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This study was focused on the polyhydroxybutyrate (PHB) accumulation property of Bacillus

aryabhattai isolated from environment. Twenty-four polyhydroxyalkanoate (PHA) producers

were screened out from sixty-two environmental bacterial isolates based on Sudan Black

B  colony staining. Based on their PHA accumulation property, six promising isolates were

further screened out. The most productive isolate PHB10 was identified as B. aryabhattai

PHB10. The polymer production maxima were 3.264 g/L, 2.181 g/L, 1.47 g/L, 1.742 g/L and

1.786 g/L in glucose, fructose, maltose, starch and glycerol respectively. The bacterial cul-

ture  reached its stationary and declining phases at 18 h and 21 h respectively and indicated

growth-associated PHB production. Nuclear Magnetic Resonance (NMR) spectra confirmed

the  material as PHB. The material has thermal stability between 30 and 140 ◦C, melting point

at  170 ◦C and maximum thermal degradation at 287 ◦C. The molecular weight and poly dis-

persion index of the polymer were found as 199.7 kDa and 2.67 respectively. The bacterium

B.  aryabhattai accumulating PHB up to 75% of cell dry mass utilizing various carbon sources

is  a potential candidate for large scale production of bacterial polyhydroxybutyrate.
©  2017 Sociedade Brasileira de Microbiologia. Published by Elsevier Editora Ltda. This is

an  open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

are biodegradable-biocompatible thermoplastics, non-toxic,
ntroduction
olyhydroxyalkanoates (PHAs) are reserves of carbon and
nergy found in bacteria in the form of intracellular inclu-
ions. They are synthesized and deposited when bacterial cells
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are cultured in a medium containing surplus amount of car-
bon source with inadequate supply of other nutrients.1 These
dhi Centre for Biotechnology (RGCB), Poojappura, Thycaud P. O.,

hydrophobic, impermeable to gases, piezoelectric, enan-
tiomerically pure and show a high degree of polymerization
with molecular weights of 20,000 to 30 million Daltons.2–4
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with 20 g/L of glucose and incubated at room temperature for
48 h at agitation rate of 150 rpm. The experiment was done
in triplicate and the cells harvested were washed with sterile
452  b r a z i l i a n j o u r n a l o f m

PHAs have attracted a great deal of attention because of their
bio-degradability and thermoplastic properties.5 They show
physical and material properties which make them suitable
for applications in various fields such as manufacturing of
packaging materials, as biomedical implant materials, as drug
delivery carriers, as biofuels, as water resistant coatings on
cardboard or paper, as additives in cosmetics and in food
processing industries.2,6–8 PHAs can be produced from renew-
able resources and they are considered as an alternative to
non-biodegradable plastics produced from fossil oils.9 Com-
mercial production of PHA is limited by the high cost of
production compared to conventional plastics. The main focus
on the biopolymer research is to develop economically fea-
sible methods for the large scale production of good quality
biopolymer.

Most PHAs have been produced by prokaryotic microor-
ganisms, including bacteria and archaea, although
transgenic plants were reported to produce PHAs.10 In
prokaryotes PHA accumulation property is broadly dis-
tributed among the Gram-negative organisms such as
Cupriavidus,11 Pseudomonas,12 etc., Gram-positive organisms
such as Bacillus,12 Clostridium,13 Corynebacterium,14 Nocar-
dia,  Rhodococcus,15 Streptomyces,16 Staphylococcus,17 etc. and
certain archaeal strains of Halobacterium,18 Haloarcula,19

Haloquadratum20 and Haloferax.21 Bacillus spp. are well known
for their ability to accumulate poly-3-hydroxybutyrate (PHB)
which is the most common and simplest form of PHA found
in bacteria.22–25 PHB is the first discovered and the most
extensively studied biopolymer.26,27

Bacillus aryabhattai was first isolated from cryotubes used
for collecting air from upper atmosphere.28 The PHB accu-
mulating property of this strain was reported by Van-Thuoc
et al.29 In this study we isolated a B. aryabhattai strain from
soil and its molecular characterization was done. We also
investigated the polyhydroxybutyrate biosynthetic property
of the strain, variations in polymer accumulation in response
to change in carbon source, time course analysis of polymer
accumulation and its polymer characteristics.

Materials  and  methods

Sampling,  isolation  and  maintenance  of  bacterial  strains

Soil samples were collected from paddy fields, forests,
riverbeds, sewerage system and estuaries of Kerala, India. Bac-
terial strains were isolated on nutrient agar medium (5 g of
peptone, 5 g of sodium chloride, 1.5 g of beef extract, 1.5 g of
yeast extract and 15 g of agar per liter at pH 7.4) (Himedia Lab-
oratories, Mumbai, India) from serially diluted samples and
incubated overnight. Since these are environmental bacterial
isolates, incubation in initial experiments were done at room
temperature (30 ◦C). The colonies were streaked several times
for making them as pure cultures. The isolates were labeled
as PHB series (PHB1-62) and were maintained on nutrient agar
slants and stored at 4 ◦C.30,31
Preparation  of  seed  inoculum

One loop full of the culture from slant was inoculated in
5 mL  of sterile nutrient broth (5 g of peptone, 5 g of sodium
 b i o l o g y 4 8 (2 0 1 7) 451–460

chloride, 1.5 g of beef extract and 1.5 g of yeast extract per
liter at pH 7.4) (Himedia Laboratories, Mumbai, India). After
incubation for 24 h at room temperature, 1% (v/v) of culture
having 108 cells/mL was aseptically transferred into 50 mL
sterile nutrient broth and incubated for 18 h at room temper-
ature. From this, inoculum was added at 1% level in all the
polymer quantification experiments.

Screening  of  isolates  for  PHA  production

Bulk screening of isolates was done by colony staining on half
strength nutrient agar (2.5 g of peptone, 2.5 g of sodium chlo-
ride, 0.75 g of beef extract, 0.75 g of yeast extract and 15 g agar
per liter at pH 7.4) supplemented with 20 g/L glucose, after
48 h of incubation at room temperature.32 E. coli colony was
used as negative control. The bacterial colonies on Petri plates
were flooded with Sudan Black B solution (0.05% in ethanol)
and kept undisturbed for 30 min. The excess stain was washed
out by sterile saline and the dark blue colored colonies were
identified as PHA positive.

Staining  for  PHA  accumulation  and  microscopy

48 h old bacterial cells grown in basal medium (1.5 g of
peptone, 1.5 g of yeast extract, 1 g of Na2HPO4 and 0.2 g
of MgSO4·7H2O per liter, pH 7.2) supplemented with 20 g/L
glucose at room temperature were taken for staining and
microscopic analysis. Sudan Black B stained smear was
observed under 100× oil immersion objective lens of light
microscope Nikon YS100 (Nikon Corporation, Tokyo, Japan).33

Nile Red stained cell suspension was taken on a glass slide
and was covered by a coverslip.34–36 The cells were imaged on
a Nikon A1R-Si laser scanning confocal spectral microscope
with 50× magnification (Nikon Corporation, Tokyo, Japan)
excited at 561 nm.

Scanning Electron Microscopy (SEM) analysis was
performed according to Soo-Hwan et al. with some
modifications.37 Polymer accumulated bacterial cells were
harvested, washed in phosphate buffered saline (PBS) and
fixed overnight in 3% gluteraldehyde solution. The fixed cells
were again washed in PBS to remove excess gluteraldehyde
and successively dehydrated in 30%, 50%, 70%, 80% and 100%
ethanol. 5 �L of this cell suspension was sputter coated with
gold and analyzed in a Scanning Electron Microscope JEOL
Model JSM – 6390LV (JEOL USA, Inc., MA, USA).

Evaluation  of  bacterial  strains  for  PHA  production

From the isolates, six cultures producing considerable amount
of PHA granules were inoculated in 1000 mL  basal medium
normal saline. The biomass obtained was lyophilized and the
cell dry mass (CDM) was calculated. Polymer was extracted
from the lyophilized cells, weighed and estimated the yield in
percentage (w/w).34,38
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orphological,  biochemical  and  molecular  characterization

he isolate was morphologically and biochemically character-
zed following the standard microbiological methods.39,40 For

olecular characterization, genomic DNA was isolated using
izard Genomic DNA Purification Kit (Promega Corporation,
adison, USA). 16S rRNA gene was amplified using the univer-

al eubacterial primers 27F and 1492R.41 Sequencing PCR was
one with ABI PRISM Big Dye terminator v3.1 cycle sequenc-

ng kit and the sequencing was done in AB 3730 DNA analyzer
Life Technologies, CA, USA). The sequences obtained were
iewed with ABI sequence scanner v1.0, compiled and aligned
sing BioEdit version 7.0.9.0.42 Phylogenetic tree was con-
tructed based on neighbor-joining method using MEGA 7.0.20
ith bootstrap values for 1000 replicates.43,44 E. coli and Pseu-

omonas stutzeri were used as outgroup. Reference sequences
ere retrieved from GenBank under the accession numbers

ndicated on the phylogenetic tree.

nalysis  of  PHB  accumulation  at  different  temperature
nd carbon  sources

0 g/L of glucose, fructose, maltose, starch and glycerol were
upplemented independently as carbon sources in 1000 mL
asal medium. The PHA accumulation property of the most
roductive isolate was evaluated using different carbon
ources at temperatures 28, 31, 34, 37 and 40 ◦C for 48 h at
gitation rate of 150 rpm. After incubation, the biomass was
arvested, the polymer was extracted using the same method
s described before and results were compared.34,38,45

rowth  rate  analysis

n order to evaluate the growth pattern in a nutrient rich
ondition, 100 �L of the seed inoculum was added to 100 mL
f nutrient broth at 31 ◦C and agitation rate of 150 rpm.
t 1 h intervals, 100 �L of the culture sample was taken
nd measured the optical density at 600 nm in an Infinite
00 PRO multimode reader (Tecan Group Ltd., Maennedorf,
witzerland).39

ime-course  analysis  of  PHB  production

olymer accumulation rate of the isolate PHB10 at different
ime points were estimated by culturing in 1000 mL  basal

edium supplemented with 20 g/L glucose at 31 ◦C and agi-
ation rate of 150 rpm.46 The cells were harvested at each 2 h
nterval up to 72 h and the cell dry mass (CDM) and percentage
HA content were estimated.

olymer  characterization

he proton Nuclear Magnetic Resonance Spectroscopy (1H
MR) and 13C NMR  spectra of the polymer were recorded
fter suspending the polymer in high purity deuterochloro-
orm (CDCl3).47 1H NMR  spectra were obtained in model Bruker

vanceII 500 NMR  spectrometer at 500 MHz and magnetic
eld strength of 11.7 T. For 13C NMR  spectra, model Bruker
vanceIII 400 NMR  spectrometer was used at 400 MHz and
.4 T (Bruker Corporation, Massachusetts, USA). Differential
o l o g y 4 8 (2 0 1 7) 451–460 453

Scanning Calorimetry (DSC) analysis of PHA sample was
carried out in PerkinElmer DSC6000-Pyris Series instrument
(PerkinElmer, Inc., Massachusetts, USA) under flowing nitro-
gen atmosphere at a heating rate of 10 ◦C per min using
aluminum sample holder for taking thermogram.48 2–5 mg
of sample was taken for analysis in order to ensure the
uniformity of temperature and good reproducibility. Thermo-
gravimetric analysis (TGA) was carried out using SDT Q600
V8.3 Build 101 thermal analyzer instrument (TA Instruments,
Inc., Delaware, USA) over a temperature range from 28 to
600 ◦C at a heating rate of 10 ◦C/min.47 The number-average
molecular weight (Mn), weight-average molecular weight (Mw)
and poly dispersion index (PDI) of the polymer were deter-
mined by Gel Permeation Chromatography (GPC) using Waters
HPLC system with 600 Series Pump and Waters Styragel HR
series HR5E/4E/2/0.5 column equipped with a 7725 Rheodyne
injector and refractive index 2414 detector (Waters Corpo-
ration, Massachusetts, USA).49,50 Chloroform was used as
eluent at a flow rate of 1.0 mL/min. Polystyrene standards of
molecular weight 1,865,000, 34,300, 685 were used for relative
calibration.

Results

A large number of white, yellow, pink and peach colored
colonies were grown on nutrient agar plates after plating the
environmental samples. 62 bacterial colonies were isolated
and out of these, 24 PHA accumulating isolates which showed
darkly stained colony morphology were screened out by Sudan
Black B colony staining (Fig. 1A). From these positive isolates,
six isolates were selected based on the size of their granules
as seen under microscope for yield analysis. Isolate named
PHB10 was the best among the six with a polymer level 63%
of CDM (Fig. S1) and was selected for further studies. Nile red
staining showed bright red fluorescence (Fig. 1B) and Scan-
ning Electron Micrograph (SEM) showed bacillus morphology
(Fig. 1C).

Strain  identification

Morphological, biochemical characterizations and antibi-
ogram of the isolate PHB10 are given in Table 1. Based on these
characteristics, along with 16S rRNA gene sequence homology
(99%) with B. aryabhattai strain CM44 and was referred to as B.
aryabhattai PHB10. The 16S rRNA sequence of this isolate has
been submitted to NCBI gene bank (Accession no. KF056892)
and the bacterial strain was deposited in MTCC (Accession no.
12561). The phylogenetic position of the isolate is depicted in
Fig. 2.

Analysis  of  PHA  accumulation  at  different  temperature
and carbon  sources

When glucose was used as carbon source at 31 ◦C, the cell
dry mass and polymer yield were obtained at its maximum of

4.36 g/L and 74.89% (3.26 g/L) respectively (Table 2). At incuba-
tion temperatures above and below this point PHB10 exhibited
a decreasing trend in biomass production as well as PHA
accumulation. In presence of other carbon sources such as
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15kV X4,000 5µm 0001 10 54 SEI
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Fig. 1 – Staining for PHA accumulation and microscopy (A) Sudan Black B colony staining for PHA accumulation, negative
control (E. coli) and six PHA positive isolates in anticlockwise order, (B) confocal fluorescence micrograph of polymer

h of
accumulated in PHB10 cells, (C) Scanning Electron Micrograp

fructose, maltose, starch and glycerol, the strain showed max-
imum polymer yield of 65.37% (2.18 g/L), 51.15% (1.47 g/L),
49.15% (1.742 g/L) and 65.92% (1.786 g/L) respectively at 34 ◦C.
Growth  rate  analysis

The isolate was grown in nutrient broth and reached its log
phase in 2 h, mid-log phase at 8 h and attained its maximum
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Fig. 2 – Phylogenetic tree depicting the position of PHB10 based o
constructed with MEGA 7.0.20 with bootstrap values for 1000 rep
 PHB10 cells.

rate at 18 h of incubation. The culture entered its declining
phase after 21 h of incubation (data not shown).

Time-course  analysis  of  polymer  production
The time-course analysis of polymer production revealed that
PHA production in B. aryabhattai is growth associated. The
polymer accumulation begins along with the cell growth, i.e.,

illus aryabhattai PHB10 (KF056892)

 aryabhattai CM44 (KC503992)

 megaterium IAM 13418 (D16273)

flexus IFO15715 (AB021185)

circulans ATCC 4513 (AY724690)

firmus IAM 12464 (D16268)

dicola 105-2 (AF547209)

s amyloliquefaciens BCR11601 (NR116022)

 methanolicus C1 (X64465)

cillus cereus SP4 (KC136821)

nthracis B-48 (KM015444)

onas stutzeri ATCC 17682 (AJ006107)

cherichia coli ATCC 8739 (CP000946)

n 16S rDNA sequence. Neighbor-Joining tree was
licates. E. coli and P. stutzeri were  used as outgroup.
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Table 1 – Morphological and biochemical characteristics
of the isolate PHB10.

Characteristic Result

Isolation source Domestic sewerage soil
Colony diameter (mm) 5–9
Colony shape Entire, round and flat
Colony color Ivory
Oxidase +
Catalase +
Urease +
ˇ-Galactosidase +
Gelatin hydrolysis –
Starch hydrolysis +
Reduction of nitrate to nitrite +
Indole production −
Methyl red test +
Voges-Proskauer test +
Malonate utilization +
Citrate utilization −
Acid production from

Glucose +
Lactose +
Maltose +
Sucrose +

Antibiotic sensitivity
Penicillin R
Ampicillin R
Tetracycline IR
Co Trimoxazole S
Cephradine R
Gentamycin S
Colistin R
Cephataxime R
Streptomycin IR
Doxycycline R
Chloramphenicol S

R, resistant; IR, intermediate resistant; S, sensitive.
B yield (%, w/w).

from the log phase itself. The polymer accumulation rate
increased exponentially up to stationary phase at 36 h of incu-
bation and reached its maximum level after 60 h, contributing
65% of CDM (Fig. 3).

Polymer  characterization

Fig. 4A shows the 1H NMR  spectrum from polymer synthe-
sized in the presence of 20 g/L glucose. The spectrum showed
the expected resonances for PHB between 5.22–5.28 ppm,
2.45–2.62 ppm and 1.26–1.28 ppm. Scans of 13C NMR  (Fig. 4B)
showed prominent peaks at 169.13, 67.62, 40.81 and 19.76 ppm.
The NMR  spectra were compared with standard PHB
(Sigma–Aldrich, MO, USA) (Figs. S2 and S3). Through DSC anal-
ysis the melting point of the polymer was found as 170 ◦C
and it was thermally stable in a temperature range of 30 ◦C
to 140 ◦C (Fig. 5A). Fig. 5B shows the TGA thermogram of the
PHA film. Thermal degradation of the polymer occurs at 247 ◦C
and maximum degradation at 287 ◦C whereas the standard
PHB (Sigma–Aldrich) showed the respective degradations at
212 ◦C and 266 ◦C. GPC analysis suggests that the polymer has
a number average molecular weight (Mn) of 74.874 kDa and
a weight average molecular weight (Mw) of 199.740 kDa with
poly dispersion index (PDI) 2.67.

Discussion

Since petroleum-based plastics are becoming a major cause
of environmental pollution, the biodegradable plastics have
been drawing much attention the world over for their unique
properties as thermoplastics. But the production of these bio-

plastics is limited due to their higher cost of production. Hence
studies in search of bacterial strains with better productiv-
ity and optimization of their culture conditions are of prime
importance to minimize the cost of PHB production.
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There are currently more  than 300 different bacterial
species, isolated from diverse environmental conditions
known for PHA accumulation.51 In search of better PHA pro-
ducing bacteria, we  selected five different environmental

sources. The strains were grown, established as pure cultures
and stored on nutrient rich medium. Usually, bacteria accu-
mulate PHAs under nutrient imbalanced growth conditions.1
10. (A) 1H NMR  spectrum, (B) 13C NMR  spectrum.

Hence the isolates were subsequently screened on growth
medium with limited nitrogen compounds and abundant sup-
ply of glucose, for PHA accumulation. The colony staining
is a simple method for rapid detection and isolation of PHA

accumulating bacteria from environment.32 During the study,
we screened out 24 PHA accumulating bacteria through the
colony staining. Secondary screening of these isolates resulted
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Fig. 5 – (A) DSC curves of polymer. (B) TGA curves. Solid

n obtaining a bacterial isolate PHB10 with much better PHB
ccumulation potential, which was originally isolated from
oil collected from a local domestic sewerage. Nile red staining
howed bright red fluorescence which further confirmed mul-
iple PHA granules within the cytoplasm of the strain PHB10.36

he 16S rRNA gene sequence of this isolate resembled that of
. aryabhattai and the biochemical and morphological char-
cteristics matched with early reports of Shivaji et al.28 The
hylogenetic tree revealed the similarity of the isolate with
nother strain of the same species and its position among
ther Bacillus spp.

Generally bacteria belonging to the genera Bacillus accu-
ulate short chain length polyhydroxyalkanoates such as

HB.16 In order to identify the most suitable carbon source
or PHB production, PHB10 was cultured using different car-
on sources and the effect on PHB accumulation was studied.

HB10 accumulated PHB up to 75% and 4.36 g/L of dry weight
fter 48 h, in shake flask culture. PHB10 recorded much higher
ate of polymer accumulation when compared to earlier
e – polymer from PHB10, dotted curve – standard PHB.

reports of 26% in 10 g/L glucose and 58% in 20 g/L sweet
sorghum juice.29,52 The study reveals the better ability of B.
aryabhattai PHB10 in terms of PHB accumulation and this is
the best yielding strain of this species reported till date. These
findings suggested that glucose was the best carbon source
for PHB accumulation among the carbon sources used in this
study and the optimum temperature for maximum productiv-
ity was 31 ◦C.

Interestingly, the isolate showed good polymer accumu-
lation in basal medium with glycerol, next to the production
level in glucose. After 48 h of incubation, B. aryabhattai PHB10
accumulated 66% (1.79 g/L) of polymer using glycerol and it
was found to be comparable with that of Bacillus sonorensis
SM-P-1S (2.0 g/L, 71.8% after 96 h) as reported by Shrivastav
et al.31 Hence, for large scale production of the polymer
using the strain PHB10, glycerol may be a better option

as it is cheaper than glucose and can be obtained as a
by-product from industries such as biodiesel production.31

The polymer accumulation in starch containing medium
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(1.742 g/L) indicates the isolate can utilize starch and can
convert them to bioplastics. This property of simultaneous
saccharification and fermentation of starch can aid in better
resource utilization and may reduce the polymer produc-
tion cost considerably. For a large scale polymer production
process, PHB accumulation property of this strain within a
minimum period of incubation, utilizing inexpensive and
easily available raw materials may reduce the production
cost.

Gouda et al. studied the effect of different carbon sources
on the production of PHB by Bacillus megaterium and observed
that maximum PHB accumulation obtained when glucose was
used as sole carbon source and maximum cell dry mass was
obtained in maltose.53 Similarly, in this study among the car-
bon compounds used, excepting glucose, fructose was the best
for polymer accumulation while starch for cell growth. Malt-
ose was found as a poor carbon source for cell growth as well
as polymer production.

In this study the optimum temperature for polymer pro-
duction was found to be 31 ◦C and 34 ◦C in various carbon
sources. These results are in agreement with Grothe et al. who
found that incubation temperature affects polymer accumu-
lation at a range of 25–37 ◦C and over this range, the effect of
temperature is negligible.54

The growth of PHB10 cells in nutrient rich medium was
found faster than in basal medium and attained expo-
nential, stationary and death phases immediately. This is
because of the extra nitrogen compounds supplied by the
nutrient medium than by the limiting basal medium.55 The
time-course analysis of PHB production revealed that PHB
production in B. aryabhattai is growth associated. PHB accu-
mulation begins along with the cell growth, i.e., from the log
phase itself. PHB accumulation rate increased exponentially
up to stationary phase at 36 h of incubation and reached to
the maximum at 48 h. These results are consistent with those
reported by Tanamool et al.52 A small drop in the level of
CDM after 66 h coincided with a small decline in PHA con-
tent, which may indicate the presence of an intracellular PHA
depolymerase.50

The 1H NMR spectrum showed the expected resonances for
PHB as demonstrated by the methine group ( CH ) between
5.22 and 5.28 ppm, a methylene group ( CH2 ) between 2.45
and 2.62 ppm, and the methyl group ( CH3) between 1.26
and 1.28 ppm as in standard PHB. Scans of 13C NMR  showed
peaks at 169.13, 67.62, 40.81 and 19.76 ppm which represents
the carbonyl carbon ( C ), ester ( O CH ) group, methy-
lene ( CH2 ) and the methyl ( CH3) groups as shown in the
standard. These results confirm the material as a homopoly-
mer  of 3-hydroxybutyrates, i.e., poly-3-hydroxybutyrate
(PHB).56 The melting point at 170 ◦C and thermal stability at a
temperature range of 30–140 ◦C suggest that the PHB obtained
is of good quality. From the TGA data, it can be assumed
that the thermal degradation of the extracted polymer occurs
mainly in one step, at around 242–287 ◦C where 96.08% of the
original mass was lost. The polymer sample showed better
thermal stability than that of standard PHB. The higher ther-
mal  stability of the extracted polymer seemed to be due to the

more  crystalline morphology than the standard.57

The bacterial isolate B. aryabhattai PHB10 can assimilate
various carbon sources and it is a good producer of short chain
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ength PHA. Currently this bacterial isolate is being studied in
etail for the optimized polymer production using cheap car-
on sources for the further reduction in production cost and
or large scale production of PHB.
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