization (59). The precipitation of 

the polymer with dry diethyl ether and acetone in this method rules out the 

possibility of any contaminating lipids and proteins and therefore possibly 

yields lower values than other methods as observed for isolates 61/4, 64/4 

and 85/6. The method is not very convenient for screening large number 

of isolates due to the time consuming steps of repetitive extraction and 

extensive use of solvents (201-202). 
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WW is one of the most popular methods(14,223). It involves the use 

of other solvents like dry diethyl ether and acetone, which precipitate the 

polymer, making it free of phospholipids, free fatty acids and triglycerides. 

Incubation with hypochlorite for more than 30 min (9,201-202), possibly 

increases the risk of polymer degradation. This accounts for the slightly 

lower content of the PHA extracted from the cells (Table 3.2). Also the 

method tends to be time consuming because of the two steps of dialysis. 

The Hyp (developed herein) is a quick method, modified from WW 

by elimination of two laborious dialysis steps. Also, it involves an 

incubation period of only 10 min in hypochlorite, which prevents the 

degradation of the polymer. Due to its simplicity, this method could be 

used for routine extraction and quantification of the polymer from bacterial 

cells. The method extracted high yield of PHA from all isolates as 

compared with the other methods and is in close relation with Disp. 

ANOVA (F test of variance) when applied to data in Table 3.2, the 

F(4, 16) ratio of variance (Table 3.4) for readings within each method of 

extraction for one culture signifies the reproducibility and reliability of the 

methods of extraction, for all isolates. But the F(4,16) ratio of variance 
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when applied within a culture for various methods of extraction, the values 

obtained were higher than the permissible level, indicating the significant 

variation in extraction of PHA amongst the methods. Such variations may 

be attributed to the various steps involved in the different methods and also 

the composition of the bacterial cultures, especially the cell envelope. 

Culturewise variation in extractability of periplasmic proteins by various 

methods has been demonstrated earlier (224). Nevertheless, the efficacy 

of extraction of Hyp was compared with other methods (Table 3.3) and the 

efficacy of extraction of PHA is seen to vary with culture and the method 

of extraction. 

The Hyp, standardized herein, consistently gave higher yields with 

each isolate, indicating the efficacy of extraction. From all the five 

isolates used in this study, PHA could be extracted maximally by this 

method. Overall, Hyp, the hypochlorite method, is a simple and rapid 

method, which extracts the polymer fully. This method is 

recommended for survey work, where large numbers of bacteria are 

screened for PHA accumulators (chapter 2). Hyp, has been used to 

extract the polymer from the 337 PHA accumulating isolates screened 
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from the mangrove and marine sediments and sea-waters, to select 

potential PHA accumulating bacteria (chapter 4). 
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Selection and identification of the potential PHA 

accumulators 

Mangrove swamps, which are nutritionally rich due to the 

continuous decomposition of shedded foliage, were found to house a 

number of bacteria accumulating PHA. The availability of simple carbon 

compounds in the marine and mangrove sediments encourages the bacteria 

to accumulate PHA. Overall, 337 bacterial isolates out of 866 isolates siLA.1;ec) 

accumulated PHA (chapter 2) and hence it was necessary to quantitate the 

amount of PHA formed by these isolates to select the potential 

accumulators. For the purpose, a simple, reproducible and reliable 

extraction method was developed. Though a wide variety of bacteria are 

known to accumulate PHA (9,19), not all can accumulate them in large 

amounts. Therefore, it is necessary to select isolates accumulating 

sufficiently large amount of PHA, which upon optimization of the 

physicochemical parameters of growth and PHA accumulation will further 

increase the yield. 
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Materials and Methods 

Screening of PHA accumulators 

Bacterial flora of mangrove and marine sediments and sea-waters 

when screened for PHA accumulators, 337 isolates were scored positive 

for PHA accumulation (Table 2.1). The yield of PHA accumulated by 

these 337 isolates was quantitated. 

Maintenance of cultures 

All isolates accumulating PHA were maintained on Luria Bertani 

agar slopes (AI. 2) as working cultures. Culture stocks were also 

maintained on Luria Bertani agar slopes, by sealing the tubes with paraffin 

wax. Preservation of cultures at 4 °C was achieved by growing the 

isolates in 0.5 ml half strength Luria Bertani broth (AI. 1) in sterile capped 

vials. Glycerol was sterilized and 0.5 ml was added to the grown culture 

as a cryoprotectant and the vials were preserved at 4 °C. The isolates 

were found viable even after 2 years. 

Cultivation 

The isolates accumulating PHA were cultivated in 250 ml flasks 

with 50 ml E2 mineral medium (118) (AI. 3) with 2% (w/v) glucose for 
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48 h. The flasks were incubated on an Orbitek environmental shaker at 28 

°C (±0.5) with 150 rpm. 

Extraction and assay of PHA from various isolates 

PHA were extracted from all the 337 isolates accumulating PHA by 

the hypochlorite extraction method (Hyp) described in chapter 3. The 

PHA extracted were assayed with concentrated sulphuric acid by the 

Slepecky and Law's method (191) (chapter 2). 

Identification of the selected isolates 

The seven selected isolates were classified using routine 

biochemical methods/ techniques 	as per the Bergey's manual of 

systemic bacteriology (225-226). 

a. Cultural characteristics 

Colony characters such as size, shape, colour, opacity, elevation and 

consistency of the seven isolates were studied by streaking the isolates on 

Luria Bertani agar medium. 
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b. Staining and Morphology 

i. Gram's staining : The morphology of the bacteria was studied by gram 

staining heat fixed smears of the isolates and studying the shape and 

orientation of the bacteria. 

ii. Spore staining : Cultures grown in the sporulation medium (227) (AI.9) 

were checked microscopically for the presence of spores by staining the 

heat fixed smears with malachite green followed by counter staining with 

safranin (189). The spores appear green against the pink cytoplasm of the 

cells. 

iii. Flagella staining (189) : Smear of the culture was prepared on a clean 

slide by allowing the culture suspension to trickle on the slide and air dry. 

The smear was then treated for 30 s, three times with the acetic acid-

formalin fixative (AIL 5a). The slide was then washed with absolute 

ethanol (AII. 5d) allowing it to act for 3 min. Excess alcohol was drained 

off and the slide warmed gently until the film dried. The smear was then 

covered with the phenol- tannic acid mordant (AII. 5b) and heated until 

steam raised, for 30 s. The slide washed with distilled water and air-dried 

was treated with ammoniated silver nitrate solution (AII. 5c). The slide 
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was heated until steam raised and the film turned brown in colour. It was 

then washed with distilled water and observed under oil immersion lens of 

light microscope for flagella. 

c. Motility 

Motility of the isolates was studied by hanging drop technique and 

also by stab inoculating the cultures in Luria Bertani soft agar medium. 

d Kovac's Oxidase test 

Oxidases are enzymes, which catalyze transfer of electrons. 

Colonies were picked and the bacterial growth was streaked on filter 

paper, which was moistened with 1% (w/v) aqueous solution of tetra 

methyl-p-phenylene diamine dihydrochloride. In a positive reaction a 

purple colouration develops immediately or within 10 s. 

e. Catalase test 

The isolates were streaked on Luria Bertani agar medium slope and 

incubated at 28 °C for 24 h. Hydrogen peroxide was poured on the culture 

slant and checked for effervescence. 
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f Oxidation-Fermentation (0-F) (Hugh and Leifson's) test 

A test used to indicate whether a particular carbohydrate is attacked 

fermentatively or oxidatively by a bacterium. The seven isolates were stab 

inoculated on Hugh and Leifson's agar butt (AI. 10) in duplicates. One set 

of the agar butt was immediately overlayered with sterile light liquid 

paraffin, one cm in depth and incubated at room temperature for 24-48 h. 

The bromothymol blue indicator changes from green to yellow at acidic 

pH on conversion of glucose to acid. Acidification in only the uncovered 

medium indicates oxidative attack on the carbohydrate, while acidification 

in the covered/ overlayered medium indicates that the carbohydrate can be 

tti 

attacked fermentatively, no reaction in either tube usually indicates)the 

particular carbohydrate is not utilized by the organism. 

g. Sugar fermentation 

Sugar fermentation was checked in Andrade's peptone water 

medium (HI Media) with inverted Durham's tubes for entrapping the 

evolved gas. The seven cultures were inoculated in the media with the 

respective sugar. The Andrade's indicator turns pink in acidic conditions 

on conversion of sugars to acids. 
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h. Nitrate reduction 

Cultures were grown in 5 ml nitrate peptone water medium (AI. 14) 

for 24 h. 0.5 ml of Griess-Ilosway's reagent A, sulphanilic acid (AIII 7a) 

was added followed by 0.5 ml of Griess-Ilosway's reagent B, a-naphthyl 

amine (AIII 7b) and the colour change was noted. The nitrite when 

reacted with Griess-Ilosway's reagent (AIII 7) gives red colouration. 

Unreacted nitrate shows effervescence on addition of Zinc dust. 

L Gelatinase test 

Isolates were inoculated in gelatin medium (AI. 11) and incubated at 

room temperature for 7 days. The tubes were placed in fridge for 30 min 

and checked for liquification of gelatin each day, or until liquification was 

observed. 

j. Arginine Itydrolase 

The seven isolates were stab inoculated into Thornley's medium 

(AI. 12) and tubes overlayered with mineral oil. The organisms 

hydrolyzing arginine, release ammonia increasing the pH of the medium, 

which is indicated by the phenol red indicator. 
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k. HCN production (225) 

Semisolid nutrient agar (nutrient agar + equal volume of distilled 

water) was stab inoculated with the culture. An indicator paper (prepared 

by dipping filter paper into saturated aqueous picric acid, drying, dipping 

into 10 % (w/v) aqueous sodium carbonate and drying again) was placed 

between the tube and the plug. Production of HCN was shown by, the 

paper turning from yellow to brick red in 1-2 days at 28 °C. 

1. m-Diamino pimelic acid in peptidoglycan (226) 

Wet cells (0.5 g) obtained from approx. 20 ml of culture grown in 

E2 mineral medium, were hydrolyzed with 6 N hydrochloric acid for 16 h 

at 120 °C followed by TLC of water soluble fraction. 

A thin slurry was prepared by mixing 6 to 8 g of Silica gel G 

(Acme's synthetic chemicals) in 15 ml of distilled water was applied on 

clean glass plates to form a thin layer. The plates were air-dried and then 

activated in an oven at 80 °C for 30 min. Samples were spotted on the 

activated plates using thin capillaries. After drying the spots, plates were 

developed in solvent chamber saturated overnight with methanol : pyridine 

: 1 0 N HC1 : water (160:20:5:55 by volume). An authentic sample of m- 
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DAP was also run as control. Solvent was allowed to run upto 3/4 th of the 

plate and the solvent front was marked. The plates were developed by, 

spraying 0.2% (w/v) Ninhydrin in acetone and heating at 100 °C for 2 min 

Rf  values were calculated using the formula: 

Rf =  Distance travelled by solute 
Distance travelled by solvent 

m. Mycolic acids (226,228) 

Dry bacteria (50 mg) were mixed with 3 ml methanol, 3 ml toluene 

and 0.1 ml concentrated sulphuric acid in a capped tube. The contents 

were mixed thoroughly and methanolysis allowed to proceed for approx. 

12-16 h at 50 °C in an oven. The reaction mixture was allowed to cool to 

room temperature, 1.5 ml of hexane added, mixture shaken and then 

allowed to settle (two layers are formed). Samples from the upper layer 

are spotted on a silica gel plates and the chromatograms developed in 

hexane/ diethyl ether (85:15 by volume). The lipids were revealed as blue 

spots on yellow background by spraying with 10% (w/v) 

dodecamolybdophosphoric acid in ethanol and heating at 140 °C for 10 

min. 
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Rf values Interpretation 
Methyl esters of non 

hydroxylated fatty acids 
> 0.6 

0.2-0.5 Methyl esters of mycolic acids 
from Corynebacterium 

Methyl esters of mycolic acids 
from Mycobacterium . 

Multiple spot pattern 

n. Lecithinase test 

The cultures were streaked on egg yolk medium (AI. 13) and incubated for 

24 h. A turbid zone around the colony indicates positive lecithinase 

activity. 

Results 

Quantitation of accumulated PHA in screened isolates 

All of the 337 isolates from marine and mangrove sediments and 

sea-waters (chapter 2) were quantitated for the yield of polymer 

accumulated. The amounts of PHA accumulated by the 337 isolates are 

tabulated in Table 4.1. The amount of PHA formed by different isolates 

varied considerably. Some of the isolates such as 35/1, accumulated 
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Table 4.1: Accumulation of PHA in various isolates screened from 
Mangrove and marine sediments and sea-waters 

Isolates* PHA (WI) Isolates* PHA (g/l) I Isolates* PHA (g/l) 
7/B 0.303 17/A 0.346 57/BL 0.291 
9/B 0.584 22/A 0.714 58/BL 0.286 
8/B 0.692 26/A 0.034 59BL 0.581 
12/B 0.254 31/A 0.327 60/BL 0.524 
16/C 0.312 32/A 0.459 62/BL 0.827 
17/C 0.257 33/A 0.015 64BL 0.356 
1/P 0.106 38/A 0.386 9/1 0.025 
4/P 0.270 39/A 0.986 14/1 0.003 
6/P 0.249 43/A 0.817 17/1 0.002 
7/P 0.931 44/A 0.752 18/1 0.072 
8/P 0.013 12BL 1.26 20/1 0.019 
16/P 0.002 13/BL 0.986 25/1 0.106 
6/CL 0.014 14/BL 0.984 33/1 0.027 
7/CL 0.442 15/BL 0.364 35/1 0.003 
9/CL 0.751 16/BL 0.882 36/1 0.030 
12/CL 0.628 17/BL 0.867 48/1 0.112 
13/CL 0.366 26/BL 0.853 1/2 0.052 
15/CL 0.217 27/BL 0.932 2/2 0.065 
16/CL 0.579 28/BL 0.634 4/2 0.01 
17/CL 0.182 29/BL 0.587 5/2 0.021 
18/CL 0.874 30/BL 0.862 6/2 0.006 
19/CL 0.218 37/BL 0.053 7/2 0.042 
21/CL 0.161 41/BL 0.069 10/2 0.217 
22/CL 0.487 42/BL 0.461 17/2 0.063 
32/CL 0.026 43/BL 0.621 20/2 0.306 
33/CL 0.781 44/BL 0.618 24/2 0.113 
34/CL 0.012 45/BL 0.609 25/2 0.02 
35/CL 0.083 46/BL 0.832 28/2 0.516 

2/A 0.124 47/BL 0.791 32/2 0.396 
3/A 0.094 48/BL 0.773 33/2 0.329 
4/A 0.631 49BL 0.982 36/2 0.005 
6/A 0.287 50/BL 0.164 39/2 0.005 
7/A 0.364 54/BL 0.124 51/2 0.217 
8/A 0.316 55BL 0.735 52/2 0.086 
16/A 0.397 56BL 0.984 53/2 0.008 
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Isolates* PHA (g/l) Isolates* PHA (g/1) Isolates* PHA (g/l) 

54/2 0.01 53/3 0.057 10/5 0.292 
56/2 0.02 59/3 0.061 11/5 0.026 
58/2 0.053 60/3 0.026 12/5 0.148 
60/2 0.013 70/3 0.032 13/5 0.026 
61/2 0.006 75/3 0.058 16/5 0.022 
63/2 0.011 80/3 0.022 17/5 0.041 
2/3 0.041 2/4 0.043 18/5 0.282 
3/3 0.053 21/4 0.065 20/5 0.009 
5/3 0.771 25/4 0.055 21/5 0.061 
6/3 0.194 31/4 0.067 22/5 0.198 
11/3 0.067 40/4 0.043 23/5 0.013 
12/3 0.056 47/4 0.040 24/5 0.020 
13/3 0.082 48/4 0.035 27/5 0.037 
15/3 0.017 49/4 0.648 28/5 0.001 
18/3 0.053 51/4 0.047 29/5 0.035 
19/3 0.052 52/4 0.139 30/5 0.041 
20/3 0.061 57/4 0.033 31/5 0.008 
21/3 0.084 58/4 0.168 33/5 0.005 
22/3 0.07 61/4 1.752 34/5 0.011 
24/3 0.073 62/4 0.799 35/5 0.042 
26/3 0.075 63/4 0.084 36/5 0.040 
29/3 0.070 64/4 1.167 39/5 0.046 
33/3 0.062 66/4 0.110 42/5 0.010 
34/3 0.033 68/4 0.066 43/5 0.058 
37/3 0.042 70/4 0.059 44/5 0.062 
40/3 0.109 77/4 0.067 45/5 0.006 
41/3 0.052 82/4 0.447 46/5 0.058 
42/3 0.063 87/4 1.373 47/5 0.067 
44/3 0.060 88/4 0.024 48/5 0.048 
45/3 0.002 89/4 0.346 50/5 0.035 
46/3 0.117 90/4 0.747 51/5 0.033 
47/3 0.019 94/4 0.650 54/5 0.029 
48/3 0.025 96/4 0.537 55/5 0.058 
49/3 0.033 4/5 0.012 57/5 0.062 
50/3 0.002 5/5 0.013 58/5 0.101 
51/3 0.006 8/5 0.043 59/5 0.009 
52/3 0.058 9/5 0.035 61/5 0.016 
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Isolates* PHA (g11) Isolates* PHA (g/l) Isolates* PHA (WI) 
62/5 0.061 117/5 0.402 178/5 0.657 

63/5 0.009 118/5 0.241 179/5 0.111 

64/5 0.017 119/5 0.053 180/5 0.094 

65/5 0.041 120/5 0.462 181/5 0.101 

67/5 0.063 121/5 0.896 182/5 1.040 
68/5 0.058 122/5 0.355 183/5 0.097 

71/5 0.060 123/5 0.460 184/5 0.066 
72/5 0.061 124/5 0.043 187/5 0.075 
73/5 0.060 125/5 0.953 190/5 0.252 
74/5 0.062 126/5 0.401 191/5 0.652 
75/5 0.064 128/5 0.665 194/5 0.593 
76/6 0.009 129/5 0.057 195/5 0.045 
78/5 0.042 131/5 0.675 196/5 0.630 
83/5 0.040 132/5 0.075 197/5 0.445 
84/5 0.059 133/5 0.750 199/5 0.818 
86/5 0.012 136/5 0.591 200/5 0.564 
88/5 0.047 138/5 0.462 12/6 0.908 
89/5 0.009 139/5 0.035 14/6 0.501 
90/5 0.008 140/5 0.082 16/6 0.647 
93/5 0.008 141/5 0.067 36/6 0.886 
94/5 0.014 143/5 0.052 53/6 0.047 
95/5 0.014 144/5 0.038 83/6 0.183 
96/5 0.047 145/5 0.431 85/6 1.250 
97/5 0.061 149/5 0.770 86/6 1.46 
98/5 0.667 153/5 0.036 88/6 0.660 
99/5 0.530 154/5 0.073 92/6 0.620 
100/5 0.555 155/5 0.134 96/6 0.752 
102/5 0.043 158/5 0.590 98/6 0.939 
104/5 0.067 159/5 0.033 99/6 0.650 
105/5 0.043 160/5 0.268 100/6 0.513 
106/5 0.012 162/5 0.752 107/6 0.593 
110/5 0.022 165/5 0.050 109/6 0.658 
111/5 0.034 166/5 0.094 110/6 0.523 
113/5 0.625 169/5 0.057 113/6 0.845 
114/5 0.079 171/5 0.175 118/6 0.256 
115/5 0.099 172/5 0.074 119/6 0.528 
116/5 0.094 174/5 0.277 120/6 0.459 
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Isolates* PHA (g/l) Isolates* PHA (g/l) Isolates* PHA (g/1) 
123 0.127 134/6 0.902 142/6 0.583 

125 0.023 135/6 0.696 143/6 0.498 

126 0.235 136/6 0.516 150/6 0.326 

127 0.583 

*, site from where the culture was isolated. B, Baga; C, Calangute; P, 
Palolem; CL, Colva; A, Arambol; BL,1-3,5, Mangroves of Mandovi river, 
Ribandar; 4, Talpona and Karwar; 6, Bombay high oil fields. 
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negligibly small amounts of PHA, as low as 2.6 mg to 3.0 mg. Where as 

some isolates accumulated high amounts of PHA, more than one gram 

per litre. Amongst the various isolates, seven isolates namely 61/4, 64/4, 

87/4, 182/5, 12/BL 85/6 and 86/6 accumulated more then one gram of 

PHA per liter of culture broth. Isolates 61/4, 64/4 and 87/4 were screened 

from the sea-water from Talpona and Karwar, while isolates 85/6 and 86/6 

were obtained from the marine sediments of Bombay high oil fields, which 

are rich in hydrocarbons from the crude oil. Isolates 182/5 and 12/BL 

were isolated from the mangrove swamps of the Mandovi river, Panjim. 

The amount of polymer accumulated by these seven isolates ranged 

between 28.73-59.35 % of the cellular dry weight (Table 4.2). These 

seven isolates due to their high potential for PHA accumulation were 

selected for further studies. 

Identification of the selected isolates 

The seven selected isolates were tentatively classified based upon 

their morphological, cultural and biochemical characteristics, using the 

Bergey's Manual of systemic Bacteriology (225-226). The morphological, 

cultural and biochemical characters of the seven isolates are presented in 

Table 4.3 and Fig. 4.1. 
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Table 4.2 : Yield of PHA accumulated by the selected cultures 

Isolates 61/4 64/4 87/4 182/5 12BL 85/6 86/6 
A420 

(1:10 
dilution) 

0.322 0.312 0.314 0.314 0.330 0.330 0.311 

Dry wt. 
(0) 

4.52 4.44 3.61 3.62 3.28 2.50 2.46 

Wet wt. 
(g/1) 

45.60 43.60 38.90 37.50 36.01 31.16 30.04 

PHA 
WO 

1.75 1.17 1.37 1.04 1.26 1.25 1.46 

PHA 
(% CDW) 

39.21 24.09 37.95 28.73 38.36 50.00 59.35 

CDW, Cellular dry weight 
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Table 4.3: Cultural, morphological and biochemical characteristics of the selected 
isolates accumulating PHA 

Isolates 61/4 64/4 87/4 182/5 12BL 85/6 86/6 
Source Sea water Sea water Sea water Mangrove 

Sediment 
Mangrove 
Sediment 

Marine 
Sediment 

Marine 
Sediment 

Colony 
characters 

3mm, 
colourless, 
translucent, 

moist 

3mm, 
colourless, 
translucent, 

moist 

3mm, 
colourless, 
translucent, 

moist 

3mm, 
colourless, 
translucent, 

moist 

3mm, 
violet, 

translucent, 
moist 

3mm, buff, 
translucent, 

moist 

3mm, buff, 
translucent, 

moist 

Gram's 
staining 

+ + + + 
. 

- - - 

Morphology Regular 
rods in 

palisades 

Regular 
rods in 

palisades 

Irregular 
rods 

Irregular 
rods 

Short rods Short rods Short rods 

Polar flagella - - - - + + + 
Motility + + - - + + + 
O-F test F F F F F F F 

Catalase + + + + + + + 
Oxidase - + + + + + 
NO3-  to 

NO2" 
+ + - - + + + 

Require 
Na+  

- - - - - + + 

Growth 
factor 

+ + + + - - - 

Lipase 
Amylase 

Gelatinase 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
ND 
ND 

+ 
ND 
ND 

- 
- 
+ 

- 
ND 

- 

- 
- 
- 

Cellulase + + + + - - - 
Arginine 

hydrolysis 
- - - - + + + 

Genus Listeria Listeria Colyn* 	e- 
bacterium 

Coryne- 
bacterium 

Chromo- 
bacterium 

Vibrio Vibrio 

Key: +, positive reaction; -, negative reactions; ND, not done; O-F test, oxidative 
fermentative metabolism of glucose by Hugh and Leifson's test; 0, Oxidative; F, 
Fermentative 
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Fig. 4.1 : Cultural characteristics of the selected isolates grown on LB agar 
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All isolates were non-sporulating rods, four giving positive Gram's 

reaction, while three giving negative Gram's reaction. 

a. Isolates 61/4 and 64/4 

These two isolates were Gram positive, regular, facultative 

anaerobic, non-sporulating rods. Cells of these cultures, on ailing arrange 

themselves along the long axis (Fig. 4.2) and lose the ability to retain 

Gram's stain. They possessed catalase enzyme and were motile in nature. 

They metabolized glucose fermentatively without gas formation. They had 

a definite requirement for organic growth factors, could reduce nitrates to 

nitrites but, could not hydrolyze gelatin. These cultures lacked mycolic 

acids and hence based upon these results (Fig. 4.3) were classified as 

Listeria sps. 

b. Isolates 87/4 and 182/5 

These are gram positive, irregular, facultatively anaerobic, non-

sporulating rods. The cells of these cultures exhibit a change in 

morphology on aging. The cells become short and exhibit pleomorphic 

forms (Fig. 4.4). They are non motile in nature and have m-

Diaminopimelic acid as the major peptidoglycan component, confirmed on 
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Fig. 4.2 : Gram's staining of culture 61/4 after (a) 24 h and (b) 48 h of 
growth (magnification 1000 x) 
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Non sporualting Gram positive rods 

1 	 I 	 i 
Regular rods 	 Irregular rods 

I 	
I 	 1 

I 	 I 	 I 
Facultative anaerobes 	Aerobes 	Facultative anaerobes Aerobes 

I 	 I 
 

I 	 f 	I 	 f 
Catalase positive Catalase negative Catalase negative 	Catalase positive 

t 

Non motile 
	

Motile 

Brock othrix Fermentative metabolism 

Organic growth factors 
	

Mycolic acids 

	

Listeria 	 Fermentative 
metabolism 

Corynebacterium 

Gram negative rods 

Strict aerobes 	 Facultative anaerobes 

Oxidase negative 	 Oxidase positive 

Entrobacteriaceae Motile 	 Non motile 

Polar flagella 	 Lateral flagella Pasteurellaceae 

Violet colonies 

Oxidative 
	

Fermentative 

Lecithinase 

Casein hydrolysed 

Chromobacterium 

No growth at 4°C, HCN 
production, arginine hydrolysed 

C violaceaum 

Non motile 

m-DAP Colourless colonies 

Vibrionaceae 

Accumulation, Janthinobacterium 
utilisation PHB 

-1- 
Na+  for growth 

Vibrio 

Aginine dihydrolase, reduction of NO3 to NO2, 
Fermentative, growth at 40°C, No lipase, gelatinase, amylase activity 

V nereis 

Fig. 4.3 Classification of the selected isolates as per Bergey's Manual of systemic bacteriology (225-226) 
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(a) 

Fig. 4.4 : Gram's staining of culture 87/4 after (a) 24 h and (b) 96 h of 
growth (magnification 1000 x) 

133 



Chapter 4 

a co-TLC with standard diaminopimelic acid (Sigma Chemical) when a Rf 

0.45 was obtained. The presence of mycolic acids in the cell walls was 

confirmed by a TLC, when the methyl esters of mycolic acids 

resolved with Rf 0.5. Glucose was metabolized fermentatively without 

gas formation. They could hydrolyze starch, lipid, gelatin and cellulose 

and thus based on these characteristics were classified as 

Corynebacterium sps. (Fig. 4.3). 

c. Isolate 12/BL 

These are gram negative, facultatively anaerobic short rods. They 

have oxidase and catalase activities, and are motile by means of a polar 

el 
 flagella. They formAviolet pigmented colonies on luria bertani agar (Fig. 

4.1) and metabolizolglucose fermentatively. The culture produced a turbid 

zone around the colony on egg yolk medium exhibiting the lecithinase 

activity. 12BL can degrade casein and reduce nitrate to nitrite. Based on 

these characteristics, 12/BL is placed under the genus Chromobacterium. 

The culture does not grow at 4 °C upto 7 days, but grows luxuriantly at 37 

°C within 18 h. It can produce HCN and hydrolyses arginine These 

characteristics of isolate 12/BL, classify it as Chromobacterium violaceum 

(Fig. 4.3). 
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d Isolates 85/6 and 86/6 

These cultures are gram negative, facultatively anaerobic short rods. 

They possess oxidase and catalase activities and are motile by means of a 

polar flagellum. When grown on nutrient agar, the colonies are buff 

coloured. The isolates can accumulate as well as utilize PHB and have 

obligate requirement for sodium ions for growth. Based on these 

characteristics, the isolates are placed under the genus Vibrio. These 

isolates could hydrolyse arginine, but not lipids, strach and gelatin. They 

do not produce acetoin and/or diacetyl, but can grow at 40 °C when 

checked upto 5 subcultures. Glucose is metabolized fermentatively. They 

can utilize benzoate, arabinose and mannitol and hence, based upon these 

characteristics are identified as Vibrio nereis. 

Discussion 

Selection of the potential PHA accumulators 

A wide variety of bacteria are known to accumulate PHA (Table 

1.1). These bacteria have been reported from various environments, but 

not from the marine ecosystems of the tropical areas. Bacteria isolated 

from soils have been reported to accumulate 1.95 g/1 (Bacillus sp.) (14) 
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and 0.225 g/1 (Azo. beijerinckii) (220) of PHB, while Methylobacterium 

sp. isolated from a pond is reported to accumulate 1.24 g/1 (15). However 

the amounts of PHA extracted from the 337 bacterial isolates screened 

from the tropical marine ecosystem accumulated as high as 1.73 g/l PHA 

as seen in isolate 61/4. PHA accumulation in bacterial cells increases as 

the incubation period proceeds and declines on further incubation. Since 

all the cultures were quantitated after a certain period of 48 h, it is possible 

that the low yields of PHA obtained for certain cultures is probably due to 

the selected time of harvesting the cells, which was either prior to the 

maximum or after onset of PHA hydrolysis. Seven such isolates were 

obtained which accumulated more than one g/1 of PHA and were selected 

as the potential accumulators for further study. The yield of PHA 

accumulated by the seven isolates amounted to 23.33- 59.35% of their 

cellular dry weight, signifying the higher potential of the ecosystem as 

compared to the other ecosystems. 

Identification of the selected isolates 

Classification of bacteria is recently done using nucleic acid 

sequence homology. Nucleic acids have the property of denaturation and 

renaturation forming DNA/DNA or DNA/RNA hybrids. The hybridization 
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takes place based upon the sequence homology. This property of nucleic 

acids has been used in bacterial taxonomy. Although the exact level of 

DNA homology above which one considers organisms as belonging to the 

same species is arbitrary, similar homology clusters have been found in all 

bacterial groups that have been investigated (225-226). 

A major practical use of DNA homology data is for correlation with 

individual phenotypic tests. Variability for a trait among strains within a 

DNA homology group as well as distinct DNA homology groups that 

differ from each other by only a few traits is common. Correlating 

phenotypic test results with DNA homology groups enables to select 

phenotypic tests that are required for the accurate identification of 

organism (225-226). 

Comparison of ribosomal RNA (rRNA) cistrons by rRNA 

homology experiments and 16S oligonucleotide catalogue similarities are 

providing data from which a more unifying phylogenetic concept for higher 

bacterial taxa is possible. On the basis of 16S rRNA oligonucleotide 

similarity, higher bacterial taxa, which were dropped from the eighth 

edition of Bergey's Manual have been proposed to be reestablished. The 
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16S rRNA oligonucleotide similarity values have contributed greatly to the 

present taxonomic scheme of the methanogenic bacteria and to the 

establishment of Division IV Mendosicutes in the Kingdom Prokaryotae 

(225-226). 

Though the recent trend of confirming the placement of cultures in 

taxonomic groups is based on the molecular toot the selected isolates 

were identified on basis of the cultural, morphological and biochemical 

characteristics as per the second edition of Bergey's Manual of systemic 

bacteriology (225-226). 

A wide variety of bacterial species are capable of accumulating 

PHA (9,19). The different organisms listed in Table 1.1 are prokaryotic 

and there are no substantial reports on PHA accumulation as granules in 

eukaryotes. Amongst the bacteria with good productivity of PHA are 

Alcaligenes eutrophus (now Ralstonia eutropha), Pseudomonas sp, 

Methylobacterium sp., Rhodobacter sp., etc. (9,116,172). 

Isolates 87/4 and 182/5 have been identified as Corynebacterium 

sp. which has been grouped as Gram positive, irregular, non-sporulating 
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rods. The other members of this group like Arthrobacter, Renibacterium, 

Caseobacter, Micro bacterium, etc. are not reported to accumulate PHA. 

However, the presence of PHA in Corynebacterium sp. has been reported 

by Scott et al (229), but no efforts have been taken to quantitate the 

amount of polymer accumulated and to characterize the polymer. 

Isolate 12BL, identified as Chromobacterium violaceum and 

isolates 85/6 and 86/6, Vibrio nereis are placed in the group of Gram 

negative facultative anaerobic rods, along with the families like 

Enterobacteriaceae, Vibrionaceae and Pasteurellaceae (Fig. 4.3). The 

genera like Shigella, Salmonella, Aeromonas, Pasteurella, etc. do not 

accumulate PHA. Only three genera of this group known to accumulate 

PHA are; Escherichia, Vibrio and Chromobacterium. In E. coli, PHB are 

complexed with calcium ions and polyphosphates in the cell membranes, 

but do not exist as granules (20,84-87). Studies in C. violaceum have 

been done to clone the PHA biosynthetic genes in E. coli, R. eutropha, K 

aeruginosa and Ps. putida (157,230). Amongst the Vibrio sp., V harveyi 

(231) and V parahaemolyticus (232) and V. nereis (225) are known to 

accumulate PHA. 
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Isolates 61/4 and 64/4 have been identified as Listeria sp. which is 

placed in the group of Gram positive, regular, non-sporulating rods. The 

other members of this group like Lactobacillus, Kurthia and Brochothrix 

do not accumulate PHA, but Caryophanon latum has been reported to 

accumulate PHA (233). The isolation of Listeria sp. accumulating PHA is 

a novel report. Isolation of such bacteria from the ecosystem, signifies the 

high potential of the ecosystem to harbour various bacteria with novel 

characteristics. 

The seven isolates selected, accumulated a sufficiently good amount 

of polymer as compared to those reported from the other ecosystems. The 

parameters of growth and PHA accumulation when optimized is expected 

to increase the yield of PHA further and hence it is necessary to optimize 

the physico-chemical parameters of growth for maximum PHA 

accumulation. 
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Optimization of the physico-chemical parameters for 

PHA accumulation 

The prohibitively high cost of production limits the use of PHA as 

plastics, as only biotechnological processes produce them in sufficient 

amounts for technical applications at the moment (19). The high 

production cost of PHA is mainly due to two reasons 

(a) the high cost of downstream process, due to the extensive use of 

solvents and 

(b) the conversion of the carbon substrate into the product. 

These problem can be overcome using a high PHA yielding organism and 

by optimizing the physico-chemical parameters for growth of the culture 

and polymer accumulation (30,49, 234) and by reducing the cost of the 

raw materials and downstream process. 

Seven potential PHA accumulating bacteria were selected from the 

isolates from estuarine and marine ecosystems of the tropical areas 

(chapter 2 and 4). These seven isolates accumulated more than one g/1 

PHA. This chapter discusses the increase in the polymer content of the 
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selected seven isolates obtained from marine and mangrove sediments and 

sea-waters, on varying some of the physico-chemical parameters necessary 

for growth and polymer accumulation. 

Materials and Methods 

Optimization of the physico-chemical parameters 

The isolates were grown in 50 ml E2 mineral medium (118) with 

2% (w/v) glucose and incubated on an Orbitek environmental shaker at 

28 °C and 150 rpm and the figures presented are the means of three 

independent experiments. 

Time dependent studies were carried out by withdrawal of a pair of 

flasks at each time interval (4 h). The growth in the liquid medium was 

monitored in terms of absorbance of the culture at 420 nm on a Shimadzu 

UV 1601 spectrophotometer and the changes in pH were checked on a 

Labindia pH analyser. 

Effect of varying glucose concentrations, in the range of 0.5-8.0% 

(w/v) and varying nitrogen content in terms of Microcosmic salt 
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[(NaNH41-1)PO4] was checked in the range of 2.5-20 mM in E2 mineral 

medium. Effect of varying carbon substrate was checked by substituting 

glucose with 2% (w/v) of carbohydrates like sucrose, fructose, lactose, 

maltose, mannitol and other carbon substrates like 1% (w/v) Sodium 

benzoate and sodium acetate. Effect of organic nitrogen supplement was 

checked by substituting yeast extract with other complex nitrogen sources 

such as beef extract, casein, tryptone, meat extract, peptone and malt 

extract in the concentration 0.04% (w/v) in the E2 mineral medium. 

Aeration rate was optimized, by growing the isolates at different rpm 

levels of 100, 150 and 200. pH value for optimum growth and polymer 

accumulation was studied by altering the pH of the growth medium. For 

all the experiments PHA were extracted by the hypochlorite method (Hyp) 

and assayed by the Slepecky and Law method (191). 

Scale-up studies 

Production of PHA by the isolate 85/6 was scaled up to the 31 level 

using a 51 fermenter (BIOSTAT B, B. Braun Biotech International). The 

impeller speed was maintained at 300 rpm, aeration rate at 1 g/1 and the 

temperature was maintained at 37 °C. Silicone was used as an antifoam 

agent only when required. 

143 



Chapter 5 

Results 

Optimization of the physico-chemical parameters 

a. Time of incubation 

The time taken for each isolate to accumulate a good yield of PHA 

depends on the rate at which the culture grows. The accumulation of PHA 

begins in the late log phase of growth, coinciding in some isolates with 

slight drop in media pH (Fig. 5.1, 5.2). Maximum accumulation of PHA 

was seen in the stationary phase of growth (Fig. 5.1, 5.2). On further 

incubation the yield of PHA is seen to fall for most of the isolates except 

for cultures 12BL and 85/6 for which the PHA yield plateaued. Isolates 

61/4, 64/4 and 182/5 accumulated maximum amount of the polymer after 

44 h of growth; isolate 87/4 after 38 h of growth (Fig. 5.1), while isolates 

12/BL and 85/6 accumulated maximum amount of PHA after 56 h of 

growth (Fig. 5.2). Isolate 86/6 was seen to accumulate: maximum amount 

of PHA after 64 h of growth (Fig. 5.2). 

b. Aeration 

Aeration of the culture during growth affects the accumulation of the 

polymer. The effect of aeration on PHA accumulation is studied by 
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,speed 
growing the cultures on shakers at differeny .(rpm) The aeration levels were 

seen to vary for each isolate (Figure 5.3a). Isolates 87/4, 182/5 and 12/BL 

accumulated maximum amount of PHA at lower aeration level of 100 rpm, 

while isolates 85/6 and 86/6 required high aeration of 200 rpm for 

maximum PHA accumulation (Figure 5.3a), isolates 61/4 and 64/4 

accumulated the best at 150 rpm. 

c.pH 

Initial pH of the medium is also seen to affect the PHA 

accumulation. All the isolates showed the optimum accumulation of PHA 

when grown in medium at pH 7.0 (Figure 5.3b). Medium at lower pH did 

not support polymer accumulation (Figure 5.3b), but it was observed in 

some isolates that the onset of PHA accumulation coincides with the slight 

drop in pH of the medium during growth (Figure 5.1). 

d. Glucose concentration 

The accumulation of the polymer initially increased with the 

increase in glucose concentration, till a threshold was reached, after which 

the yield either remained steady for some isolates or decreased. Glucose 

at 2% (w/v) concentration gave a maximum yield of polymer 
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except for isolate 86/6, which showed higher accumulation of PHA at 4% 

(w/v} glucose concentration (Fig. 5.4a). 

e. Nitrogen content 

The yield of PHA accumulated increased on varying the nitrogen 

content of the medium. In isolates 87/4, 182/5 and 85/6, 10 mM nitrogen 

gave the maximum yield of 1.3 g/l, 1.2 g/l and 3.31 g/l respectively, 

whereas for isolates 61/4, 64/4, 12/BL and 86/6, 15 mM nitrogen gave the 

maximum PHA accumulation of 1.79 g/1, 1.69 g/l, 1.78 g/1 and 2.79 g/1 

respectively (Fig. 5.4b). 

f. Carbon substrates 

The PHA accumulation in the seven isolates varied for different 

carbon substrates. Though all cultures accumulated optimum amounts of 

PHA when grown in glucose, they also exhibit a good accumulation of the 

polymer in sucrose (Figure 5.5a). Except for isolate 85/6, which 

accumulated higher yield of PHA when grown in fructose than in glucose 

(Figure 5.5a). Isolates 12/BL, 85/6 and 86/6 could accumulate PHA when 

grown in acetate, while isolate 85/6 accumulated a low amount of polymer 

when grown in maltose and mannitol (Figure 5.5a). Isolate 
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12/BL utilized citric acid for growth but did not accumulate PHA. Isolates 

85/6 and 86/6 could utilize aromatic hydrocarbons like sodium benzoate 

for PHA accumulation. Thus the Gram negative isolates have a good 

potentiality of utilizing various carbon substrates and accumulating PHA. 

g. Organic nitrogen supplement 

PHA accumulation was also influenced by the organic nitrogen 

supplement. All isolates accumulated the maximum amount of PHA when 

grown with yeast extract (Figure 5.5b). Least accumulation of PHA was 

obtained when the isolates were grown with casein, except for isolates 

85/6 and 86/6. Beef extract yielded a fairly good amount of polymer for 

all isolates, except 85/6. 

Overall, by optimizing some of these physico-chemical parameters 

the yield of PHA accumulated was increased upto as high as 3.12 folds, as 

seen in isolate 85/6. On isolation from the marine ecosystem, isolate 85/6 

accumulated 1.25 g/l PHA and on optimization of some of the parameters, 

accumulated as high as 3.9 g/1 PHA. The optimized parameters for the 

selected isolates are tabulated in Table 5.1. 
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Table 5.1: Optimized conditions for maximum yield of PHA in the selected 
bacterial isolates during growth in E2 medium 

Isolates 61/4 64/4 87/4 182/5 12BL 85/6 86/6 

Time (h) 44 44 38 44 56 56 64 

PH 7.2 7.2 7.2 7.2 7.2 7.2 7.2 

Aeration (rpm) 150 150 100 100 100 200 200 

Glucose 
(%w/v) 

2 2 2 2 2 2 4 

Nitrogen 
content (mM) 

15 15 10 10 15 10 15 

Organic 
nitrogen 

Yeast 
extract 

Yeast 
extract 

Yeast 
extract 

Yeast 
extract 

Yeast 
extract 

Yeast 
extract 

Yeast 
extract 

Carbon source Glucose Glucose Glucose Glucose/ 
Sucrose 

Glucose/ 
Sucrose 

Fructose Glucose 

PHA yield 
(gir l)  

1.8 1.7 1.4 1.4 2.2 3.9 3.7 

PHA (%) 
(CDW) 

39.39 34.21 38.46 35.26 52.21 75.73 78.72 

CDW, cellular dry weight 
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Scale-up studies 

Isolate 85/6, accumulated a fairly high amount (3.9 g/1) of PHA after 

optimization and was selected for the scale-up studies. The isolate was 

grown in a 5 1 fermenter, for scaling PHA production to 31 of the medium. 

The growth and PHA accumulation of isolate 85/6 were studied along with 

time It was observed that the growth of the isolate in the fermenter 

exhibited a similar behaviour as that seen in the shake flask (Fig. 5.6). 

Also, the maximum accumulation of PHA was observed after 56 h of 

growth. 

Discussion 

Optimization of the physico-chemical parameters 

PHA are accumulated by organisms as storage materials during 

favorable conditions of growth, generally presence of rich nutrients. 

Organisms accumulating PHA have the ability to depolymerise and utilize 

the products as a carbon and energy source, during unfavourable growth 

conditions (17,74). The amount of polymer accumulated increases to the 

maximum during the growth of the culture, followed byaLdecline (18,22). 
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The accumulation of the polymer begins in the late log phase of growth 

and the maxima achieved during the stationary phase of growth. It is 

therefore important to harvest cells at the optimum time to get a maximum 

yield of PHA. While screening for PHA accumulators, it is likely that 

some isolates with high potential for PHA accumulation may have been 

missed, if the time of screening did not coincide with the optimum PHA 

content. 

Aeration and pH of the growth medium are two important physical 

parameters (30,234-235) which have been found to influence growth and 

thus accumulation of PHA for each of the isolates (Fig.5.3). The aeration 

level of the medium cannot be generalized for all isolates. Though lower 

aeration rates or limited oxygen levels are reported to favour PHA 

accumulation (30,235), it does not seem to be true for all cultures (234). 

From Fig. 5.3a and Table 5.1 it is evident that some cultures like 85/6 and 

86/6 accumulate a maximum amount of PHA at higher aeration levels. At 

lOw aeration levels or at low dissolved oxygen concentrations, the uptake 

of glucose is lowered, thus reflecting on lower PHA synthesis (234). 
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All the selected isolates grew best at neutral pH and hence 

maximum accumulation of PHA was obtained at neutral pH (7.2). 

Although the cultures grew at lower and higher pH values, a drastic fall in 

the yield was seen. Thus the physical parameters influence the growth and 

PHA accumulation. 

On varying the inorganic nitrogen content of the medium, a 

significant increase in PHA accumulation was obtained. Under limited 

amounts of nitrogen and phosphorus, PHA accumulation is reported to 

improve (49,64,236-239). A significant increase in the amount of PHA 

accumulated was seen in isolate 85/6 by limiting the nitrogen content to 10 

mM, probably due to the increase in the activity of the enzymes 

metabolizing PHA (61). 

PHA accumulation was seen to increase with glucose concentration, 

till 2% (w/v) concentration. On further increase in the glucose 

concentration, the yield of PHA was either seen to fall or remain same for 

some isolates. At 2% (w/v) glucose and 15 mM Microcosmic salt ie- the 

carbon : nitrogen ratio of approx. 1: 0.018 was best for PHA accumulation 

in isolates 61/4, 64/4 and 12BL, while for isolates 87/4, 182/5 and 85/6, 
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the C:N ratio of approx. 1: 0.012 suited the best for PHA accumulation. 

Isolate 86/6 accumulated maximum amount of PHA at 4% (w/v) glucose 

and hence the best C:N ratio was approx. 1: 0.009. 

Though all isolates showed best PHA accumulation when grown in 

glucose, they also possessed the ability to utilize various other sugars and 

carbon substrates to accumulate PHA. Disaccharides like Sucrose and 

lactose were utilized and a good yield of PHA was obtained from most of 

the isolates. Many cultures have been reported to accumulate PHA from 

saccharides (15,240), xylose (241), pentoses (242) and from organic acids 

(66). The ability of cultures 85/6 and 86/6 to grow and accumulate PHA 

from 1% sodium benzoate and the ability of isolate 12BL to utilize citrate 

and acetate increases the potentiality of these cultures to utilize the 

industrial and agricultural by-products. There are several reports on use of 

agricultural wastes like cheese whey (15,161), wheat bran (14), beet and 

cane molasses, corn syrup (52-53) for PHA accumulation. Also, plant oils 

such as corn oil, olive oil and palm oil (243) have been used to cultivate 

organisms for PHA accumulation. 
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The PHA accumulation is also influenced by the organic nitrogen 

supplement. Bormann et al (244) have studied the effect of organic 

nitrogen substrates such as casein, casamino acids, urea and yeast extract 

in Azotobacter beijerinckii. 

As high as three fold increase in the yield of the polymer is obtained 

by optimization of some of the physico-chemical parameters in the isolate 

85/6. Thus in order to produce PHA economically, the use of cheap and 

easily available raw materials is desirable. Isolates 85/6, 86/6 and 12BL 

possess the ability to accumulate PHA from various carbon substrates and 

therefore offer a much higher potential for economic production of PHA 

from cheap raw materials. 

Scale-up studies 

The behaviour of isolate 85/6 in the fermenter was observed similar 

to that in the laboratory flask. Also, the amount of polymer accumulated 

and the optimum time for maximum accumulation coincide with that of the 

shake flask. 
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Optimization of the physico-chemical parameters increases the PHA 

yield and also helps in reducing the cost of the polymer and to produce a 

polymer with desirable properties. A polymer can be accepted 

commercially only if it possesses the necessary physical, chemical and 

mechanical properties, similar to the petrochemical plastics. Hence it is of 

importance to study the characterization of the PHA to decide their 

probable commercial use. 
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Characterisation of PHA 

Survey of mangroves and marine ecosystem of the tropical areas 

resulted in screening 337 bacterial isolates accumulating PHA (chapter 2). 

Amongst these, seven cultures possessed a high potential for PHA 

accumulation (chapter 4). Upon optimisation of some of the physico-

chemical parameters the yield of PHA could be increased significantly, with 

one of the cultures, 85/6 accumulating upto as high as 3.9 g/1 PHA (chapter 

5). These seven PHA accumulating bacteria also possessed the ability to 

utilise a wide range of carbohydrates and other carbon substrates, thus 

offering a potential for economic production of PHA from cheaper raw 

materials. It was therefore of interest to study material properties of PHA 

polymers, especially in relation to those of the petrochemical plastics. The 

properties of PHA vary with the composition of their monomeric units. PHB 
3- hyetkoxj vale:mate 

is stiffer and brittle in nature, however copolymerization withj3HV results in 

decreased stiffness and increased toughness, producing more desirable 

properties for commercial applications (104,121,245). Polymers may fail in 

specific applications simply because they do not possess the necessary 
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strength to carry the designed load or occasional overload or the texture 

quality (112). Hence it is very important to know the physical and 

mechanical properties of the polymers, to decide their further applicability. 

Materials and Methods 

Formation of PHA films 

PHA extracted from the seven isolates by Hyp (chapter 3) were washed 

with methanol and acetone consecutively and centrifuged at 8000 rpm for 20 

min. The polymers were then dissolved in hot chloroform (60 °C) and the 

solution poured onto glass trays. The chloroform was allowed to evaporate 

slowly at 4 °C by placing the trays in the cold room, because uniform films of 

PHA could not be obtained at room temperature, due to rapid evaporation of 

chloroform. On evaporation of chloroform the film of PHA obtained, was 

used to study the physical properties and the monomeric constitution of PHA. 
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Physical properties. 

a. Molecular weight 

PHA samples were dissolved and diluted in hot chloroform to form a 

concentration range between 0.125% - 2.0% (w/v); PHA polymers obtained 

from cultures 85/6 and 86/6 were highly viscous and were therefore used in 

the concentration range 0.0313% - 0.5% (w/v). The viscosity of the polymers 

was checked on a Brookefield Rheometer DVIII, using the spindle no. 42 and 

150 rpm. The data presented are the mean of two independent experiments 

done in duplicates. The inherent viscosity was calculated as 

Specific viscosity 	viscosity of polymer - viscosity of solvent 
viscosity of solvent 

Inherent viscosity = 	specific viscosity 
concentration 

Concentration of polymer solution is plotted against the inherent viscosity 

and extrapolated to C = 0. The intercept on the Y-axis is the intrinsic 

viscosity [i]. The molecular weights of the polymers were calculated using 

Mark-Houwink equation 

I = KMa 
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where, K = 1.18 x 104  and oc = 0.78 are constants for PHB in chloroform 

(246). 

b. Thermal analysis 

The melting temperatures of the polymers were recorded on Perkin-

Elmer Differential Scanning Calorimeter (DSC) 7. The polymer film 

weighing 5-10 mg was encapsulated in aluminium pans and sealed in a press. 

The reference pan was sealed empty. Two holes were bored in the pan lids to 

allow gaseous nitrogen to create an inert atmosphere in the DSC chamber and 

the sample. The pans were uniformly heated with a temperature increment of 

10 °C/ min upto 190 °C and rapidly quenched thereafter. The sample was 

reheated till 190 °C to check the stability of the polymer. Thermal 

degradation of PHA was checked by heating the polymer till 240 °C, 

quenching to room temperature and reheating it till 200 °C. A peak was 

obtained at the Tm of the sample. In case two peaks were obtained, the 

higher temperature was considered as the Tm. The enthalpy of fusion (AHm) 

is proportional to the area under the curve, taking into consideration the 

amount of sample taken for the analysis. 
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c. X-ray Diffraction Pattern 

PHA film, 1 mm thick was cast by chloroform evaporation and was 

allowed to stand at room temperature for 3 days. The film of dimensions 20 x 

1.5 x 1 mm was placed on the window and wide angle X-ray diffraction 

measurement of the polymers were made on Rigaku RAD II C system. 

CuKa radiation was used as the source. The X-ray diffraction patterns of the 

samples were recorded at 25 °C in the range 20 = 0 - 40° at scan speed of 

2 °/ min. The percentage crystallinity was calculatedfrom diffracted intensity 

data according to Vonk's method (247). 

A critical step in X-ray crystallinity determination is the separation of 

the crystalline peaks from the background of amorphous scattering. Since X-

ray diffraction pattern of a totally amorphous PHA was not available, the 

percentage crystallinity was calculated by subtracting the area of crystalline 

peaks from the total area under the Gaussian curve, using concerned software 

a. Two points A and B were selected on the diffraction curve. The 

area under this curve was subtracted from the total integration area 

of the curve, using Guassian fit. To simplify, 2-3 Gaussian fit 

165 



Chapter 6 

curves were drawn between the two selected points. The next two 

points ie B and C are now marked and treated similarly. The 

crystalline areas (Ic) under the Gaussian curve ie: A-B, A-C, A-D, 

etc. is obtained from the total integration of the total area under the 

curve (I). 

b. S = 2 (sin 0) 	Where, 
X 	20 = diffraction angle 

X = 2a1  + ao  = 2(1.54056) + 1.5444 
3 	 3 

(from instrument specifications, a l& azare the 
two wavelengths used) 

c. The ratio of I / Ic is plotted against S 2, the points of which oscillate 

about the straight line with an upward curvature. The line is 

extrapolated till the Y-axis and the intercept is considered the 

reciprocal of Xc (Fig. 6.3 a,b). 

Xc = 1 / intercept on Y-axis 

Percentage crystallinity = Xc x 100 
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separate. The organic phase contained the esters and was collected and 

stored at 4°C. Methyl esters of standard DL-p-hydroxybutyric acid were also 

formed by the same method. The esters of PHA monomers were concentrated 

in a rotary evaporator and/or using stream of nitrogen gas. The esters formed 

were checked, by performing a qualitative test for esters (92). 

Qualitative test for esters : A drop or 0.05 g crystals of the sample are mixed 

with 1 ml of 0.5 M hydroxylamine hydrochloride in 95% ethanol and 0.2 ml 

of 6N aqueous sodium hydroxide. The mixture was heated to boil and 2 ml 

of 1N HC1 was added to the mixture, followed by one drop of 5% (w/v) ferric 

chloride. Appearance of magenta colour confirms the presence of esters in 

the sample. 

b. Ester derivatives of PHA extracted from marine sediments 

The polymers extracted from the marine sediments as mentioned in 

chapter 2, were esterified by acidic methanolysis as mentioned above. 

c. Chromatographic techniques 

i. 	Thin layered chromatography (TLC): A thin  slurry of Silica gel G 

(Acme's synthetic chemicals) was applied on glass plates, air-dried, 
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d. Mechanical Properties. 

Chloroform cast films of PHA were used to check the mechanical 

properties. PHA bars with dimensions 20 mm x 7.0 mm were made and the 

thickness was determined using a vernier calliper. PHA bars of thickness 1.0 

- 1.5 mm were used for the study. The mechanical measurements were done 

on an Instron Corporation Series D( Automated Material testing system 1.04, 

with sample rate 10 points/ s and crosshead speed 20 mm/ min. Testing was 

carried out at 27 °C with humidity 50 %. The mechanical tensile data were 

calculated as an average of three specimens. 

Chemical characterisation of the polymer 

a. Ester derivatives of PHA 

The PHA extracted from the seven isolates were washed with diethyl ether 

and esterified by acidified methanolysis (96,99). The polymers (50-60 mg) 

were suspended in a mixture of 2 ml methanol acidified with concentrated 

sulphuric acid (3% v/v) and 2 ml chloroform. The mixture was refluxed for 

3.5 h in a boiling water bath. On cooling to room temperature, 1 ml of 

distilled water was added and the sample shaken vigorously for 10 min. The 

sample was transferred to a separating funnel and the two phases allowed to 
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activated and used for separating the mixture of esters of monomeric 

units of PHA. The plates were run in solvent chamber saturated with 

benzene : ethyl acetate (1:1). The spots were visualised in an Iodine 

chamber. 

ii. 	Column chromatography : A 30 x 2 cm glass column was washed, 

cleaned and dried. Slurry of silica gel (60-120 mesh size) (Acme's 

synthetic chemicals) was prepared by mixing 50 g of gel in 100 ml 

benzene. Column was packed by adding the slurry slowly with the 

help of a glass rod. The packed column was equilibrated by washing 

twice with benzene and leaving it overnight. 1 ml of concentrated 

sample containing a mixture of esters of PHA was loaded onto the 

column using a Pasteur pipette and eluted using benzene as the mobile 

phase, followed by increasing gradient of ethyl acetate from 0.5-100% 

v/v and then with an increasing gradient of methanol from 0.2-50% v/v. 

The flow rate was adjusted to 0.5 ml/ min and approximately 2 ml 

aliquots were collected. The different aliquots, were checked by TLC 

and the aliquots with compounds possessing similar Rf were pooled 

and rechecked for purity on a TLC. The pooled samples were 
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concentrated in the stream of nitrogen and stored at 4 °C for further 

analysis. 

d. Infra red spectra 

Infra red (IR) spectra were recorded on a Shimadzu Fourier Transform 

(FT-IR) 8101A for the seven polymers dissolved in hot chloroform and the 

purified ester derivatives of PHA dissolved in chloroform. The chloroform 

solution of these was directly applied on the window, since the blending of 

PHA with potassium bromide (KBr) was not possible. The scans were 

recorded in the range 400 cm-1  to 4500 cm-1 . 

e. NMR scans 

I-H and 13C NMR spectra of the PHA and the purified methyl esters of 

PHA in CDC13  were recorded on a Bruken WT 300 MHz FT NMR 

spectrophotometer using tetra methyl silane as an internal standard. 
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Results 

PHA extracted from the seven isolates were analysed for their physical 

and mechanical properties and chemical characterisation. 

Physical properties 

The PHA dissolved in hot chloroform, form a film on evaporation (Fig. 6.1), 

which was used for characterisation. The physical properties of the seven 

PHA are presented in Table 6.1. 

a. Molecular weight 

The intrinsic viscosity [ri] and the average molecular weights of the 

polymers extracted from seven isolates are reported in Table 6.1. The 

average molecular weights for the PHA ranged from as low as 0.1858 x 10 6 

 for PHA from isolate 64/4 to as high as 1.87 x 106  for PHA from isolate 85/6. 

b. Thermal analysis 

Fig. 6.2A shows the calorimetric scan of PHA extracted from isolate 

85/6. The temperature at which the peak is obtained is considered as the 
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Table 6.1: Physical properties of PHA extracted from the seven selected 
isolates 

Isolates Intrinsic 
viscosity 

ill l 

Molecular 
weight 
(x 106) 

Enthalpy 
of fusion 
(AHm) 
(J/g) 

Temperature 
of melting 
(Tm) (°C) 

Per cent 
crystallinity 

(%) 

61/4 1.60 0.1985 46.55 166.71 45.36 
64/4 1.52 0.1858 46.72 166.75 45.28 
87/4 5.08 0.8704 32.54 162.97 41.19 
182/5 4.88 0.8293 32.46 162.36 41.57 
12/BL 4.68 0.7852 71.69 174.95 50.02 
85/6 9.20 1.8700 65.40 176.95 59.74 
86/6 7.44 1.4230 65.82 177.02 59.43 
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Fig. 6.2 : DSC curves of PHA from isolate 85/6 (A) before and (B) after 
thermal degradation 
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temperature of melting (Tm), however if two peaks were obtained, the higher 

temperature value was considered as the Tm. The Tm and the enthalpy of 

fusion (dHm) for the seven polymers are reported in Table 6.1. The Tm 

values of the seven PHA ranged between 162.36 °C for isolate 182/5 to 

177.02 °C for isolate 86/6. The AIN for melting the PHA varied from as low 

as 32.46 J/g to as high as 71.69 J/g. The glass transition temperature (Tg) of 

the polymers was not recorded in the selected range and hence is likely to be 

at temperatures below 28 °C. All the seven polymers were found to be melt 

stable, when heated above their Tm till 180 °C, quenched to room 

temperature and reheated till 180 °C. The peak at their Tm was reobtained on 

second heating, suggesting their stability. When heated beyond the Tm till 

210 °C and quenched to 50 °C, the peak at Tm was lost on subsequent 

heating (Fig. 6.2B). 

c. X-ray diffraction patterns 

The percentage crystallinity of the PHA films from the seven isolates was 

studied by X-ray diffraction patterns. Fig. 6.3 shows the crystalline and 

amorphous nature of the films from cultures 87/4 and 85/6. Plot of the ratio of 
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Fig. 6.3 : X-ray diffraction patterns of PHA from isolates (A) 87/4 and 
(B) 85/6 and inset are the plots of I/Ic against S 2  obtained for 
(a) 87/4 and (b) 85/6 
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I/Ic against S2  obtained for 87/4 and 85/6 are given in Fig.6.3a,b. The 

percentage crystallinity, calculated from diffracted intensity data according to 

Vonk's method (247) is presented in Table 6.1. PHA from cultures 85/6 and 

86/6 were the most crystalline (59%) followed by PHA from isolate 12/BL 

with 50% crystallinity. The PHA from isolates 87/4 and 182/5 were least 

crystalline while those from isolates 61/4 and 64/4 possessed moderate 

crystallinity of 45%. 

d. Mechanical properties 

Young's modulus, tensile strength and elongation to break are the three 

important mechanical properties tested for the polymers. Amongst the seven 

isolates, polymers from two isolates 61/4 and 85/6 were selected for studying 

the mechanical properties. Table 6.2 presents the mechanical properties of 

these two polymers, along with the comparative data on polypropylene and 

polyethylene, obtained from literature (9,114). The tensile strength of PHA 

from isolate 61/4 was 33.44 MPa, in close relation with polypropylene at 

38.00 MPa, suggesting the toughness of the polymer to be similar to 

polypropylene. But the elongation to break was found to be very low for both 
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Table 6.2: Mechanical properties of PHA extracted from isolates 61/4 and 
85/6 

Polymer Stress at 
break 
(MPa) 

Young's 
modulus 
(MPa) 

Tensile 
strangth 
(MPa) 

Strain at 
break (%) 

61/4 35.51 1785.00 33.44 11.40 
85/6 30.71 1474.00 25.81 15.41 

*Polypropylene 160.00 2000.00 38.00 140.00 
*Polyethylene 10.00 300.00 - 700.00 

* Doi 1990, Sasikala and Ramana 1996 (.1,1)0 
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the PHA studied as compared with polypropylene and polyethylene, 

suggesting its low elasticity. 

Chemical characterisation of PHA 

PHA extracted from the seven isolates were esterified with acidified 

methanolysis to form methyl esters of the monomeric components of PHA. 

The esterified monomeric components of the seven PHA when separated on a 

TLC, two different patterns were obtained as shown in Fig. 6.4. Methyl 

esters of hydroxyalkanoate (HA) from isolates 61/4, 64/4, 87/4, 182/5 and 

12/BL exhibited two distinct spots with Rf 0.75 and 0.6. On a co-TLC the 

spot at Rf 0.6 was found to coincide with the methyl ester of13- 

hydroxybutyric acid (HB). The homopolymers of HB are known to exhibit 

two spots, one being that of ester of HB and the other with higher Rf being of 

the dimeric hydroxybutyrate (80). 

IR spectra were recorded for these PHA films and its corresponding 

methyl esters of HA at Rf 0.6, dissolved in chloroform (Fig. 6.5). Spectra of 
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Fig. 6.4 : TLC profile of the methyl esters of PHA from . 

B, cultures 61/4, 64/4, 87/4, 182/5, and 12/BL, C, cultures 
85/6 and 86/6; D, marine sediments and A, methyl ester of 
standard13-hydroxybutyrate, 
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Fig. 6.5 : Infra red spectra of (A) PHA and (B) methyl ester of PHA with 
Rf 0.6 from isolate 61/4 
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all these polymers exhibited a sharp peak at 1750 cm -1 , corresponding to the 

C=0 stretching. The purified methyl ester of HA with Rf 0.6 showed a peak 

at 2950 cm' corresponding to the -CH3  stretching and a peak between 1700-

1750 cm ' corresponding to the C=0 stretching. The peak at 1200 cm -1 , 

confirmed C-0 stretching in both, HA films and the purified ester of HA. 

The 'H NMR scans of these five PHA polymers and their 

corresponding methyl esters with Rf 0.6 showed almost similar signals. Fig. 

6.6A,B shows the 1H NMR recorded for PHA from isolate 61/4 and its 

corresponding methyl ester at Rf 0.6. A doublet was recorded at 2.5 ppm 

corresponding to the methylene group (-CH2), while the signal at 5.3 ppm 

corresponded to the methine group (-CH-). Another signal at 1.3 ppm 

corresponded to the methyl group (-CH 3). The methyl esters show a sharp 

signal around 3.5 ppm corresponding to the CH 3-0 group of the esters. These 

results suggest the polymers to be poly-p-hydroxybutyrate and the esters to 

be methyl esters of 0-hydroxybutyrates. The structure of the polymers was 

further confirmed on 13C NMR spectra, where four distinct peaks were 

obtained (Fig. 6.7A). The peaks at 20 ppm, 40 ppm, 67-68 ppm and 170 ppm 
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Fig. 6.6 : IHNIVLR spectra of (A) PHA and (B) methyl ester of PHA with 
Rf 0.6 from isolate 61/4 
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Fig. 6.7 : 13C NMR spectra of PHA from isolates (A) 61/4 and (B) 85/6 

183 



Chapter 6 

represent the methyl (-CH3) group, methylene (-CH2-) group, ester (-O-CH-) 

group and the carbonyl carbon (-C-) group respectively, thus confirming these 

five polymers as homopolymers of 3-hydroxybutyrates. 

The esters of HA from isolates 85/6 and 86/6 exhibited four spots on 

TLC with Rf 0.75, 0.6, 0.44 and 0.3, two at Rf 0.75 and 0.6 being similar 

to those of PHB from isolate 61/4. These polymers were initially thought 

to be heteromers, with 3-hydroxybutyrate as one of the components. The 

ester at Rf 0.44 was separated from the mixture on the silica gel column 

and a 1H NMR was recorded. It was surprising to note that the spectrum 

resembled that recorded for the methyl ester of 3-hydroxybutyrate, except 

for the signal at 3.5 ppm, of the methyl ester moiety. Reesterification of 

the fraction by acidified methanolysis, showed a single spot of Rf 0.6 

confirming it to be methyl ester of 3-hydroxybutyrate. Hence the fraction 

with Rf 0.44 was confirmed as 3-hydroxy butyric acid, a fraction of PHA 

which got hydrolysed but not esterified. Also the spot at Rf 0.3 

corresponded to that of PHA polymer on a co-TLC. The structure of these 

two PHA was confirmed by 13C NMR spectra (Fig. 6.7), which recorded 
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four distinct peaks confirming the polymer to be homopolymer of 3- 

hydroxybutyrate similar to those obtained for isolate 61/4 (Fig. 6.7A,B). 

b. Esters of PHA extracted from marine sediments 

PHA extracted from marine sediments were also esterified to check the 

different monomeric components. On a TLC run, five distinct spots were 

obtained with Rf 0.85, 0.75, 0.6, 0.4 and 0.3, four of which were similar to 

those obtained from isolates 85/6 and 86/6 (Fig. 6.4). 

Discussion 

Physical properties of PHA 

All the seven polymers exhibited a high molecular weight. PHA with 

molecular weight around 0.1 - 0.73 x 10 6  have been reported in literature 

(9,114) for cultures grown on long chain hydrocarbons, while PHA with 

molecular weight 0.1-0.5 x10 6  have been reported for cultures grown on 

glucose. PHA extracted from isolates 85/6 and 86/6 have a molecular 

weights 1.87 x 106  and 1.42 x 106  respectively, which are much higher 
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than the reported values and may contribute to the high viscosity observed 

for these samples. The molecular weight of the polymers also influences 

the crystallinity of PHA (79,248). Thus, the PHA from isolates 85/6 and 

86/6 with high molecular weights are highly crystalline in nature (59%) as 

compared to those reported from other isolates 61/4, 64/4, 87/4 and 182/5, 

with moderate molecular weight and 41-45% crystallinity, same as that 

reported for PUB (9,80,114). The crystal lattice observed for all the seven 

polymers was similar to that of P(3HB) (115). Though hypochlorite is 

known to degrade the polymer during extraction, high molecular weights 

of all the seven isolates signify the potential of the extraction method to 

extract PHA without their destruction. 

The percentage crystallinity of the polymer contributes to the amount 

of energy required (dlitn) for melting the polymer and hence it is 

necessary to study the crystalline and amorphous nature of the polymer. 

The heat of fusion for a particular polymer is calculated from the area 

under the melting peak. The crystallinity of the polymer influences the 

AHm. Barham et al (79) in their study on crystallisation and melting of 
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PHB found AHm of 100% crystalline PHB is 146 J/g. More amorphous 

the polymer, lower is the AHm, thus signifying the wide range of AHm 

obtained for the seven PHA and the lower values of AHm for polymers 

extracted from cultures 87/4 and 182/5 which are 41% crystalline in 

nature. The typical values of AHm and Tm for PHB are 85 Jig and 177 °C 

respectively (9). 

High temperature treatments such as annealing of melt processing, 

affects the physical properties of PHA, due to thermal degradation (249- 

251). The main degradation mechanism in PHB is the random chain 

scission, which results in decrease of molecular weight. Evolution of 

volatile products occurs only during extensive chain breakdown, yielding 

oligomeric products. This generally takes place at significantly high 

temperatures above 200 °C, irrespective of the atmosphere (N2, air or 

vacuum) (249-251). When heated upto 180 °C, all the seven PHA 

exhibited melt stability and were probably not converted to crotonic acid 

(249-251). This was confirmed by quenching the PHA from the melt and 

reheating them till 180 °C. On the second heating the peak at Tm 
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reappears suggesting the thermal stability of PHA till 180 °C. But when 

heated beyond 180 °C till 210 °C, the polymers get degraded and no peak 

was obtained at the Tm. Hence the polymers are not stable at higher 

temperatures above their Tm. 

Chemical characterisation of PHA 

The seven polymers exhibited varying physical properties and therefore 

it was of interest to know their chemical structures. Since PHA are linear 

polymers, it was necessary to hydrolyse them into their monomeric units 

Methyl esters of the PHA monomers were formed by acidified methanolysis 

(96). The TLC profiles of these methyl esters of the seven polymers 

exhibited two different patterns. Homopolymers of HB are known to exhibit 

two spots, one being of the dimeric hydroxybutyrate, which are more non-

polar than the monomeric units and hence are the first to separate (80). On a 

co-TLC with the methyl ester of standard 3-hydroxybutyric acid, the spot at 

Rf 0.6 was confirmed of the methyl ester of 3-hydroxybutyrate. Hence the 

PHA extracted from the five isolates exhibiting two spots on a TLC, were 

thought to be homopolymers of 3-hydroxybutyrate. This was confirmed by 
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the IR and 1 H NMR scans of the PHA films (Fig. 6.5A, 6.6A) and their 

methyl ester with RI 0.6 (Fig.6.5B, 6.6B), separated on the silica gel column. 

The TLC profiles of the methyl esters of PHA extracted from isolates 

85/6 and 86/6 exhibited four distinct spots with Rf 0.85, 0.75, 0.6, 0.44 and 

0.3. PHA extracted from these isolates were initially thought to be 

heteromers, with 3-hydroxybutyrate as one of the components. But the IR 

and NMR scans of their PHA films and the corresponding esters at Rf 0.6 

and 0.44 confirmed the polymers as homopolymers of 3-hydroxybutyrates. 

These two polymers possessed high molecular weights, which apparently led 

to incomplete hydrolysis of the polymers, leading to formation of oligomers 

exhibiting a spot at Rf 0.3. This probably also led to the improper 

esterification of the hydrolysed monomeric units of PHA, leaving them in the 

acid form exhibiting a Rf of 0.44. 

Mechanical properties of PHA 

Crystallinity and molecular weight have a marked effect on the 

mechanical properties of polymers (8). Since all the seven polymers were 
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found to be homopolymers of 3-hydroxy butyrates, it was of interest to know 

the differences, if any, in their mechanical properties. The isolates 61/4 and 

85/6 were selected for the study on the basis of their molecular weights. The 

toughness of the polymer is measured in terms of its impact strength, while 

the flexibility is related to the capacity for elongation to break. The 

elongation to break (%) for PHB from both isolates was much lower than that 

reported for polyethylene, but higher than that reported for PHB and hence 

these polymers are more elastic than the reported PHB (9,114). Tensile 

strength of 40 MPa and a elongation to break of 5% has been recorded for 

PHA with 60% crystallinity (9,80,114). The toughness and Young's modulus 

of the polymers increased in order polyethylene<85/6<61/4<polypropylene 

(Table 6.2). The tensile strength or toughness of polymer from isolate 61/4 is 

almost as high as polypropylene. Hence, since the toughness of PHB from 

isolate 61/4 is as good as polypropylene, the bacterial PHB polymers can find 

applications in load bearing. 
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PHA in marine sediments 

The PHA extracted from the marine sediments on esterification 

exhibited five distinct spots, four (0.75, 0.6, 0.44, 0.3) of which were also 

obtained for PHA from isolates 85/6 and 86/6. These therefore definitely 

have a 3-HB component, apart from the other monomers. The presence of 

different monomeric units in these PHA reflects on the diversity of the 

ecosystem. It is possible that these PHA in the sediments arise from the 

bacterial flora of the sediments and thus reflect on the diversity of the 

bacterial flora and the various carbon substrates that are available in the 

tropical marine and mangrove ecosystem. 

Overall, the mangroves and the tropical marine ecosystem have proved 

to be one of the richest and diverse ecosystem, housing bacteria accumulating 

PHA, with varying physical and mechanical properties. 
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Summary 

Summary 

Persistence of plastics in the environment has necessitated research 

towards the development of biodegradable plastics. Bacteria accumulate 

polyhydroxyalkanoates which possess material properties similar to the 

petrochemical plastics, but are truly degradable. The mangrove and marine 

ecosystem of the mid west coast of India were surveyed for their bacterial 

flora with respect to the enzymic potential, accumulation of PHA and 

presence of plasmid DNA. Seasonal variations were found to influence the 

count as well as the enzymatic potential of bacterial flora of the mangrove 

sediments. The bacterial flora inhabiting the marine sediments and sea-

waters was also found to be enzymatically active. All the samples analyzed 

possessed bacteria accumulating reserve materials. 289 bacterial isolates out 

of 498 isolates picked from mangrove sediments accumulated intracellular 

lipids, while 337 isolates of the total 866 bacterial isolates screened 

accumulated PHA. Small quantities of PHA were also detected in the 

marine sediments possibly originating from the PHA accumulating 

organisms. 
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Summary 

The quantitation of polymer accumulated in the isolates screened 

positive for PHA accumulation was necessary to select the potential 

accumulators. Various solvent and non solvent methods have been 

employed for extracting PHA from bacterial cells. But since these are time 

consuming and laborious, a rapid and reproducible hypochiorite method 

(Hyp) was standardized and developed for extracting PHA from bacterial 

cells. Parameters such as temperature and time of incubation in hypochiorite 

solution and the concentration of acitve chlorine in the hypochlorite solution 

were standardized for optimal recovery of the polymer. The Hyp developed 

in this work was compared with the four routinely used methods of 

extraction using five randomly selected cultures isolated from mangrove and 

marine ecosystems. ANOVA performed using F test, confirmed the 

reproducibility and reliability of the new method. The newly standardized 

Hyp method consists of centrifuging, 10 ml of stationary phase culture at 

6000 rpm for 10 min, washing the cell pellet once in saline and suspending it 

in 10 ml of hypochlorite solution with 2% (w/v) active chlorine, followed by 

incubation at 37 °C for 10 min on shaker. The PHA are pelleted by 

centrifuging at 8000 rpm for 20 min and washed with diethyl ether. 

193 



Summary 

PHA from all the 337 PHA accumulators isolated from the mangrove 

and marine ecosystems were extracted using Hyp. Based upon the amount 

of polymer 	accumulated in the isolates, seven isolates (61/4, 

64/4, 87/4, 182/5, 12/BL, 85/6 and 86/6) accumulating significant amounts 

of more than one g/1 PHA were selected for further studies. The selected 

isolates were broadly classified in taxonomically different groups on basis of 

the cultural, morphological and biochemical characterization using Bergey's 

Manual of systemic bacteriology. The seven isolates were identified as 

Listeria sps. 61/4 and 64/4; Corynebacterium sps. 87/4 and 182/5; 

Chromobacterium violaceum 12/BL and Vibrio nereis 85/6 and 86/6. 

Influence of varying physical and chemical parameters on growth 

were studied on PHA accumulation. The response of each of the seven 

cultures differed towards the various parameters. Optimization of these 

parameters increased the yield of accumulated PHA upto as high as 3.12 

folds in culture 85/6, with the nitrogen content influencing the PHA 

accumulation the most. Scaling-up studies were carried out with culture 

85/6, which accumulated the highest amount 3.9 g/1 of PHA. 
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summary 

PHA extracted from the selected seven isolates were studied for their 

physical and mechanical properties. PHA extracted from the seven isolates 

by Hyp were washed with methanol and acetone consecutively and 

centrifuged at 8000 rpm for 20 min The polymers were then dissolved in 

hot chloroform (60 °C) and the solution poured onto glass trays. The 

chloroform was allowed to evaporate slowly at 4 °C and a film of PHA was 

obtained. All polymers were found to possess high molecular weight with 

melting temperatures ranging between 162-177 °C. PHA from isolates 85/6 

and 86/6 were highly crystalline in nature with 59 % crystallinity. 

PHA extracted from the seven isolates were esterified to form the 

methyl esters of their monomeric units. These esters were purified on silica 

gel column and their 1R and NMR spectra were recorded. Based upon the 

IR and 1 H/13C spectra of the esters and polymers the PHA were confirmed 

as homopolymers off3-hydroxybutyrate. 

Since all the polymers were homopolymers of 0-hydroxybutyrate, 

polymers from two cultures 61/4/ and 85/6 were selected on the basis of 

their molecular weights to study their mechanical properties. 
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Summary 

The mechanical properties such as toughness of the PHA from 

cultures 61/4 and 85/6 was similar to that of polypropylene, suggesting their 

role in load bearing and not as elastomers since they lack a good elongation 

to break. 
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AI : Media composition 

1. Luria Bertani broth 
Tryptone 
Yeast extract 
NaC1 
Aged sea-water 
pH 

1g 
0.5 g 
0.5 g 
100m1 
7.4 

2. Luria Bertani agar medium 
Luria Bertani broth 	100 ml 
Agar agar 	 2.0 g 

3. E2 mineral medium (118) 
Basal medium 
Microcosmic salt 
(NaNH411PO4) 
K2HPO4 . 3H20 
KH2PO4  
MgSO4. 7 H2O (100 mM) 
MT microelement stock 
Yeast extract 
Carbon source (w/v) 
(final concentration) 
Distilled water 
pH 

MT microelement stock 
FeSO4  . 7H20 
	

2.78 g 
3.5 g 	MnC12 . 4 H2O 
	

1.98 g 
CoSO4. 7 H2O 
	

2.81 g 
7.5 g 	CaC12 . 2 H2O 
	

1.47 g 
3.7 g 	CuC12 . 2 H2O 
	

0.17 g 
10 ml 
	

ZnSO4. 7 H2O 
	

0.29 g 
1.0 ml 
	

Distilled water 	1000 ml 
0.004 g 
1% 

989 ml 
7.2 

The basal medium, carbon source, MgSO4  solution, Yeast extract and 
MT microelement stock were sterilised separately. 

4. E2 mineral medium agar 
E2 mineral medium 
Agar agar 

5. Tributyrin agar 
E2 mineral medium 
Tributyrin 
Agar agar 

100 ml 
2.0 g 

99 ml 
1.0 ml 
2.0 g 
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6. Milk agar 
Nutrient agar 	 99 ml 
Skimmed milk 	 1.0 ml 
Both were sterilised separately and mixed. 

7. Cellulose agar 
E2 mineral medium 	100 ml 
Cellulose 	 1.0 g 
Agar agar 	 2.0 g 

8. Norris's nitrogen free medium 
K2HPO4 . 3H20 	0.2 g 
MgSO4 . 7 H20 	0.2g 
NaC1 	 0.2 g 
CaCO3 	 1.0 g 
Na-molybdate 	 0.001 g 
Glucose (w/v) 	 1% 
(final concentration) 
Agar agar 	 2.0 g 

9. Sporulation medium (227) 
Nutrient broth 	 100 ml 
Yeast extract 	 0.05 g 
5M MnC12 	 1 ml 
4M CaC12 	 1 ml 
3M MgC12 	 1 ml 
Sterilise nutrient broth and salts separately and mix. 

10.Hugh and Leifson's agar medium 
Peptone 	 0.2 g 
NaC1 	 0.5 g 
K2HPO4 	 0.03g 
Glucose 	 1.0 g 
Bromothymol blue 	0.3 ml 
(1% w/v) 
Distilled water 	 100 ml 
Agar agar 	 2.0 g 
pH 	 7.2 
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11. Gelatin medium (225) 
Meat extract 4.0 g 
Peptone 5.0 g 
Yeast extract 2.5 g 
NaC1 5.0 g 
Distilled water 1000m1 
pH 7.0 

12. Thornley's medium (225) 
Peptone 1.0 g 
NaCl 5.0 g 
K21-11304  0.3 g 
Phenol red 0.01 g 
L-agrinine HCl 10.0 g 
Agar agar 2.0 g 
Distilled water 1000m1 
pH 7.2 

13. Egg yolk medium 
a. Aseptically remove egg yolk from a healthy egg into a sterile flask 

containing 4 ml of 5% (w/v) NaC1 and glass beads. 
b. One part of (a) is mixed thoroughly with nine parts of molten 

sterile nutrient agar and plates poured. 

14. Nitrate peptone water medium 
Peptone 	 1.0 g 
NaNO3 	 0.3 g 
NaC1 	 0.5 g 
Distilled water 	 1000 ml 
pH 	 7.2 

AII: Stains and Dyes 

1. Sudan black B (189) 
Sudan black B 	 0.3 g 
70% (v/v) Ethanol 	100 ml 
The solution was mixed by shaking thoroughly at intervals and kept 
standing overnight before use. The solution was filtered and then 
used. It was stored in stoppered bottles at RT 
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2. Safranin (189) 
Safranin 	 9.5 g 
Distilled water 	 100 ml 
The solution was mixed by shaking thoroughly, filtered and then used. 

3. Nile blue A solution (71) 
Nile blue A 	 1.0 g 
Distilled water 	 100m1 
The solution was mixed by shaking and mildly heated to fully dissolve 
the stain. The solution was filtered before use. 

4. Nile blue A solution for plate assay (190) 
Nile blue A 	 0.05 g 
Ethanol 	 100 ml 

5. Flagella staining by Fontana's method (189) 
a. Fixative 

Acetic acid 	1.0 ml 
Formalin 	2.0 ml 
Distilled water 	100 ml 

b. Mordant 
Phenol 	 1.0 g 
Tannic acid 	5.0 g 
Distilled water 	100 ml 

c. Ammoniated silver nitrate 
Add 10% (v/v) ammonia dropwise to a 0.5% (w/v) solution of 
silver nitrate in distilled water until the precipitate just formed 
redissolves. Slowly all more silver nitrate solution until the 
precipitate formed just remains as light opalescence. 

d. Ethanol 
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AIII: Reagents 

1. Plasmid extraction (155) 
a. Gram negative cultures 

i. Solution I (pH 8.0) 
Glucose 	 0.9 g 
Tris-chloride 	 0.394 g 
EDTA 	 0.372 g 
Distilled water 	 100 ml 

ii. Solution II 
SDS 	 1.0 g 
0.2N NaOH 	 100 ml 

iii. Solution III (pH 5.0) 
5 M Potassium acetate 
	

60.0 ml 
Glacial acetic acid 
	

11.5 ml 
Distilled water 
	

28.5 ml 

b. Gram positive cultures 
i. STET buffer (pH 8.0) 

NaC1 	 0.584 g 
Tris-chloride 	 0.158 g 
EDTA 	 0.037 g 
Triton X-100 	 5.0 g 
Distilled water 	 100 ml 

ii. Lysozyme solution 
Lysozyme 	 100 mg 
Tris-chloride (pH 8.0) 	10 ml 

iii. 2.5 M Na-acetate 

c. TE buffer (pH 8.0) 
Tris-chloride 	 0.158 g 
EDTA 	 0.037 g 
Distilled water 	 100 ml 
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2. Electrophoresis 
a. Agarose gel 

Agarose 
	 0.7 g 

TAE buffer 
	 100 ml 

b. Tris acetate EDTA (TAE) buffer (pH 8.0) 
50x: Tris base 	242.0 g 
Glacial acetic acid 	57.1 ml 
0.5M EDTA 	100 ml 
Distilled water added to make up the volume to 1000 ml 

c. Ethidium bromide solution 
Ethidium bromide 
	10 mg 

Distilled water 
	 10 ml 

d. Tracker dye 
Bromophenol blue 	0.25 g 
Sucrose 	 40 g 
Distilled water 	 100 ml 
The dye was stored at 4 °C. 

3. Alkaline hypochlorite reagent for WW (21) 
Fresh bleaching powder was thoroughly mixed in little distilled water 
and volume made upto one litre. A litre of 30% (w/v) sodium 
carbonate was added with stirring and the mixture was left to-stand for 
2-3 h with intermittent shaking, followed by filtration through paper. 
The pH value was adjusted to 9.8 with concentrated HC1. 

4. Sodium thiosulphate 
Sodium thiosulphate 
	

2.0 g 
Distilled water 	 100 ml 

5. Starch Iodine reagent 
Starch 	 0.1 g 
0.05% Iodine 	 2-3 drops 
Distilled water 	 10 ml 
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6. Sodium hypochlorite (2% active chlorine) 
Sodium hypochlorite 	 50 ml 
(4% w/v active chlorine) 
Distilled water 	 50 ml 

7. Greiss Ilosway's reagent 
a. Sulphanilic acid 

5N Acetic acid 

b. a- Naphthylamine 
5N Acetic acid 

0.5 g 
100 ml 

0.8 g 
100 ml 

AIV: Calculations and standard graph 

la. Standard curve for MB 

b. Calculations for estimating PHA content 

PHA (g/l) = A235  x slope x dilution x 104 
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Review 

Biodegradable Plastics - Bacterial Polyhydroxyalkanoates 

T. Rawte and S. Mavinkurve• 
Department of Microbiology, Goa University, Taleigao Plateau, Goa 403 206, India 

Polyhydroxyalkanoates (PHA) from microbial origin are considered good substitute for plastics and elastomers, since in properties 
they are similar to petrochemical plastics, yet are truly biodegradable. In microorganisms, PHA play an important role as a 
carbon and energy reservoir, help in the sporulation process and protect the nitrogenase system from oxygen. PHA are 
generally present intracellularly as granules, and also occur as complexes of calcium ions and polyphosphates in the cytoplasmic 
membranes. PHA are made of monomeric units of hydroxyalkanoic acids linked by ester bonds. These units are very diverse 
due to the presence of various substituted functional groups. The composition of the polymers depends upon factors like the 
bacterial strain, cultural conditions and the carbon source used for growth. Physical properties of the polymers such as 
thermal properties, molecular weight, viscosity, crystallinity and mechanical properties vary with the composition of PHA. 
Synthesis and degradation of PHA occurs via a cyclic metabolic process. Three principal enzymes Involved in PHA synthesis 
are 13-ketothiolase (pha A), acetoacetyl CoA reductase (pha B) and PHA synthase (pha C), while PHA depolymerase (pha 2) 
helps in degradation of the PHA. These genes are generally organised in single operon pha CAB. Recombinant DNA technology 
is considered as a promising tool for improving the production and processing for cost effectiveness. 

Key words: PHB, PHA, monomeric units, physical properties, genes 

Problems concerning the global environment have created 
much interest in developing ecofriendly products. The 
thermoplastics being recalcitrant are posing a hazard in 

the environment and have necessitated search for 
biodegradable polymers. An alternative for the petro-
chemical plastics must be truly degradable, non-polluting 

and economically priced polymer. Polyhydroxyalkanoates 
(PHA) synthesised by microorganisms are considered to 
be good substitutes for plastics and elastomers, because 
of the similarity in their material-properties (1-4). Though 
several bacteria accumulating PHA have been identified, 

the commercial production of these polyesters has been 
limited to only one product Biopol, because of their high 
price as compared to the petrochemical plastics. 

Occurrence and physiological role of PHA in 

different organisms 

Synthesis of PHA occur in a wide variety of procaryotic 

and eucaryotic organisms including plant and animals 

(5-8). Amongst procaryotes, PHA biosynthesis is known 

to occur in various bacterial groups, Gram positive and 

Gram negative bacteria (8-42), aerobic and anaerobic 

heterotrophs (12,28,43-45), in photosynthetic bacteria like 

the cyanobacteria (7,9,10,15,16,27,29,35,38); bacteroids 

*Corresponding author; Email: suneela@unigoa.ernet.in  
Tel 91(832)451569/454231; Fax: 91(832)451569/451184 

(23,24), Azotobacter sp. (14,30,31,42), archaeobacteria 
(19,25,34), Methylobacterium (39,41), and floc formers 
like Zoogloea ramigera (13,22). 

PHA are synthesized and accumulated as a carbon 
reserve by the cells in the presence of excess carbon 
but otherwise in growth limiting nutrient environments. 
During starvation PHA serve as a carbon and energy 

source and is rapidly oxidized (46-48) thereby retarding 
the degradation of cellular components (44,46) combating 

the adverse conditions as in rhizosphere (48). In 

cyanobacteria, glycogen undergoes fermentation in the 
dark period forming PHA, which are assimilated in the 
following light period (35). Though their accumulation is 
not a prerequisite, PHA are reported to assist in the 
sporulation process in Bacillus sp. (5,6,8,17,18,40). In 
nitrogen fixing bacteria accumulating PHA, like the species 
of Azospirillum (48) and Azotobacter sp. (14,30,31,42) 
are capable of fixing nitrogen even in the absence of 
exogenous carbon. PHA as a reduced compound acts 

as a sink for excess electrons, especially in nitrogen 

fixing bacteria by providing protection to the oxygen labile 
nitrogenase system (14,23,24,30,31,35,42,48). 

Location of PHA in the cells 

In the procaryotes, PHA occur either as inclusion bodies 

or as complexes of calcium ions and polyphosphates in 
the cytoplasmic membranes. 
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Intracellular inclusion bodies: Discrete granules of PHA 

generally occur in the cytoplasm (49) as inclusion bodies 

Df irregular morphology with diameter of about 0.2 - 0.5Arn 

(27,29,35). These granules appear as refractile inclusions 

finder electron and phase contrast microscope. Light 

microscopic investigations of the cells, stained with Sudan 

Black B (50) or more specific with epifluorescence . 

microscope using Nile blue A (51) provide easy means 

or detecting PHA in cells. These have an ability to scatter 

ight (52) and contribute to the opacity of the colony. The 

:•ells can accumulate PHB upto as high as 80% of the 

)iomass. Granules contain the polyester in the mobile 

amorphous state (53,54) with about 40% water and lipids 

Nhich act as plasticizer. Proteins, 2% and lipids, 0.5% 

',w/w) associated with the PHA granules apparently 

)riginate from about 2nm thick membrane coat surroun-

ling the granules (2,8,24,28,55). The proteins associated 

vith PHA are known to possess the PHA synthase and 

iepolymerase activities. 

HA in the cytoplasmic membranes: PHA are present in 
he cytoplasmic membranes of bacteria like Azotobacter 

rinelandii, Bacillus subtilis, Haemophilus influenzae and 
Fscherichia coli and also in eucaryotic membranes like in 

nitochondria and microsomes (24,33,56-59), as complexes 
4 calcium ions (Ca2+) and polyphosphates in a ratio of 

0.1 .2. PHA are assumed to be helically wound with about 

14 monomers per turn, with their lipophilic methyl and 

nethylene groups on the outer surface. On the inner 

iurface of the helix, each calcium on is ligated to four 

ihosphoryl oxygens from two adjoining meta phosphate 

!nits and four ester carbonyl oxygens of PHB (33,59). 

;omputer and molecular modeling indicates that the 
iutative structure has a diameter of 240 nm and a helical 

ise of 40 nm with an average length. of 450 nm. Such 

ielical PHA complexes, present in high concentrations in 

nembranes of competent cells of E. col! (52), with their 

finer diameter amenable for uptake of ss DNA, are 

TiplIcated in the genetic recombination (24,28,33). 

;hernial' structure and physical properties of 
'HA 

emoigne in 1926, first discovered polyhydroxy butyrate 

PHB), one of the PHA (60). PHA are made up of 

ionomeric units of hydroxyalkanoic (HA) acids (Fig 1), 

nked together by ester bonds. The HA units are all in 

le D (-) configuration due to the stereospesificity of 

iosynthetic enzymes (24). The PHA polysters may be 

resent as a homopolymer, where all the monomeric 

[ 	
AI 	 II 

0] 

	0 CH 	[CH.2] n  C 	 

A = H/CH 3—C1-1 2— 	CH 3 . n = 1 to 4 

Fig 1. General structure of monomeric units* in a PHA polymer. 

*Other monomeric units in PHA are alkanoic acids with various 

functional groups (Table 1) and methyl esters of 3-OH-succinic 

acid/adipinic/suberic/azelaic/sebacic acids, ethyl esters of suberic/ 

sebacic acids and propyl benzyl esters of 3-OH pimelic/sebacic 

acids. 

units are the same or as a heteromer, where two or 

more different monomeric units could be present. Certain 

heteromers are found to have as many as six different 

monomeric units (62). Ninety one different monomer units 

have been detected as constituents of PHA in various 

bacteria (61). The number of carbon atoms in the alkanoic 

acid monomer vary from C3  for propionic acid to C 14  for 

tetradecenoic acid (Table 1) (61). The hydrogen atoms 

of the various carbon atoms in the monomeric unit may 

be substituted by various functional groups like hydroxy, 

phenoxy, epoxy, methyl, phenyl, cyano or nitro phenoxy, 

halides or by the cyano groups, giving rise to various 

diverse monomeric units (61). Many of the alkanoic 

acids exist as their methyl, ethyl or propyl esters, like 

methyl ester of 3-hydroxy succinic acid or benzyl ester of 

3-hydroxy sebacic acid. Some of the monomeric units 

are also made up of alkenoic acids with one or two 

double bonds, either the cis or the trans position as in 3- 

hydroxy-6-trans-ocetenoic acid or 3-hydroxy-6-cis-octenoic 

acids thereby increasing the diversity of the PHA 

monomeric units. Acids such as malic and lactic acids 

also constitute the monomeric units of PHA (61). 

Physical properties of the polymer, such as thermal 

properties, molecular weight, viscosity, crystallinity and 

mechanical properties, vary with the composition of the 

PHA, The thermal and mechanical properties of PHA 

are studied using differential scanning calorimetry (DSC) 

and are expressed in terms of Tm and Tg. Tm is the 

melting temperature of the crystalline phase, while Tg is 

the glass to rubber transition temperature of amorphous 

phase. The DSC for PHB sample reveals three relaxation 

peaks, a, 13 and y in the order of decreasing temperature 

(63). The low temperature relaxation peak (y) is related 

to moisture absorbed by the polymer during storage and 

its intensity is decreased by heating above 100 °C or by 

drying under vacuum over P 205. The (3 relaxation peak is 
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Table 1. Alkanoic acids and their various substituent functional groups in PHA polymers 

Acids** 'OH ,PxPEpx/*Acx 50H, CH 3  6CnPNt Px Others 

Butyric 3/4-OH 3-OH, 4-Px 3-OH, 2-CH 3  3-OH, 4-CnPx 3-OH, 5- 6CyHX 
Valeric 3/4/5-OH 3-OH, 5-Px 3-OH, 2/4-CH 3  3-OH, 5-CnPx 3-OH, 5-9Phe 
Hexanoic 3/4/5-OH 3-OH, 4/5-CH 3  3-OH, 6-CnPx 3-0H, 6- 1 °C1 

3-OH, 6-NtPx 3-0H, 6-"Br 
Heptanoic 3/4-0H 3-OH, 7-Px 3-OH, 6-CH 3  3-OH, 7-' 3Cn 3-OH, 7- 12 F 
Octanoic 3/4-OH 3-OH, 8-Px 3-OH, 4/5/6/7- 3-0H, 8-CI 

3-OH, 8-Acx C H3  3-0H, 8-Br 
Nonanoic 3-OH 3-OH, 9-Acx 3-OH, 6/7/8-CH 3  3-OH, 9-Cn 3-OH, 9-F 
Decanoic 3/4-OH 3-OH, 4, 5-Epx 3-OH, 7/9-CH 3  3-0H, 11-Br 
Dodecanoic 3/6-OH, 3,12-di OH 3-OH, 6,7-Epx 
6 Octenoic 3-OH 3-OH, 7-CH 3  
5 heptenoic 3-OH, 2,6-di CH3  
5 tetradecenoic 3-OH, 3, 8-di OH 3-OH, 8,9-Epx 

**other Alkanoic acids: 3-0H-PropioniciTetradecanoic/Hexadecanoic/Undecanoic/2-Butenoic/4-Pentenoic/4-Hexenoic/5-Hexenoic/6-Octenoic/ 
7-Octenoic/8-nonenoic/9-Decenoic/5-Dodecenoic/6-Dodecenoic/7-Tetradecenoic/5,8-Tetradecenoic acids. 
10H-Hydroxy, 2Px-Phenoxy, 3 Epx-Epoxy, 4Acx-Acetoxy, 5CH3-Methyl, 6CnPx-p-cyanophenoxy, 7 NtPx-p-nitrophenoxy, 6CyHx-Cyclohexyl, 
The-Phenyl, 10CI-Chloro, "Br-Bromo, 12F-Fluoro, ' 3Cn-Cyano. 

attributed to the glass transition of the amorphous fraction 
of PHB (63,64). The « relaxation peak, attributed to the 
motions in the crystalline phase of the polymer is located 

between the Tg and Tm and tends to reduce strongly 

when the sample is rerun, after heating at 150 °C. The 
PHB homopolymer is a relatively stiff and brittle material. 

The addition of HA comonomers greatly improves its 

mechanical properties. For example, the Tm and Tg of 

PHB decrease from 177°C and 2°C to 77°C and —10°C 

as the content of 3-hydroxyvalerate (3HV) increases from 

0-55% (2), in a copolymer P(3HB-co-3 HV), simul-

taneously increasing its crystallinity (2). In contrast, 
increasing the 4HB content from 0 - 49 M% in copolymers 

introduces the defects in P(3HB) crystal lattice (2) thereby 

decreasing the crystallinity from 55 to 14%. 

The light scattering intensity and the buoyant density 
of the cells increases with the accumulation of the 
refractile PHA granules (24,52). PHA in wet cells and 
native granules, exists in an amorphous state (2,24). 
Treatment of these granules with alkaline solutions, such 
as sodium hypochlorite, sodium hydroxide, acetone or 
lipases initiates crystallization of PHA. The degree of 
crystallinity can be studied by using X-ray diffraction 
patterns (53). 

Molecular weight (M) of PHA generally range between 
2 x 105  to 3 x 106  (37) and can be determined using gel 
permeation chromatography (53,54) or by viscosity 
measurements (64). Mark-Houwink equation- [1] = 
where K and « are constants for a solute-solvent 
combination, is used to correlate the intrinsic viscosity 
(1) with the molecular weight (M). 

PHA exhibit a strong absorbance at 1720 and 1180 
cm . ', in the Infra red spectrum generally representing the 
ester linkage (64,66-68). Characterization of the polymer 
can be done by GC analysis followed by H' NMR and 13C 
NMR spectroscopy (62,68-73). Mild acid methanolysis 
hydrolyses the polymer to form methyl esters of the 
corresponding monomers (66,69), which can be separated 
by gas chromatography using a carbowax M15 capillary 
column with helium as the carrier, gas and flame ionization 
detector (62). Analysis of H' NMR and 13C NMR spectra 
allows determination of PHA composition and distribution 
of the monomer units (70,71). Others (70) also showed 
the possibility of using 13C NMR spectra to study the 
accumulation and utilization of PHA without destruction 
of the lyophilized cells of Pseudomonas strain LBr. 

The gas barrier properties of PHA, particularly to 
oxygen, are excellent and much superior to those of 
uncoated polyolefin films and have promising future as 
packaging material (2). The polymer blends are miscible 
in a melt and exhibit a single glass transition temperature. 
Blending of such polymers helps in regulating the physical 
properties and biodegradability of microbial polyesters, 
and makes PHA a strong alternative to petrochemical 
plastics. 

Factors affecting the composition of PHA 

The monomeric composition of a PHA depends on the 

bacterial strain, the culture conditions and the carbon 

source used for growth. Ralstonia eutropha produces 

short chain length (SCL) PHA with C 3-05  monomers (74), 

while in Pseudomonas oleovorans the PHA synthase 

accepts 3HA of only 6-14 carbon atoms forming medium 
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;hain length (MCL) PHA (37,62,71,72,75,76). The latter 

tlso forms copolymer of 3-hydroxyalkenoate units with 

erminal double bonds (75) when grown on 1-alkenes. A 

tomopolymer is produced from organic acids with even 

;arbon numbers (acetic, butyric and hexanoic) while a 

;opolymer of P(3HB-co-3HV) is produced from organic 

tcids with odd carbon numbers in P. eutropha. The 3HV 

raction of the copolymer increases with the increase in 

:oncentration of propionic acid (2). Copolymers with 

vide range of compositions, can be produced using 

nixtures of butyric and pentanoic acids as carbon source. 

'HA containing four different 3-HA acid monomers have 
)een reported from hexanoic or octanoic acid, but not 
rom glucose (70). 

In order to obtain a uniform composition, maintenance 

of substrate concentration during •cultivation of a 

copolymer is important. However, precursors like propionic 

acid or butanediol which produce copolymers, are toxic 

even at low concentration. 

Synthesis of PHA 

The pathway and regulation of poly-3-hydroxybutyrate 

(P(3HB)) synthesis have been studied extensively. The 

biosynthesis and degradation of P(3HB) in bacterial cells 

occurs via a cyclic metabolic process (2,24,28,77) (Fig 

2). There are three principal enzymes involved in PHA 
synthesis, viz- 8-ketothiolase, acetoacetyl-CoA reductase 
and PHA synthase. 

Fig 2. Metabolic pathway and key regulatory enzymes of biosynthesis and degradation of P(3HB): 1, 11-ketothiolase (pha A); 2, NADPH 
Dependent acetoacetyl CoA reductase (pha B); 3, NADH dependent acetoacetyl CoA reductase; 4, PHA synthase (pha C); 5, PHA 
Jepolymerase; 6, D(-)-3-hydroxybutyrate dehydrogenase, 7, acetoacetyl CoA synthetase; 0, intubition. 
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13-ketothiolase ((3-KT): The enzyme is inhibited by high 

concentrations of free coenzyme A (CoASH). The general 
pathway of P(3HB) synthesis starts with the conversion 

of any appropriate carbon substrate such as sugars, 
alcohols, or organic acids, to acetyl-coenzyme A (acetyl 
CoA). Two molecules of acetyl CoA are condensed by 
the action of key regulatory enzyme 0-ketothiolase to 
form acetoacetyl-CoA with release of a free coenzyme A 
(CoASH), available under balanced growth conditions. 
The synthesis of P(3HB) is initiated under growth limiting 
conditions, at low concentration of free coenzyme A. 
Environmental and nutritional conditions affect the PHB 
synthesis considerably showing the complexed interlinkage 

of cellular metabolism with that of PHB (2,79). 

f3-KT has multiple isozymes in mamalian cells, yeast 

and procaryotes (2). Haywood et al (80) purified two 

tetrameric of 13-KT, A and B from R.eutropha. Enzyme 

A is a tetramer, active for thiolysis reaction with only 
acetoacetyl-CoA and 0-ketopentanoyl-CoA, where as 
enzyme B is active with the 0-ketoacyl CoA (C 4-C 10). 
The substrate specificity of 0-KT A alone can account 
for the formation of various copolymers. The broad 
specificity of enzyme B suggests its role in fatty acid 
degradation. 

Acetoacetyl-CoA reductase (ACR): The intermediate 
acetoacetyl-CoA is reduced to D(-) 3-hydroxybutyryl CoA 
by NADPH dependent acetoacetyl-CoA reductase. ACR 
has two streospecificities, one is NADPH linked and the 
other NADH linked (77). The NADPH linked ACR reduces 

acetoacetyl-CoA to 3-hydroxybutyryl CoA, where as NADH 
linked ACR plays an important role in conversion of L(+)-
3-hydroxybutyryl-CoA to D(-)-3-hydroxybutyryl-CoA, with 
intermediate formation of acetoacetyl CoA in the pathway 
initiating from butyric acid or fatty acids (Fig 2). 

PHA synthase (PS): P(3HB) is produced by the 
polymerisation of D(-) 3- hydroxybutyryl CoA by the action 
of P(3HB) synthase (polymerase) (77). The PS activity 
remains in the soluble fraction of the cell prior to PHA 
accumulation and is localized in the particulate fraction 
as PHA are accumulated. The level of total PS in the 
cells is independent of the content of PHA granules in 
cells (2). With respect to the structures deduced from 

the sequence of structural genes and the substrate 
specificity, three types of PS are distinguished (32,81). 

Type I comprises of SCL PS, such as occurring in 
R. eutropha with a molecular weight of about 64 kDa. 
Their primary structures exhibit similarities of 36.8 - 39.8% 
identical amino acids. 

Type II comprises of MCL PS occurring in Ps. 

oleovorans and Ps.aeruginosa. These synthases lack 26 

amino acids at the N-terminus of type I synthases of 
Gram negative bacteria. Type II synthases exhibit 
similarities of 53.7-79.6% identical amino acids. 

Type Ill comprises of SCL PS, occurring in 

Chromatium vinosum and Thiocystis violacea. The amino 
acid sequences of the synthases of these two bacteria 
exhibit similarity of 87.3% identical amino acids. These 
synthases are well distinguished from type I and type II 

synthases. They lack 175 amino acids at the N-terminus 

and approximately 55 amino acids at the C-terminus as 
compared to type I. 

A partially different pathway has been found for the 

P(3HB) synthesis in R. eutropha where in butyrate is 

incorporated directly into P(3HB), without the 

decomposition of carbon skeleton into.acetyl CoA (Fig 2) 
(2,78). 

Degradation of PHA 

A remarkable characteristic of microbial polyesters is their 

biodegradability in the environment. The films and fibers 
of microbial polyesters can be degraded in soil, sludge, 

fresh water pond, compost or seawater (3). 

Intracellular degradation of PHA: Bacteria accumulating 
PHA possess an enzyme system, which seems to be 

rather complex, consisting of several components, 
mobilizing PHA intracellularly under certain conditions. 

The predominant products of PHB hydrolysis are 3-HB 

and its dimeric esters (7,58,82). Two proteins, referred to 
as H and I exhibit a high degree of homology to the HPr 

protein and to enzyme I of the phosphoenolpyruvate : 
carbohydrate phosphotransferase system. Also, one 

component of the PHB-mobilizing enzyme system gets 
inactivated by transfer of the phpsphoryl group of PEP 

through protein H and protein I. The synthesis and the 

degradation of PHB are thought to occur in parallel and 

less PHB would accumulate in mutant cells unable to 

synthesize protein H and protein I (28). 

Extracellular degradation of PHA: The synthesis of 

extracellular PHA hydrolases in bacteria and fungi can 

be demonstrated by a clearance zone around the colony 

on mineral salt agar medium, containing PHA as the sole 

carbon source. Degradation of PHB occurs in two steps; 

the hydrolysis of PHB from the hydroxyl terminus to 

releases 3 HB dimers, followed by their cleavage into the 

monomers, as demonstrated in A. faecalis (Table 2). 
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able 2. Components and properties of some of the enzymes involved in degradation of PHA 

rganism Components of enzyme system Properties of enzyme system Reference 

acillus megaterium A heat labile factor, PHA depolymerase 

activator protein 

Mobilization of PHA in the cell 8 

hodospirillum rubrum A granule associated heat labile factor, 

PHB depolymerase, oligomer hydrolase 
heat stable activator protein. 

Mobilization of PHA in the cell 9 

alstona eutropha Protein H and protein I Mobilization of PHA in the cell. 28 

loaligenes faecalis PH8 depolymerase, 3-hydroxybutyrate 

oligomer hydrolase 

Hydrolyses water soluble/insoluble 

PHB and 3HB oligomer extracellularly 

83 

The molecular weight of the natural depolymerase is 

5,858 (84). It has a 488 amino acid precursor with a 

gnal peptide of 27 amino acids. Hydrolysis of polyester 

ms in phosphate buffer (pH 7.4) by depoiymerase is 

rongly affected by the physico chemical conditions 
,3,86) and is reduced with the increase in the side 

lain length of the PHA. Treatment with trypsin cleaves 

hydrophobic region of the enzyme, reducing the 
olecular weight to 42K (2). The depolymerase activity 

this truncated depolymerase towards the water soluble 
lgomers is lost. However, the same is restored in the 

esence of 1M ammonium sulphate (85). It is therefore 
;sumed that the hydrophobic N-terminal region of PHB 
polymerase binds to the polyester molecule. 

Anaerobic degradation of exogenous PHA has been 

served in Ilyobacter delafieldii, I. polytrophus and 

ostridium homopropionicum yielding acetate, butyrate, 

:thane and molecular hydrogen (87-90). 

ones involved in PHA metabolism 

e genes for proteins involved in the metabolism of 

IA have been revealed by nucleotide sequence analysis, 

ysical mapping and by the determination of enzyme 
tivities expressed in recombinant clones (91-94). 

To construct recombinant DNA, plasmids like pUC18, 

C19 (94) and cosmids like pLA2917 and pJRD215 

I) have been used as DNA vectors. Recombinant E. 

Pi has been considered as a strong candidate for PHA 

iduction due to several advantages over the wild type 

IA producers (94,96-98). E. coil lacks the depolymerase 

zyme thus increasing the recovery of the polymer. 

IA accumulating recombinant E. coil form opaque 

onies as against the translucent wild type, making 
ection of recombinant clone easy (92,94). E. coil can 

ize a wide range of carbon sources. PHA accumulation 

E. coil can reach high level's upto 95% of cell dry 

weight (97). The cells being fragile allow easy recovery 

of PHA. Recombinant E. coli harboring the pha Cl gene 

of Ps. oleovorans encoding the MCL-PHA synthase 
(polymerase) have been constructed to scale up MCL-PHA 

production (99). 

Identification of recombinant clones, is attempted 

using several different strategies such as screening of 

genomic libraries for PHA accumulation, phenotypic 

complementation of PHA negative mutants and use of 

homologous, heterologous or oligonucleotide specific gene 

probes. Such recombinant studies have been of immense 

help in generation of information regarding the PHA 
biosynthetic genes, promoter, initiation and termination 

codons (Table 3. Fig 3). 

As the genes for metabolism, synthesis and catabolism 

of PHA were studied in various bacteria, these were 

designated independently as series of pha A, pha B or 

phb A, phb B, or ORF 1, ORF 2, leading to multiple 

misnomial designations for the same gene product (Table 

4); for example, gene encoding PS 1 was designated as 

ORF 1 in Ps.oleovarans (100), but as pha CI  in Ps. 

aeruginosa (81). Also, pha D was designated for gene 
encoding a protein of unknown function in Ps. oleovarns 

(100), but for the gene encoding PHA depolymerase in 

Ps. aeruginosa (81). Table 4 compiles the recently 

accepted nomenclature of the genes with their earlier 

designation. 

The three principal enzymes, /3-KT, NADPH depen-

dent ACR and PS, involved in PHA biosynthesis are 

encoded by three different genes pha A, pha B and pha 

C respectively. Besides these various other genes like 

pha Z, pha D, pha E, ORF 2, ORF 4, ORF 5 and phb 
R have been found clustered In the PHA operon. 

Organization of these genes has been studied widely in 

a large number of organisms and is depicted in Flg 3. 
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Table 3. Genetic studies carried out on some of the PHA accumulators 

Vector 

Plasmids 

Plasmids 

pRG K271 

pR G K272 

Plasmids 

pJ HS60 
pJ AS c60 

Plasmid 

pBR1MC 

S-1 

Identification the promoter sequence, 310bp 5' 
upstream of the initiation codon and N-terminus 

of the PS 

phaA and phaB were not linked to phaC in the 	2 

PHA operon. phaC and phaA were constitutively 

expressed. Mutants with phaA & phaB deletions 

synthesized PHA, proving an alternative route 
for the synthesis of substrate for PS 

pha & phb, phb locus has 3 open reading frames 	3 
encoding the 3 principal enzymes, while pha 

locus consisted of genes encoding two PS, 
depolymerase and two ORFS. The two PS of 

different loci are responsible for the formation of 
SCL or MCL 3HA units 

Metabolic environment alters the product range 
	

3 

of PS. C. violaceum accumulates P(3HB) or 

P(3HB-co-3HV), while K. aeruginosa or R. eutropha 

with phaCct, accumulate the two polymers and 

additionally accumulate P(3HB-co-3HHx) 

Donor/recepient 

Alcaligenes latus/ 

Escherichia colt 

XL1-blue 

Ralstonia eutropha 

H16/E. colt DH1, 

E. colt LE392 

R. eutropha/E. coil 

Rhodobacter capsulatus 

and recombinant 

R. capsulatus 

Pseudomonas sp. 
strain 61-3/Ps. putida 
R. eutropha 

Chromobacterium violaceum/ 

E.coli, Ps. 

putida, K. aeruginosa, 

R. eutropha 

PlasMids 	Three PHA phaC, phaA and phaB expressed 
	

1 

(pUC18, pUC 19) constitutively from a natural promoter 

Cosmid pVK102 Cloned PHB biosynthetic pathway in E. coli 
	

1 

plasmid pUC18, 

pUC 19 

Findings 
	

Strategy* Reference 

92 

94 

96 

38 

93 

95 

*Strategies for identification of clones: 1 = conferring ability of PHA accumulation in organisms not accumulating PHA, 2 = phenotypic 
complementation of PHA-  mutants, 3 = using gene probe 

Table 4. Terminology of PHA biosynthetic genes 

Accepted 
designation 

Proteins encoded Earlier 
designation 

References 

pha A p-ketothiolase phb A 94,101 

pha B NADPH dependent ACR phb B 94,101 

pha C PHA synthase phb C 94,101 

pha PHA synthase 1 ORF 1 100 

pha C2  PHA synthase 2 ORF 3 100 

pha Z PHA depolymerase ORF 2 100 

pha Protein of unknown function ORF 3 81 

pha E Granule associate protein required for expression 
of PHA synthase activity 

ORF 2 102 

Unknown function ORF 4 92,102 

Unknown function OAF 5 102 

Activator of transcription of phb BAC phb R 93 

phb A* 13-keto thiolase 93 

phb B* NADPH dependent ACR 93 

phb C* PHA synthase 93 

*phb locus of Pseudomonas strain 61-3. 



1190 	256 	1680 	56 	1029 	118 735 (bp) 

A.latus (90) 

ORF4 	 -35/-10 	pha C pha B 

646 

-35/-10 	pha C phaA 	pha B 

pha C pha E -35/-10 phaA 	ORF4 ORF5 	phall 

••••=1 ••••=1 

pha C 	ORF 2 -35/-10 pha A 	 ORF 4 

11*— 	 

ORFI phaC phaZ PliaC3 

1677 855 1680 

phaD 

618 	(bp) 

R. eutropha (89) 

- Tr 

300 	1767 	 84 	1179 	74 738 (bp) 

Z.ramigera (41) 

-35/-10 pha A 	pha R 

■-■1•111•11•MIIMMINIM11111•41>■•■••■■••■• 

94 	1173 	38 723 	(bp) 

C.vinosum (101) 

	 ,--14■11•N.M.Me...—Gelie•rnM.....M.10.143,--.111 111111110•—•--41•1111•011111■1411111. 

1068 	57 	1074 	150 	1185 	146 462 96 363 188 741 (bp) 

T.violacea (101) 

1068 	63 	1095 	137 	1185 	133 	(bp) 

Pseudomonas species 

phb locus (92) 

	

phbR -35/- 10 phbB 	phbA 	 phbC 

-0- 
1137 	 744 	 1176 	 1701 	(bp) 

pha locus (79, 92, 99) 
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3. Organization of PHA biosynthetic genes (figures in parenthesis are references). 
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In organisms like A. latus and R. eutropha (92,94,101) 

Penes are clustered and organized in one operon in the 
)rder pha C, pha A and pha B (Fig 3). They are 

?xpressed constitutively from a natural promoter sequence 

)resent upstream of pha C (94), exhibiting homology to 

E. coil 670  promoter. In A. latus the promoter was found 

Jpstream of ORF 4, which coded for an unknown protein. 
4n inverted repeat structure, which may serve as 
transcription termination signal was located in the region 
downstream of pha B. However, these genes are not 

necessarily clustered in all organisms. For example in 

Zooglea ramigera (22) and R. ruber (32) genes, pha A 

and pha B constitute one single operon, however pha C 

is not adjacent. While the genomic organization of PHA 

biosynthetic genes in C. vinosum D and T violacea (102) 

consist of pha C, preceeded by pha E and the am 

 dependent promoter and adjacent to pha E, on opposite 

strand are the genes pha A and pha B, separated by two 

ORFs (ORF4 and ORF 5) (Fig 3). 

Ps. oleovorans and Ps. aeruginosa possess two genes 

encoding two different PS separated by a gene coding for 
PHA depolymerase (pha Z) (81,100). Recent studies on 
Pseudomonas strain 61-3 (93) have revealed the presence 
of two different loci, phb and pha, responsible respectively 
for the production of SCL 3HA units, and both SCL and 

MCL 3HA units. The phb locus differs in organization 
than the conventional pha CAB locus of A. latus and R. 

eutropha and consists of a phb BAC operon encoding the 
three principal enzymes of the biosynthetic pathway. 

PHA accumulation from cheaper carbon 

substrates 

The major factor limiting the commercial use of PHA is 

cost of its production. The two significant areas increasing 
the production cost are the substrate used for the polymer 
production and the down stream process. The use of 
cheaper carbon sources would bring down the polymer 
cost. Agricultural wastes like beet and cane molasses, 
malt extract, corn syrup (30,31), wheat bran (103), starch 
(25) and dairy wastes like cheese whey (39,41,104) with 
or without ammonium sulphate supplement have been 

used as raw materials for PHA production. Many such 
cheaper raw materials could be used for cultivating the 

bacteria accumulating PHA. 

Industrial importance and applications of PHA 

Biodegradable plastics such as PHA emerge as potential 
substitutes for overcoming the environmental problem 

created by the massive use of plastics. Furthermore, PHA 
get easily complexed by hydrogen bonding with other 
polymers like nylon, polyethylene oxide, polyvinyl acetate, 

polyvinyl chloride and polysaccharides forming copolymers 

of varied properties. Such polyesters can be used as 
biodegradable matrix for the sustained release of plant 
growth regulators or pesticides; or in controlled drug release, 
surgical sutures and bone plates (2,11,105). Their potential 
uses depend on the biocompatibility slow resorption and 
freedom from toxicity in biological environment (106). 
Although human tissue lacks PHB degrading enzymes, 

simple hydrolytic degradation due to water continues. Also 
the biodegradation product D(-)-3-HB, is a normal metabolite 
in human blood and hence there is no cytotoxicity. 

Commercially produced PHA: Biopol the commercially 

available PHA, is a copolymer of P(3HB-co-3HV): The 

commercial production of Biopol has seen a number of 
transformations with respect to the producer organism 

and the propritership. The initial production of Biopol 

was started using Azotobacter sp., but the excessive 
uncontrolled production of polysaccharide (EPS) led to 

use of a methanol utilizing organism, Methylobacterium. 

Due to slow growth and low polymer content, the 
commercial production of PHA was shifted to Alcaligenes 

eutrophus, a glucose utilizing mutant from original H16 

strain (107). 

Started by ICI, UK, the commercial production of 
Biopol was taken over by ZENECA, UK (108) and 

subsequently by Monsanto, USA (106). The annual 

production of Biopol is about 1000t (37). The product 

is successfully being used for marketing of shampoo 

bottle (SANARA). Besides, various containers, 
disposable razors and tray for holding food are available 

commercially. 

Novel microbial PHA, with desirable physical 
properties and high productivity are still being 

discovered in the quest of biodegradable plastics. 

Survey of hitherto unexplored tropical marine ecosystem 

of India using a highly reproducible and rapid method for 

extraction of PHA from bacteria (109) has yielded 

promising bacterial strains accumulating high PHA (110). 

Since the commercial production of PHA from expensive 

substrates is untenable, cheap and readily available 

substrates are now being tried (25,30,31,39,41,103). 

The application of recombinant DNA technology and 

acquisition of knowledge of the precise control 

mechanism involved in polymer synthesis should lead 
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to the production of novel polymers tailored for specific 
purposes. Strategies should be thought to produce this 
polymer extracellularly so as to reduce the cost of the 

downstream process. 
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A new method has been standardized for extraction of polyhydroxy alkanoates from the bacteria, using sodium hy-
pochlorite. This method is simple and quick as compared to the existing methods. Statistical analysis has proved the method 

to be reliable and reproducible. 

Polyhydroxy alkanoates (PHA) are polyesters of hy-
droxy alkanoates, synthesized and accumulated in-
tracellularly as granules by numerous bacteria l-3 . PHA 
have various mechanical properties resembling the 
recalcitrant thermoplastics and hence have been con-
sidered as their potential substitute" .8 . 

The method of extraction is a very important step 
in the assay and also for characterization of PHA. In a 
survey, when a large number of organisms are being 
screened for their ability to produce PHA, the method 
of extraction needs to be simple, quick, reproducible 
and reliable. Various methods have been employed 
for extracting PHA from the cells using hypochlorite 
as in Williamson & Wilkinson's method (WW)' and in 
Disk assay method (DA) 1° , or solvents like chloroform 
(ailin) 11 , while some researchers have used both 
these in a combination like in the dispersion method 
(Disp)12-14. No comparative study has however been 
reported with respect to the relative efficacy, repro-
ducibility, reliability and/or practical advantages of 
these different methods. 

Mangroves constitute a nutrient rich ecosystem, 
which makes its flora diverse in nature. PHA have 
been reported in marine and estuarine sediments and 
from the microorganisms inhabiting these' s-18 . The 
mid-west coast of India was surveyed and a large 
number of organisms were found to accumulate 
PHA 19 . The present paper describes the development 
of a quick new quantitative extraction method (Hyp), 
using hypochlorite and comparison of various meth-
ods of extraction of PHA from five different cultures 
from marine sediments. 

*Correspondent author: 
Telefax: 091-832 — 451569. 
E-mail : suncela@unigoa.erncLin  

Materials and Methods 
Isolation and selection of organisms—Ten-fold di-

lutions of marine and mangrove sediments collected 
along the mid-west coast of India, were surface plated 
on Luria Bertani agar medium in aged sea water. The 
bacterial isolates were purified by surface streaking and 
screened microscopically for PHA accumulation by 
Ostle and Holt's method20 . Heat fixed smears of the 
isolates were flooded with 1% (w/v) aqueous nile blue 
A, heated for 10 min followed by treatment with 8% 
(w/v) acetic acid. The slides were washed and observed 
under fluorescence microscope (Olympus) using green 
filter. Cells exhibiting orange fluorescence were scored 
positive for PHA accumulation. Amongst the isolates 
accumulating PHA, five isolates selected at random for 
the present study were 61/4, 64/4 and 82/4 being Gram 
positive rod shaped organisms, and 12/BL and 85/6 
were Gram negative short rods. 

Cultivation—Each culture was grown in 250 ml 
Erlenmeyer flasks containing 50 ml E2 mineral 
medium21 , consisting of NaNH4HPO4. 4H20, 3.5g; 
K2HPO4 . 3H20, 7.5g and KH 2PO4, 3.7g; MgSO4 .7H20, 
10 ml of 100 mM and MT microelements stock solu-
tion, 1 ml; containing FeSO4.7H20, 2.78 mg; MnC12. 
41420, 1.98 mg; Co SO4.7H20, 2.81 mg, CaC1 2.2H20, 
1.47 mg; CuC1 2.2H2O, 0.17 mg and ZnSO4.7H20, 
0.29 mg; per litre supplemented with yeast extract, 
0.04% (w/v) 19 ; glucose was used as carbon source 2% 
(w/v). The cultures were incubated in an environ-
mental shaker at 28°C for 48 hr at 150 rpm. 

All the chemicals used in this study were of ana-
lytical grade; solvents were distilled and dried before 
use. 

Methods of extraction of PHA from bacterial cells—
Figure 1 shows the flow diagram of the step wise pro- 



RAWTE & MAVINKURVE :RAPID METHOD FOR PHA EXTRACTION 	 925 

tocols followed for each method of PHA extraction, 
namely Williamson and Wilkinson's (WW) 9, Disk 
assay (DA) 1°, Chloroform extraction (Chlm) II , Chlo-
roform-hypochlorite dispersion (Disp) I2,13 and the 
new hypochlorite (Hyp) method, developed and re-
ported herein. 

Assay of PHA—PHA extracted by above methods 
were assayed by Slepecky and Law's method 22 . PHA 
sample (0.5m1) was treated with 4.5 nil concentrated 
H2SO4  and placed in a boiling water bath forlOmin. 
On cooling, absorbance was noted at 235 nm on UV-
1601 Shimadzu spectrophotometer. Standard was run 
using DL-13-hydroxy butyric acid in the concentration 
range 50-500 nM. Each extraction method was re-
peated five times for each culture so as to check the 
reproducibility and the reliability. 

Results and Discussion 
There are various solvent and non-solvent based 

methods used for extraction of PHA from cells 9-14 . 
Data regarding comparative study of these extraction 
methods however are meager. Amongst all the sol-
vents, hypochlorite 9,10.12-14 and chloroform 11.14  are the  

extractants of choice for PHA. Hypochlorite dissolves 
the non-PHA cellular material, leaving the insoluble 
polymer precipitated in solutions, however prolonged 
incubation over 60 min with hypochlorite is known to 
degrade the PHA'. Hot chloroform dissolves and ex-
tracts PHA leaving other cell material in aqueous. 

A simple hypochlorite method (Hyp) was devised 
during the present work in which PHA from the cells 
was extracted with hypochlorite followed by washing 
it free of lipids with diethyl ether, using two isolates 
61/4, Gram positive rods and 12/BL, pigmented Gram 
negative rods. The optimum time and temperature of 
incubation in hypochlorite solution and the concentra-
tion of the hypochlorite solution were standardized 
(Fig. 2). The incubation of the cells in hypochlorite 
solution with 2% (w/ v) active chlorine at 37°C, re-
covered the polymer optimally (Fig. 2 a,b). It was 
noted that the cells immediately on treatment with 
hypochlorite were not lysed completely and were pel-
leted and the assay mixture of these samples exhibited 
high absorbance at 235 nm and also at other wave-
lengths. After 5 min of incubation in hypochlorite, 
PHA were separated from the cellular material par- 
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Fig. 1 — Extraction of PHA from bacterial cells by different methods: WW= Williamson and Wilkinson's; DA= Disk Assay; Chlm= Chlo-
roform; Disp= Dispersion; Hyp-- I typoililoi tie; Centrifugation; ppt= precipitate; DEE= Diethyl ether; D/W= Distilled water; Hypel= 

sodium hypochlorite (2% w/v active chlorine)*, 10m1 bacterial cell suspension was centrifuged at 6000rpmx 10 1 , the pellet washed with 
10 ml saline, cells were again centrifuged to get the pellet. 
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ially. The scan of samples incubated for 10 min ex-
iibited a single peak at 235 nm, indicating the purity 
)f the polymer free from cellular material. Incubation 
or 10 min in hypochlorite recovered the polymer al-
nost fully in isolate 61/4 and completely in isolate 
12/BL (Fig. 2c). On further incubation in hypochlorite 
or 40 min the yield of PHA increased marginally in 
solate 61/4, whereas it decreased in 12/BL a Gram 
iegative culture. Prolonged contact with hypochlorite 
luring extraction of PHA is reported to affect the 
polymer, leading to decreased molecular weight'. 
Considering almost complete extraction of PHA in 10 
min with marginal increase, if any, after 40 min and 
the risk of polymer degradation with increasing 
incubation period, the treatment of cells with 
hypochlorite limited for 10 min was adopted for 
extraction of PHA from the bacterial cultures. 

Accordingly, the Hyp was standardized as follows. 
The bacterial cell pellet obtained from 10 ml of sta-
tionary phase culture washed once in saline was sus-
pended in 10m1 hypochlorite solution with 2% (w/v) 
active chlorine and incubated at 37°C for 10 min on 
shaker to allow separation of PHA from cellular mate-
rial. The PHA pelleted by centrifugation at 8000 rpm 
for 20 min were then washed with diethyl ether to 
remove any contaminating lipids and assayed with 
sulphuric acid22 . Table 1 gives the recovery of PHA 
from the selected bacterial cultures using Hyp in 
terms of percent dry weight of cell mass. 

Hyp is found to be simple and quick method to ex-
tract PHA from bacterial cells and was compared with 
the four routinely used methods to confirm its effi-
ciency and reproducibility. The relative quantities of 
PHA obtained by the five extraction methods from 
five different organisms are presented in Table 2. 

Table I —Yield of PHA accumulated by the selected cultures 

(Values are mean ± SD] 

Isolates 
Yield 61/4 64/4 82/4 12/BL 85/6 

Dry weight of cell mass (g/1) 4.52 ± 0.02 4.40 ± 0.06 2.20 ± 0.03 3.28±0.02 2.50 ± 0.05 

Wet weight of cell mass (g/1) 45.6 ±0.01 2 43.6 ± 0.023 28.47 ±0.048 36.01 ±0.091 31.16 ± 0.021 

*PHA content (% cellular dry weight) 32.02 33.18 27.18 51.13 53.71 

*Calculated using the PHA values obtained on extraction by the Hyp 

2 ® 12/et a 

 

61/4 By Hyp b  

 

0 

Temperature (°C)  Active chlorine 
In hypochlorite (% w/v) Time (min) 

Fig. 2—Effect of temperature (a); active chlorine in hypochlorite solution (h) and time of incubation (c) during extraction of PHA from 
the bacterial cells 
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DA is devised specially for screening and quantitat-
ing the polymer content from a large number of or-
ganisms 10 . The efficiency of DA to extract the poly-
mer varied from culture to culture (Table 2), possibly 
due to the prolonged 1 hr treatment with hypochlorite 7 

 and varying amount of lipids and proteins adhering to 
PHA, interfering during extraction of the dense mass 
of cells (25mg) applied on glass fiber disks. 

The Disp involves the use of sodium hypochlorite 
and chloroform, simultaneously"- , giving marginally 
higher yield of PHA (Table 2), than by the other ex-
traction methods in all the cultures, except for 82/4, a 
Gram positive rod which consistently gave lower val-
ues of PHA. 

The Chilli does not involve the use of hypochlorite 
and is now the most widely accepted method for ex-
traction of PHA especially for the purpose of their 
characterization". The precipitation of the polymer 
with dry diethyl ether and acetone in this method rules 
out the possibilities of any contaminating lipids and 
proteins and therefore possibly yields lower values 
than other methods as observed for culture numbers 
61/4, 64/4, 85/6 (Table 2). The method is not very  

convenient for screening large number of isolates due 
to time consuming steps of repetitive extraction and 
extensive use of solvents 23 . 

WW is one of the most popular method 24.25 . It in-
volves the use of solvents like dry diethyl ether and 
acetone, which precipitate the polymer, making it free 
of phospholipids, free fatty acids and triglycerides. 
Incubation with hypochlorite for more than 30 min 6 , 
possibly increases the risk of polymer degradation 
accounting for the slightly lower content of the poly-
mer extracted from cells (Table 2). Also the method is 
time consuming because of the two steps of dialysis. 

The Hyp is a quick and simple method, modified 
by elimination of dialysis steps. Incubation of the 
cells with hypochlorite only for a short period of 10 
min prevents the polymer degradation and diethyl 
ether treatment makes the extracted polymer free of 
any contaminating material such as lipids. In all the 
cultures, the method gives marginally higher yield, 
than the other methods. Because of its simplicity, this 
method could be used for routine extraction and quan-
tification of the polymer from the large number of 
cultures isolated from mangroves and marine sedi-
ment samples'''. 

Table 2-Estimation of PHA (g/1) extracted from bacterial isolates by different methods 

[Values are mean ± SDI 

Isolates 
Methods 	 61/4 	64/4 	82/4 	12/BL 

	
85/6 

Williamson & Wilkinson ('VW)' 1.0668 ±0.174 1.1426 ± 0.0370.4698 ± 0.026 1.3821 ±0.050 1.0332 ± 0.021 

Disk Assay (DA) In 
	

0.9107 ± 0.068 1.2791 ± 0.0100.3358 ± 0.073 0.8838 ± 0.045 1.0748 ± 0.011 

Chloroform (ChInt) i I 
	

0.8260 ± 0.03670.8371 ± 0.0170.5436 ± 0.0141.4748 ± 0.14860.6302 ± 0.0003 

Dispersion (Disp) 12.13 
	

1.4070 ± 0.154 1.3659± 0.0090.5256 ± 0.017 1.4863 ± 0.159 1.1204 ± 0.009 

Hypochlorite (I I yp) 
	

1.4473 ± 0.065 1.460 ± 0.017 0.5980 ± 0.054 1.6772 ± 0.097 1.3428 ± 0.019 

Table 3-F ratio 4,16 of variance between isolates for different methods of extraction 

Isolates 
Cultures 
	

61/4 	64/4 	82/4 	12/BL 	85/6 

For readings within a method 	1.386 	1.277 	1.092 	1.053 	1.380 
For readings of different methods 	316.00 	203.00 	67.56 	219.00 	3251.00 

F4 . 16 value at 5c1 level of significance is 3.01 

Table 4- 	Efficacy of hypochlorite method compared to other methods of PHA extraction 

Isolates 
Method 01/4 64/4 82/4 12/BL 85/6 

Ilyp: WW I! 0.73 1: 0.78 I: 0.78 1: 0.82 I: 0.76 

Ilyp: DA I .  0 63 I: 0.87 I: 0.56 I: 0.52 1: 0.80 

Hyp: Chlin I. 0.57 I. 0:57 I: 0 90 I .  0.87 1 1 0.46 

Hyp: Disp I: 0.97 I: 0.93 I : 0.87 1: 0.88 I: 0.83 
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The F test of variance when applied to the data in 
['able 2, the F(4 . 16) ratio of variance (Table 3) was 
within the permissible level of 3.01 at 5% level of 
>ignificance, for the readings within each method of 
!,xtraction for any single given culture signifying the 
.eproducibility and reliability of the methods of ex-
raction, for all cultures. But the F(4,16) ratio of vari-
ince when applied within a culture for various meth-
ods of extraction, the values obtained were much 
ngher than the permissible level, indicating the sig-
iificant variation in extractability of PHA within the 
nethods. Such variation may be attributed to the vari-
nis steps involved in the different methods and also 
he composition of the bacterial cultures, especially 
he cell envelop. Culturewise variation in the extrac-
tability of periplasmic proteins by various methods 
las been demonstrated earlier 26. Nevertheless, the 
efficacy of extraction of Hyp was compared with 
ether methods. Table 4 indicates that the efficacy of 
extraction of PHA varied with culture and the method 
Df extraction. For cultures 64/4 and 85/6 the extracta-
bility for all the methods followed the same order 
while for 12BL, except for DA, the other three meth-
ods exhibited almost the same efficacy. The Hyp, 
standardized in the present study, consistently gave a 
higher value with each of the culture, indicating its 
efficacy of extraction. From all the five cultures. used 
in the present study PHA could be extracted optimally 
by this method. 

Therefore it can be concluded that the hypochlorite 
method (Hyp) presented herein is a reproducible sim-
ple and rapid method, which extracts the polymer 
fully, from bacterial cells. 
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