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Abstract Municipal sewage triggers a stress prone
environment to accumulate polyhydroxyalkanoates (PHAs)
in the cytosol of bacteria. In view of that, different Bacillus
species were isolated from municipal sewage and screened
for evaluating their efficacy of PHA production. Growth
parameters such as temperature, pH, glucose concentration
and carbon nitrogen combinations were optimized with
respect to higher biomass production as it is analogous to
PHA accumulation. Under optimized conditions, the
Bacillus species produced 3.09 g/ of PHAs which was
estimated as a higher yield in comparison to other similar
strains. Fourier transform infrared spectroscopic analysis of
the extracted polyhydroxybutyrate confirmed the distinct
peak corresponding to C=0 group, whereas proton nuclear
magnetic resonance (‘H NMR) and differential scanning
colorimetric analysis exhibited detailed insight of its
chemical structure and properties by reflecting monomeric
unit. The high yielding bacterial isolate was identified by
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16S rDNA sequencing and the sequence was confirmed as
Bacillus subtilis with an accession no. KP172548 after
submission to NCBI data base. The potential bacterium
may be further exploited for cost effective and mass scale
production of biopolymer.
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Introduction

Synthetic polymers create environmental hazards because
of their inherent toxicity, petrochemical origin and non-
biodegradable nature. These plastic products cause signif-
icant problems on solid waste management while dumping
in the ecosystem [1]. However, it is very difficult to reduce
the consumption of plastic products due to their versatile
and wide spread applications, but it is possible to replace
conventional petrochemical based plastics with alternative
bio-materials that are biodegradable. The reusable grafted
biopolymer can also permit temperature-swing adsorption
and provide an eco-friendly metal separation process [2].
Among the various types of biodegradable plastics, poly-
hydroxyalkanoates (PHAs) are the most recognized,
biodegradable polymers synthesized by microbes and
decomposed to carbon-di-oxide and water. More than 90
hydroxyalkanoic acids have been reported as constituents
of PHAs [3] and among these, polyhydroxybutyrate (PHB)
represents a common type synthesized by different
microbes. Microbes are primary member of ecological
niches and are generally influenced by biotic-abiotic fac-
tors. Microbes derive their energy through diverse adap-
tation in environment to sustain successful existence. PHA
accumulation is one of the stress-driven responses
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experienced by microbes residing at different ecological
niches such as estuarine sediments, marine habitat, rhizo-
spheric soil, groundwater sediments and sewage. These
environments are frequently rich in organic contents and
possess minimum nutrients for supporting PHB accumu-
lation and metabolic energy requirements during starvation
period [4]. More specifically, waste and wastewaters has
high BOD and COD values as compared to other ecolog-
ical niches to support growth of these microbes by utilizing
the nutrients present in wastewater and converting them
into valuable PHAs that can be used as polymers [5].

Polyhydroxyalkanoates are reported to be produced by a
wide range of bacteria in response to stress conditions and
in the presence of excess carbon source [6]. Among all,
Bacillus species produces several derivatives of PHAs
especially PHB with diverse properties and significant
applications [7]. Nevertheless, the most attractive feature
of PHAs is its eco-friendliness and documented as a noble
candidate to replace conventional plastics, but higher pro-
duction cost has restricted its broader application as a
commodity plastic [8]. Genus Bacillus has been widely
used in industry and academia due to the stability of its
replication and maintenance of plasmids [9] and also
exhibited significance and predominance in PHA produc-
tion. In addition to that, use of Bacillus species has much
advantage over other bacterial species for the production of
PHAs due to the absence of lipopolysaccharide layer
making the extraction easier, its capability to grow in cheap
raw materials and high growth rate in comparison to other
bacteria [10]. Thus vigorous screening of potential Bacillus
strains from stress prone environment, improvement in
PHA production strategies and supplementation of inex-
pensive carbon sources may lead to make the complete
process cost-effective. Therefore, the goal of this study was
to isolate and identify gram positive Bacillus from
municipal wastewater having high PHA productivity under
optimized conditions and to characterize these extracted
monomers for future mass scale application.

Material and Methods
Isolation and Screening of PHAs Producing Bacteria

Municipal wastewater samples were collected aseptically
in sterile container from Taladanda canal, Cuttack, Odisha
for cultivation of potential aerobic heterotrophic bacterial
isolates. Then, the samples were transported to the labo-
ratory for bacteriological analysis using standard proce-
dures of tenfold serial dilution followed by spread plating.
Colonies of notable morphologies were individually
picked, sub-cultured and preserved in glycerol stock at
—80 °C for further use. Before screening, the isolates were
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induced to accumulate PHA granules in their cytosol using
nitrogen limiting medium and incubated at 37 °C for 48 h.
The nitrogen limiting medium contained the following
ingredients such as NaCl 3.0 g/, KH,PO, 1.5 g/L,
K,HPO, 1.5 g/L, MgS0,4-5H,0 1.0 g/L, glucose 10.0 g/L,
ammonium nitrate 0.5 g/l and agar agar 15.0 g/L. Smear
was made using these bacterial isolates on a clean grease
free glass slide. After drying, 3 % of Sudan black in 70 %
ethanol was added. The slide was immersed in xylene for
few seconds followed with 5 % Safranin for 20 s. It was
then washed gently and observed under light microscope
for detection of PHA granules in the cytosol of bacteria
[11].

Morphological and Biochemical Characterization

The morphological and physiological properties of PHA
accumulating bacterial isolates were investigated on the
basis of their colony characteristics and gram’s variability
reactions with microscopic examination. Then, the bacte-
rial isolates were also processed for identification by the
standard methods of biochemical, enzymatic, sugar uti-
lization and antibiogram profile as prescribed by Bergey’s
manual of determinative bacteriology [12].

Optimization of Growth Parameters for Biomass
Production

Ecological deviation is one of the vital factors that deter-
mine the growth patterns of an organism [13]. Thus, vari-
ous parameters such as pH, temperature, sugar
concentration, combination of different carbon and nitro-
gen sources were evaluated using marginally modified
growth medium (composition data not shown) for biomass
production. Moreover, some microbial strains have PHA
accumulation which are parallel to biomass production
[14]. Thus, 24 h fresh culture was cast-off to study the
effect of parameters on PHA accumulating bacterial bio-
mass production. The parameters include pH (6-10), tem-
perature (16-51 °C), glucose concentration (5-25 g/L),
combination of different carbon (glucose, sucrose, fructose
and lactose) and nitrogen sources (beef extract, urea, pep-
tone and yeast extract) in a constant ratio (6:1).

To find out the optimum pH for biomass production,
100 ml of growth medium was taken in different test tubes
and pH was adjusted from 6 to 10 by keeping glucose
concentration at 5 g/ where glucose and yeast extract
were functioned as combination of carbon and nitrogen
source respectively. 1 ml of 24 h fresh culture was dis-
pensed and incubated at 37 °C for 24 h at 120 rpm. Then
comparative bacterial biomass production was evaluated
by measuring the ODgo in UV-Vis spectrophotometer
(A35, Perkin-Elmer) and the optimum pH was determined.
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Similarly, other parameters were also standardized fol-
lowing the mentioned methods.

Extraction and Quantitative Analysis of PHAs

Owing to the above optimized growth parameters, bacterial
isolates were grown in 1000 ml of modified growth med-
ium for 72 h at 37 °C with 120 rpm rotation. Then cell
pellet was harvested by centrifugation at 6500 g rotation
for 10 min and kept for drying. The dried weight of the
pellet was taken as biomass weight. Subsequently, the cell
pellet was re-suspended with sodium hypochlorite followed
by incubation at 37 °C for 2 h to digest the non PHA
materials. The mixture of sodium hypochlorite and bacte-
rial biomass was centrifuged to harvest the PHA pellets
which was washed twice with acetone, methanol and die-
thyl ether (1:1:1) to remove sodium hypochlorite. Finally,
the PHAs were dissolved in boiling chloroform to remove
all the remaining organic solvents present with PHA pellets
and subsequent evaporation by air drying to yield dried
form of extracted PHAs [15]. PHA production was also
quantified using the following formula:
Weight of PHAs

PHA production (in %) = Weight of biomass x 100

Characterization of Biopolymer PHAs
FTIR Analysis

The functional groups present in the extracted PHAs were
determined by FTIR spectroscopy. PHAs sample was
mixed with 2 % KBr and compressed into translucent
sample discs and fixed in the FTIR spectrometer (Perkin-
Elmer RX I). Scans were performed under the following
conditions: spectral range, 4000-400 cm™'; window
material, Csl; 16 scans; resolution 4 cm~!. The detection
was conducted with a temperature stabilized, coated FR-
DTGS detector [16].

"H NMR Analysis

Extracted PHAs were characterized by spectroscopic
analysis. The composition and sequence distribution of the
other groups were determined by "H NMR spectra (JEOL
JNM-LA). The 500 MHz '"H NMR spectra were recorded
at 27 °C in CDClj; solution of PHA (10 mg/mL) with 5 ms
pulse width, 32,000 data points and 32 accumulations [17].

Differential Scanning Colorimetry

Differential Scanning Colorimetry analysis was carried out
to define the thermal properties of the PHAs and the

experiment was performed on a Perkin-Elmer instrument
with a dry nitrogen gas flow of 50 ml/min. After calibra-
tion, 5 mg of the sample was sealed in an aluminium plate
and analysed. The melting temperature (T,,) and glass
transition temperature (T,) were determined by the
endothermic peaks [18]. Scans were initiated at —50 °C
and were ramped at 50 °C per minute to 200 °C.

Molecular Identification of Bacterial Isolates

The molecular identification of high yielding bacterial
isolate was carried out at Xcelris Labs Ltd., Ahmedabad,
India. Genomic DNA was extracted and its quality was
evaluated on 1.2 % agarose gel using 1 kb Xcelgen ladder
(Xcelris Labs Ltd). Fragment of 16S rDNA gene was
amplified and a single discrete PCR amplicon band
resolved on agarose gel. Then, the amplified product was
purified to remove contaminants. Forward and reverse
DNA sequencing reaction of PCR amplicon was carried out
with 27F (5-AGAGTTTGATCCTGGCTCAG-3) and
1542R  (5-AAAGGAGGTGATCCA-3) primers using
BDT v3.1 Cycle sequencing kit on ABI 3730xl Genetic
Analyzer. Consensus sequence of 16S rDNA was analysed
by Bio-Edit software v7.0.5.3 and submitted to http://blast.
ncbi.nlm.nih.gov/blast.cgi.

Methodology for Molecular Phylogeny

The submitted 16S rDNA consensus sequence of Bacillus
subtilis (Acc. No: KP172548) was searched for sequence
homology using BLAST algorithm (http://blast.ncbi.nlm.
nih.gov/blast.cgi) against NCBI database. From the resul-
ted hits, top 10 sequences were chosen on the basis of 99 %
sequence identity with 100 % query coverage and sub-
jected for multiple sequence analysis using ClustalW v1.6
followed by phylogenetic tree construction for twelve 16S
rDNA sequences using UPGMA method [19] of MEGA
v6.0 (Molecular Evolutionary Genetics Analysis) software
[20]. Here UPGMA method was employed as best similar
eleven 16S rDNA sequences of Bacillus species are closely
similar and have shown strong similarity among them.
Thus, during phylogenetic tree construction Pseudomonas
chlororaphis strain DR2 (HG796168) was taken as an out
group for the analysis. The tree evaluation was done by
considering the bootstrap method for 1000 replica.

Statistical Analysis
The results obtained were analysed using SPSS 20.0 soft-

ware, where p < 0.05 was considered to be statistically
significant.

@ Springer
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Fig. 1 Optimization of growth parameters for biomass production by bacterial isolates

Results and Discussion
Isolation and Screening of PHAs Producing Bacteria

In the present study, eighteen different bacterial strains
were isolated from municipal wastewater samples. Among
these, four isolates accumulated PHAs in their cytosol
effectively as confirmed by Sudan black staining method.
Based on the gram’s reaction, morphological features and
corresponding biochemical tests, the isolated bacterial
strains belonged to the genus Bacillus. The PHAs pro-
ducing different species of Bacillus have been reported
from various environments such as wastewater, sewage and
sludge ecosystems [8, 21-24]. Moreover, Bacillus is the
predominant genus in soil and water and capable of
growing in cheap raw materials than other bacterial isolates
[10]. Waste and wastewaters has high BOD and COD
values as compared to other ecological niches [5] and
mostly rich in organic contents and less in nitrogen and
phosphorus [25]. These unbalanced nutrient statuses
(especially carbon to nitrogen) create selective pressures
[26, 27] which may play a major role for accumulation of
PHA granules in the cytosol of the microbes.
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Extraction and Quantitative Analysis of PHAs

The parameters play a key role for the biomass production
and synthesis of PHAs in vitro. Thus, biomass production
of all the isolates was standardized and observed that pH
7.0, temperature 37 °C, glucose concentration of 10 g/L
and combination of different carbon and nitrogen sources
(glucose and yeast extract) were optimum at significance
(P < 0.05) level (Fig. 1). Subsequently all the four isolates
were subjected for PHA production under optimized con-
dition, B. subtilis (KP172548) was found to produce
maximum amount of PHAs (3.09 g/L) in modified growth
medium. Such PHA production rate appears to be the
highest as recorded for all isolated bacteria so far. This
result is similar with early reporting of PHA production
using different species of Bacillus and its possible appli-
cations [28-30]. In addition to that, 70.5 % PHA produc-
tion was observed [10] using Bacillus sp. in the presence of
0.5 g/L of nitrogen source which is also in accordance to
the findings of the present study. The combination of dif-
ferent carbon and nitrogen source ratio was constant at 6:1
during the study, as reports suggested highest dry cell
weight at this ratio for many bacterial species [31]. The
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Fig. 2 FTIR spectra signal peak at 171 cm™ showing functional

group of PHB

optimized data revealed that pH 7.0 and temperature 37 °C
is pre-eminent for PHA production, as these bacteria were
isolated from environmental samples. Moreover, glucose is
a simple and most easily assimilable sugar, as compared to
others. Similarly yeast extract also resulted in higher PHA
accumulation in a short time, due to low nitrogen content
and presence of vitamin B complex and growth factor as
compared to other nitrogen sources used in the study.

Characterization of PHAs by FTIR Analysis

Figure 2 represents the functional groups of extracted PHA
polymers from B. subtilis (KP172548) showing the char-
acteristic peaks at 2953 cm™' (C—H methylene group),
2766 cm™' (C-H stretch), 2349 cm™' (~C=C-stretch),
1711 em™" (C=0 stretch), 1679 cm™' (-C=C-stretch),
1531 cm ™! (N-O asymmetric stretch), 1046 cm ™! (C-O

stretch) and 500-1000 cm! (OH) respectively. However
high intense peak was obtained at 1711 cm™' corre-
sponding to ester carbonyl (C=0) stretching vibration of
PHB. The spectroscopic analysis presented a correct
insight for the chemical structure of PHB by reflecting the
monomeric units which are predominantly present in the
PHA polymers. This result is also similar to the IR spec-
trum strong absorption band obtained at 1714 cm™' cor-
responding to (C=0) ester carbonyl group, characteristics
of PHB [32-34].

Characterization of the Extracted PHB by H' NMR
Analysis

Figure 3 describes the 'H NMR spectral data of the
extracted PHB showing characteristics signals; (CDCls,
300 MHz): 6 (ppm): 0.85-1.06 (m, —CHj;, HV side group),
1.26-1.29 (m, —CH3, HB side group), 1.59 (m, —-CH,, HV
side group), 2.45-2.64 (m, —-CH,, HV and HB bulk struc-
ture), 5.26-5.27 (m, —CH, HV and HB bulk structure)
respectively. The '"H NMR spectra of the PHA samples
conferred that extracted intracellular compounds are simi-
lar with PHBs [35]. However, analysis of 13C NMR and
other characterizations are essential for complete elucida-
tion of structure of the extracted biopolymer.

Differential Scanning Colorimetry

Figure 4 shows DSC analysis exhibiting thermal properties
of biopolymer PHB. Generally it is crystalline in nature,
but amorphous within bacterial cell. Moreover its rapid
crystallization takes place after being extracted from
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bacterial cells. The extracted PHB is having T, almost
—11 °C and T, about 99 °C respectively. This result cor-
responds to the thermal properties of the biopolymer
reported earlier, where the T, and T,,, values were reported
as —11, —11 and 161, 88 °C, respectively [18, 36]. The
low thermal properties revealed, an increase in the side
chain length resulting in the decrease of the T, value.

Molecular Identification of the Isolates
The sequencing of 16S rDNA confirmed the molecular
identification of the highest PHB producing bacterial iso-

late and identified bacteria as B. subtilis (accession no.
KP172548). In this regard, many research investigations
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have been documented to use B. subtillis for economic
production of PHB, which represents the most common
PHA [24, 37-39]. This may be due to predominant nature
of Bacillus in nature, absence of lipopolysaccharide layer,
its high growth proficiency even at cheap raw materials in
comparison to other bacteria [10]. Additionally, these iso-
lates have the efficacy to produce a variety of hydrolytic
enzymes for cost-effective production of PHB using agro-
industrial wastes [40].

Design and Analysis of Evolutionary Tree

Figure 5 demonstrates the evolutionary history of gram
positive Bacillus species for cost effective PHA production
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by using UPGMA method [19]. The optimal tree with the
sum of branch length = 3.10134744 is shown in the
UPGMA tree. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test
(1000 replicates) was shown next to the branches. The
evolutionary distances were computed using the Maximum
Composite Likelihood method [41] which are in the units
of the number of base substitutions per site. The analysis
involved 12 nucleotide sequences of bacterial isolates.
From the constructed phylogenetic tree it is inferred that
top 10 maximum similar gram positive Bacillus chosen
sequences are distributed in two branches with 63 and
65 % bootstrap accuracy, whereas the 16S rDNA sequence
of Pseudomonas chlororaphis strain DR2 (HG796168) is
distantly related from them as an out group of the tree.

Conclusion

Although PHB production is a costly affair but it can
compensate the major health and environmental problems
created by the synthetic polymer. In current investigation,
factors for stimulating higher PHB production were eval-
uated using a modified growth medium. The application of
statistical optimization was applied to determine the pro-
cess conditions responsible for PHB production collec-
tively. However, the researchers have not yet achieved the
strategic protocol to decrease its production cost in main-
stream application. The isolate characterized was B. sub-
tilis (KP172548) which can potentiate higher production of
PHB in vitro. The potential of this Bacillus subtilis strain
will be further investigated to increase the PHB produc-
tivity by supplementing other raw materials to make the
whole process cost-effective.
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