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Abstract

Many bacteria produce polyhydroxyalkanoates (PHAs) when exposed to stressful conditions. It is a known fact that PHAs
have the potential to replace petrochemical-based plastics as they are biodegradable, biocompatible, and thermoprocessible
materials. The study focusses on producing PHA from microbes isolated from polluted environments and pomegranate peels
were utilized as a unique carbon source. This was done to ensure reduction in the cost of the substrate that has not yet been
reported as a substrate for PHA production. A comparative study was also done with Cupriavidus necator, the reference
strain. Out of many bacterial strains, isolated, eight of these were found to have ability to produce PHA. Pomegranate peel
was substituted as carbon source in the medium and all bacterial isolates along with reference strain were used to test their
ability to produce PHA from waste. Cupriavidus necator, the reference strain, yielded 71% PHA. Bacillus halotolerans

DSM8802 yielded 83% at 1:1:: C:N ratio at 72 h.
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Introduction

Bio-based plastics have received tremendous attention in
recent years because of their high molecular weight, biodeg-
radability, non-toxicity, thermoplasticity, biocompatibility,
elastomeric properties and because of their production from
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renewable carbon sources. The research in the packaging
industry develops and also promotes the use of bioplastics
as they prove helpful in reducing waste disposal and are
better substitutes for petroleum which is a non-renewable
resource. The issue of a large quantity of waste generated
due to the non-degradable food packaging materials has
ignited the need for research on biopolymers (Ruban 2009;
Souza et al. 2010; Azeredo et al. 2012; Gabor et al. 2012).
The petrochemical-based plastic materials are the most dif-
ficult to manage waste on planet earth because the fact that
they are non-biodegradable but have a wide range of applica-
tions in households, containers, packaging films, etc. (Zaid
et al. 2015; Hawas et al. 2016). Currently various alternative
materials are being developed based on natural polymers due
to increase in the price of petrochemicals, problems related
to their disposal and raising environmental concerns (Farris
et al. 2009). A wide array of microorganisms belonging to
Gram-positive or Gram-negative and also those belonging to
Halobacteriaceae family of the Archaea are known to pro-
duce polyhydroxyalkanoates, which are simple macromol-
ecules and belong to the family of biopolyesters that occur
naturally and combination of monomers is very much pos-
sible which dictates the physical properties of the polymer
(Prabhu et al. 2010; Tembadmani et al. 2015). These poly-
mers are produced under unfavorable or stressful conditions,
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such as non-optimal pH, limited phosphorus, nitrogen, and
oxygen. Further, these are stored as food/energy reserves
in the presence of excess carbon. Although there are many
known PHA polymers, some of the best-known representa-
tives are polyhydroxyalkanoate (PHB) and polyhydroxybu-
tyrate-co-hydroxyvalerate (PHBV) (Kumari and Dhingra
2013). Since it is synthesized naturally, the degradation
happens by existing soil microbes which possess depoly-
merase enzyme complex (Aburas 2016). The blends made
out of the polymers have the properties similar to most of the
synthetic plastics (Gomaa 2014). Currently, production cost
of materials made up of PHA is a challenge as it very expen-
sive and hence widespread research is being carried out to
incorporate the inexpensive carbon sources as the raw mate-
rials or by improving the yield by applying the knowledge
of synthetic biology and genetic engineering (Chanprateep
et al. 2010). Our approach towards reducing the effective
cost of PHAs is to utilize fruit waste, such as pomegranate
peel, which has never been tested as a carbon source for the
production of PHAs.

Materials and methods

The bacterial cultures were selected and isolated from pol-
luted land-fills soil, Kalyan, Maharashtra, and Effluent water
treatment plants, REVA University, Bangalore. The bacterial
isolates were further screened for their ability to produce
PHA. Further biochemical testing and growth optimization
studies were performed according to protocol explained in
Rayasam and Kumar (2019).

Carbohydrate estimation of the raw materials

The inexpensive raw material used as a carbon source in our
study is pomegranate peel. Total carbohydrate estimation of
selected raw material was done using Phenol—sulphuric acid
method (Dubois et al. 1956; Krishnaveni et al. 1984).

C:N ratios

Various ratios of pomegranate peel were used as a substitute
for glucose as a carbon source with yeast extract as nitrogen
supplement (C:N ratios 1:1, 2:1, 3:1 and 4:1). The amount
of PHA produced was quantified at different optimum

incubation periods for respective bacterial isolate (Kumar
et al. 2009).

Preparation of media for obtaining the Dry Cell
Weight (DCW) and PHA production

Medium with nutrient broth components except carbon
source was prepared. The raw material (pomegranate peel
as per ratio) was added with the yeast extract as the nitrogen
source. The Cupriavidus necator, the reference strain, was
also used to compare PHA production values in comparison
to our isolates. The isolate was subjected to the same param-
eters as ours. Medium was prepared for each ratio with the
desired standardized pH for particular bacterial isolate and
autoclaved. The inoculum was prepared and inoculated with
actively growing bacterial cells. The flasks were incubated
for four consecutive days. The amount of biomass obtained
and PHA accumulation was studied after sample withdrawal
every 24 h till 4 days. The first step involved centrifugation
of culture media to obtain the biomass as a precipitate. After
complete drying, the DCW was obtained in g/L.

Extraction of polyhydroxyalkanoates

The extraction of PHA was performed using the chloroform
extraction method. The pellet which was obtained after dry-
ing was suspended in 4% sodium hypochlorite solution and
kept at 37 °C for 2 h for complete digestion of cellular com-
ponents. It was then centrifuged to collect PHA granules and
the supernatant was discarded. Mixture was washed twice
with 10 ml distilled water and centrifuged again. Granules in
the sediment were washed twice with a solution of acetone:
methanol: diethyl ether (1:1:1). Further, the polymer gran-
ules were dissolved in boiling chloroform and were evapo-
rated by air-drying, to yield dry powder of PHA which was
then weighed to obtain the amount of extracted PHA (g/L)
(Jacquel et al. 2008; Chee et al. 2010; Santhanam and Sasid-
haran 2010; Marjadi and Dharaiya 2011; Shivakumar 2012;
Chaitanya et al. 2014).

Quantification of polyhydroxyalkanoates

Quantification of the percentage PHA accumulation was cal-
culated by applying the following formula (Du et al. 2001;
Preethi et al. 2012).

PHA accumulation(%) = Dry weight of extracted PHA(g/L)/Dry Cell weight(DCW) (g/L) x 100

Residual Biomass(g/L) = Dry Cell weight(g/L) —Dry weight of extracted PHA(g/L)
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Analysis of variance

Experimental results were processed using analysis of vari-
ance (ANOVA). This method was used for testing the effect
of considered parameters (four different hours of incubation)
on the PHA accumulation. By performing the analysis of
variance, it can be decided which independent factor domi-
nates over the other and the percentage contribution of that
particular independent variable. This analysis is carried out
for a significance level of a- 0.05, i.e. for a confidence level
of 95%.

PCR amplification and 16s rRNA gene sequence
studies

Genomic DNA isolation and 16s rRNA sequence studies
using PCR amplification were performed as explained in
Rayasam and Kumar 2019 (Rayasam and Kumar 2019;
Girija et al. 2013).

Nucleotide BLAST and phylogenetic tree

The nucleotide BLAST was performed to check the simi-
larity of the bacterial isolates with the bacterial isolates’
database already available on NCBI portal. The 16s rRNA
gene sequences of all the bacterial isolates were submitted
to GenBank and the accession numbers were procured and
phylogenetic tree was constructed to determine how related
the bacterial isolates are to each other.

Results
Selection and screening of bacteria

Out of the total isolated bacterial isolates, 8 of them dem-
onstrated to produce PHA using Sudan Black B staining
procedure on nutrient agar and also on minimal agar media.

Biochemical testing and growth parameters

The bacterial isolates were biochemically characterized to
ensure that each of one of our isolates was different from
the other and a set of temperature, pH, carbon and nitrogen
sources were provided to all the bacterial isolates with vari-
ation in incubation time before the optimum growth condi-
tions for each one of them could be decided. The results of
the biochemical tests and optimum growth parameters are
shown in Table 1.

Table 1 Results of biochemical tests and growth parameters

MRVP Inc time Inc Temp pH Carbon source Nitrogen source

SC test TSI test

IT

CT

Bacterial isolate

Slant color Butt color Sugar fermented H,S ppt Gas

Yeast extract

Glucose

8
9
7
9
8
8
7
8

25

96
24
96
48

ve

—ve

+ve

Red Yellow Glucose

—ve +ve

+ve

Bacillus halotolerans DSM8802
Bacillus siamensis LFS1715

Glucose Yeast extract

35

—ve +ve +ve

Lactose/Glucose

Yellow

Yellow
Red

—ve +ve

+ve

Glucose Yeast extract

45

—ve

+ve

ve

Glucose

Yellow

—ve ve

+ve

Bacillus halotolerans KS11507

Glucose Yeast extract

25

—ve ve

ve
+ve

Glucose

Yellow

Red

Geobacillus stearothermophillus TKR1707 +ve —ve +ve

Bacillus subtilis RVR2988
Bacillus siamensis RET2912
Bacillus velezensis BTR2015

Glucose Yeast extract

25

ve 48

—ve

Yellow Glucose
Red

Red

+ve +ve +ve

Glucose Yeast extract

25

96
72
48

ve

—ve

+ve

Glucose

Red
Red

—ve +ve

+ve

Glucose Yeast extract

35

—ve ve

Glucose ve

Yellow

—ve +ve

+ve

Yeast extract

35 Glucose

—Vve

+ve

Lactose/Sucrose +ve

Yellow Yellow

—ve +ve

+ve

Staphylococcus aureus ESR1315

temperature; TSI = Triple Sugar Iron; +ve

Simmon’s Citrate; Temp

precipitate; SC =

Methyl Red Voges Proskauer; ppt

Catalase test; Inc = incubation; IT = Indole test; MRVP

positive; —ve = negative

CT
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Carbohydrate estimation of the raw materials

The Total Carbon Content was found to be 10%, as indi-
cated, referred as per Zhu and Liu (2013).

Biomass and PHA production using pomegranate
peels

All the bacterial isolates were grown in media containing the
pomegranate peels and nitrogen source in respective ratios
to estimate biomass and PHA production. Significant results
are mentioned hereafter. The maximum amount of biomass
produced by Bacillus halotolerans DSM8802 was 31 g/L at
4:1:: C:N ratio at 48 h at which the amount of PHA produced
was 3 g/L. At 1:1:: C:N ratio at 48 h, 22 g/L of biomass
and 2.5 g/L of PHA production were observed. The high-
est amount of PHA production of 5.5 g/LL was observed at
2:1 and 3:1:: C:N ratios at 48 h during which 18.5 g/L and
10 g/L of biomass production were observed, respectively
(Online Resource 1). Bacillus siamensis LES1715 produced
maximum biomass of 8.5 g/L at 4:1:: C:N ratio at 48 h dur-
ing which 2.5 g/L. of PHA production was obtained. The
highest PHA production by the bacteria was observed at
3:1:: C:Nratio at 72 h during which 3 g/L. of PHA was pro-
duced from 6 g/L of biomass (Online Resource 1). Bacillus
halotolerans KSI1507 produced the highest amount of bio-
mass as compared to all other bacteria. It produced 74 g/L of
biomass and could convert 27 g/L of it into PHA at 1:1::C:N
ratio at 24 h. Again, at 24 h at 2:1:: C:N ratio, the bacte-
rium produced 67 g/L of biomass out of which 34.5 g/L. was
converted into PHA. During the same incubation time, the
bacterium produced the highest amount of PHA of 36.5 g/L
from 67 g/L of biomass at 4:1:: C:N ratio (Online Resource
1). Geobacillus stearothermophillus TKR1707 could pro-
duce 9.5 g/L of biomass in 2:1::C:N ratio at 24 h at which
4.5 g/L of PHA was produced. 9 g/L of biomass production
was observed at 4:1:: C:N ratio at 72 h out of which 4 g/L
was converted to PHA. Maximum PHA found to produce by
the bacterium was 6.5 g/L at 1:1::C:N ratio at 72 h during
which 8.5 g/L of biomass was produced (Online Resource
2). Bacillus subtilis RVR2988 produced 8.5 g/L of biomass
at 1:1 and 4:1:: C:N ratios at 24 h at which 2.5 g/L and
3.5 g/L of PHA production were observed, respectively.
Highest PHA production by Bacillus subtilis RVR2988 was
5 g/L from at 3:1:: C:N ratio at 72 h and 4:1:: C:N ratio
at 96 h during which 7.5 g/L and 7 g/L of biomass pro-
duction were observed, respectively (Online Resource 2).
The maximum amount of biomass production by Bacillus
siamensis RET2912 was 8.5 g/L from which 1.5 g/L was
converted into PHA at 4:1:: C:N ratio at 48 h. 4 g/L of PHA
production was observed at 3:1:: C:N ratio at 24 h and 48 h
during which 7.5 g/L and 5.5 g/L of biomass production
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were observed, respectively (Online Resource 2). Bacillus
velezensis BTR2015 produced a maximum 6 g/L of biomass
from which it could convert 4.5 g/L into PHA at 4:1:: C:N
ratio at 24 h which was also the maximum amount of PHA
produced by the bacterium (Online Resource 3). Staphy-
lococcus aureus ESR1315 produced 6 g/L of biomass at
3:1::C:N ratio at 24 h during which 3 g/L of PHA was pro-
duced. The maximum PHA produced by the bacteria was
3 g/L at 2:1 and 3:1:: C:N ratios at 24 h and 3:1 and 4:1::
C:N ratios at 72 h (Online Resource 3). Cupriavidus necator,
the reference strain, produced maximum biomass of 4.5 g/LL
at4:1::C:N ratio at 48 h during which 2.6 g/L. was converted
into PHA. 4 g/L of biomass was produced at 2:1:: C:N ratio
at 72 h and 4:1:: C:N ratio at 96 h and during these time peri-
ods, 2.4 g/L and 2 g/L of PHA were produced, respectively
(Online Resource 3).

Extraction and quantification
of polyhydroxyalkanoates

Before the start of the extraction procedure, optimized
growth conditions were provided to each bacterial isolate
with the addition of pomegranate peel as the carbon source.
The biomass production and PHA production were analyzed
in four different C:N ratios for 96 h with the intermittent
withdrawal of the sample at every 24 h. Then, the amounts
of biomass and PHA yield were used to quantify the percent-
age of PHA accumulation by each bacterial isolate. The best
results obtained by all the bacterial isolates are as follows:
Bacillus halotolerans DSM8802 accumulated 83% of PHA
at 1:1:: C:N ratio at 72 h (Online Resource 1), Bacillus sia-
mensis LES1715 accumulated 75% of PHA at 2:1:: C:N ratio
at 72 h (Online Resource 1), Bacillus halotolerans KS11507
accumulated 67% of PHA at 2:1:: C:N ratio at 72 h (Online
Resource 1), Geobacillus stearothermophilus TKR1707
accumulated 76% PHA at 1:1:: C:N ratio at 72 h (Online
Resource 2), Bacillus subtilis RVR2988 accumulated 71%
PHA at 4:1:: C:N ratio at 96 h (Online Resource 2), Bacil-
lus siamensis RET2912 accumulated 73% of PHA at 3:1::
C:N ratio at 48 h (Online Resource 2), Bacillus velezensis
BTR2015 accumulated 75% of PHA at 4:1:: C:N ratio at
24 h (Online Resource 3), Staphylococcus aureus ESR1315
accumulated 67% PHA at 2:1:: C:N ratio at 48 h and 3:1::
C:N ratio at 72 h (Online Resource 3). Cupriavidus necator,
the reference strain, accumulated 71% of PHA at 3:1, 4:1::
C:N ratios at 24 h and 72 h, respectively (Online Resource
3). It was also observed that when the amount of biomass
was less, the corresponding PHA production was high and
vice versa. The detailed graphical comparison between the
amount of biomass production and PHA accumulation dur-
ing each hour of incubation is given below (Figs. 1, 2, 3
and 4).
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Fig.2 Biomass and PHA accumulated at 48 h

Percentage deviation in PHA accumulation obtained
by the bacterial isolates compared to the reference
bacterium (Cupriavidus necator)

Bacillus halotolerans DSM8802 demonstrated to accumu-
late 24% more and 10% more PHA than the reference bacte-
rium at 1:1 and 3:1:: C:N ratios at 72 h. Bacillus siamensis
LFS1715 accumulated 25% more PHA than the reference
bacterium at 1:1:: C:N ratio at 24 h. Bacillus halotolerans
KSI1507 accumulated 2% more amount of PHA at 2:1:: C:N
ratio at 24 h. Geobacillus stearothermophilus TKR1707
demonstrated to accumulated 68% and 6% more amount of

PHA at 1:1 and 2:1:: C:N ratios at 24 h, respectively, and at
1:1:: C:N ratios at 72 h and 96 h, it demonstrated to accumu-
late 13% and 8% more PHA, respectively. Bacillus subtilis
RVR2988 accumulated 28% more PHA than the reference
bacterium at 2:1:: C:N ratio at 24 h. While Bacillus siamen-
sis RET2912 showed 34% more PHA accumulation at 1:1::
C:N ratio at 96 h, 8% increase in PHA at 1:1 and 2:1:: C:N
ratios at 24 h, respectively, and 9% increased PHA accu-
mulation at 3:1:: C:N ratio at 48 h was observed. Bacillus
velezensis BTR2015 at 24 h demonstrated to accumulated
46% and 6% increased the amount of PHA at 2:1 and 4:1::
C:N ratios, respectively. Staphylococcus aureus ESR1315
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Fig.4 Biomass and PHA accumulated at 96 h

accumulated 25% more PHA at 1:1:: C:N ratio, 20% at 2:1::
C:N ratio at 24 h and 12% increase in PHA at 4:1:: C:N
ratio at 96 h. All of the above results are tabulated in Online
Resource 4.

Analysis of variance
This analysis is carried out for a significance level of a-
0.05, i.e. for a confidence level of 95%. Incubation peri-

ods with P value less than 0.05 were considered to have a
statistically significant contribution towards the amount of

@ Springer

biomass production and PHA accumulation by each bacte-
rial isolate. Online Resources 5 and 6 show the ANOVA
results for the biomass production and PHA accumula-
tion, respectively, by each bacterial isolate in four different
incubation times.

Nucleotide BLAST and phylogenetic tree

The phylogenetic tree was prepared using neighbor-joining
method. The evolutionary distances were found out using



Archives of Microbiology (2020) 202:2799-2808

2805

Fig.5 Phylogenetic tree

Maximum Likelihood method. The software used was
MEGAX version 10.0.4 (Fig. 5).

Discussion

PHAs are synthesized by different microorganisms as
energy reserves, such as Pseudomonas, Alcaligenes
and Algae, in excess of carbon and limitation of nitro-
gen (Thapa et al. 2018). They are also known to be pro-
duced by many Gram-positive, Gram-negative bacteria
(Godoy et al. 2003; Srilakshmi and Ramachandra 2012)
and Archaea when these microorganisms are subjected to
environmentally stressful conditions like limited nutrients
(Fernandez et al. 1986). We would like to mention some
of the relatable works which are done on similar lines as
ours. Shah et al. (2014) in a study illustrated the capabil-
ity of accumulation of PHA by 12 bacterial isolates. Out
of these isolates of Bacillus subtilis, G1S1 showed maxi-
mum production of about 0.020 g/L in glucose medium
and 0.016 g/L in yeast extract medium. Another report
claimed that addition of 6% molasses as carbon source and
1% ethanol, ammonium sulphate and ammonium nitrate
as nitrogen sources to the media resulted in accumulation
of 54-62% of PHA by Bacillus subtilis (Gomaa 2014).
Bacteria could accumulate 37% (w/w) and 23% (w/w) of
PHA, respectively, when corn oil and waste vegetable oil
were used as substrate (Song et al. 2008). It was found that
Bacillus thuringiensis accumulates 72.05% when starch
in used as carbon source in the media (Yao et al. 1999;
Gowda and Shivakumar 2014). Porwal et al. (2008) stud-
ied different Bacillus strains and reported that Bacillus
cereus EGU3 could accumulate up to 66% of PHA when
glucose was used as carbon source. (Porwal et al. 2008).
While in one of the studies, 91% recovery of PHA was
reported using Ralstonia eutropha on a large-scale (50L)
fermenter with sodium gluconate as the carbon source and

MN519401.1 Staphylococcus aureus strain ESR1315 16S ribosomal RNA gene partial sequence
MN519260.1 Bacillus velezensis strain BTR2015 16S ribosomal RNA gene partial sequence
MN519259.1 Bacillus halotolerans strain KSI1507 16S ribosomal RNA gene partial sequence
MN483266.1 Bacillus halotolerans strain DSM 8802 16S ribosomal RNA gene partial sequence
MN519394.1 Bacillus subtilis strain RVR2988 16S ribosomal RNA gene partial sequence

MN519400.1 Geobacillus stearothermophilus strain TKR1707 16S ribosomal RNA gene partial sequence
MN530054.1 Bacillus siamensis strain RET2912 16S ribosomal RNA gene partial sequence

MN519261.1 Bacillus siamensis strain LFS1715 16S ribosomal RNA gene partial sequence

the extraction procedure was done by sodium hypochlorite
method (Heinrich et al. 2012). Paul and coworkers studied
different steps like optimization, purification and charac-
terization using Bacillus cereus isolated from sewage for
PHB production. They found mixed fruit pulp (298 ug/ml
of PHB) to be the best alternative for the carbon source
among various other inexpensive sources utilized (Paul
et al. 2017). Kumar et al. (2007) reported use of malic acid
as carbon source and that Bacillus sps.256 could yield a
copolymer of P(HB-co-HV) with a higher HB content.
Fermentation strategies were incorporated, resulted in 54%
of PHA content with 2.7 g/L of yield. The same bacterial
strain yielded 2.5 g/L, which is 52% of PHA (Kumar et al.
2007). On the other hand, review studies reveal that use of
inexpensive raw materials like fermented mash, rice straw,
wheat straw, tallow, starch, bean curd waste, whey, waste
frying oil, sugarcane bagasse, spent mash, vinasse, molas-
ses and spent coffee grounds can yield 8-89% of polymer
by various bacteria using different production strategies
(Raza et al. 2018). In 2011, Omar and his colleagues tested
the PHB accumulation, yield and productivity of Cupri-
avidus necator CCGUG 52,238 using organic acids from
the kitchen waste and reported that under the conditions
of batch-fermentation, the bacterium could accumulate
highest PHA of about 52.79% of the yield (Omar et al.
2011). A detailed discussion about our results obtained by
the selected bacterial isolates of ours is described below.

Cupriavidus necator, the reference strain

At 2:1:: C:N ratio at 72 h, 60% of PHA accumulation along
with 2.4 g/L of PHA was produced from 4 g/L. of DCW. The
reference bacterium showed 71% of PHA accumulation at
multiple parameters like 3:1 and 4:1:: C:N ratios at 24 h
and 3:1 and 4:1:: C:N ratios at 72 h during which 3.5 g/l of
biomass and 2.5 g/L. of PHA were produced, respectively,
in all the parameters. Among other bacterial isolates with
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high rates of accumulation, Geobacillus stearothermophilus
R35646 accumulated 84.63% of PHA (Rayasam and Kumar
2018). We in 2019, reported that Bacillus subtilis JCM 1465
accumulated up to 89% and 75% of PHA, onion and orange
peel-based media (Rayasam and Kumar 2019).

Bacillus halotolerans DSM8802

This bacterium resulted in 83% of PHA accumulation at
1:1:: C:N ratio at 72 h at which the amount of DCW accumu-
lated was 6 g/L, which accounted for 24% increase in PHA
accumulation than that of the reference bacterium under the
same parameters. Maximum biomass production of 31 g/L.
was observed at 4:1:: C:N ratio at 48 h. Significant amount
of biomass of up to 3 g/L, was converted to PHA. The maxi-
mum PHA production obtained by this isolate was 5.5 g/L at
2:1 and 3:1:: C:N ratios at 48 h. At 3:1:: C:N ratio and 72 h
incubation, the bacterium accumulated 78% of PHA. Thus,
the above study suggests that the bacterium accumulated a
higher amount of PHA if incubated longer which can also
be correlated to the late log phase or idiophase production
of secondary metabolites.

Bacillus siamensis LFS1715

With 2:1:: C:N ratio at 72 h, the bacterium accumulated
2 g/L. of DCW, out of which 1.5 g/L was converted to PHA
which accounted for 75% of PHA accumulation (Maximum
PHA accumulation by the isolate). Maximum biomass pro-
duced was 8.5 g/L at 4:1:: C:N ratio at 48 h which was 89%
more than that of the reference bacterium under the same
conditions of incubation and C:N ratio.. This bacterium
did accumulate 67% of PHA with 3:1:: C:N ratio at 24 h
during which amounts of biomass and PHA produced were
3 g/L and 2 g/L, respectively. The bacterium showed a 25%
increase in PHA with 1:1:: C:N ratio at 24 h, which was
again 20% more than that produced by the reference bacte-
rium. During the same time period, 1.5 g/L. of biomass was
converted into PHA and 50% of PHA accumulation. Conclu-
sively, incubation of 72 h, 2:1:: C:N ratio was observed to be
a suitable ratio for the bacterium to produce PHA.

Bacillus halotolerans KS11507

The maximum amount of biomass produced by this bac-
terium was observed with 1:1:: C:N ratio at 24 h during
which 27 g/L of PHA was produced from 74 g/L of bio-
mass The maximum PHA accumulation was observed when
the amount of biomass produced was 6 g/L. (which when
compared to reference bacterium was 50% more) with 2:1::
C:N ratio at 72 h with conversion to 4 g/L of PHA which
accounted for 67% of PHA accumulation When compared
to the reference bacterium, the bacterial isolate showed only
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2% more PHA accumulation than the reference bacterium at
2:1:: C:Nratio at 24 h. The above observations suggest that
the bacterium could utilize pomegranate peel as a carbon
source better than the reference bacterium, but it requires
longer incubation time for better production of PHA.

Geobacillus stearothermophillus TKR1707

The bacterium accumulated maximum of 76% of PHA with
1:1:: C:N ratio at 72 h during which 6.5 g/L of PHA was
produced, which is also the maximum amount of PHA pro-
duced by the bacterium from 8.5 g/l of DCW. This result
accounted for 13% increase in PHA accumulation when
compared to the reference strain. Maximum biomass pro-
duction was obtained at 2:1:: C:N ratio at 24 h with 4.5 g/L
of PHA from 9.5 g/L of DCW. A significant amount of DCW
of 9 g/L has been obtained with 4:1:: C:N ratio at 72 h with
4 g/L of PHA production and 44% PHA accumulation. At
1:1:: C:N ratio and 72 h, 3:1 and 1:1:: C:N ratios and 24 h
significant amount of biomass production of up to 8.5 g/LL
were observed with a maximum 6.5 g/L. of PHA produc-
tion. Finally, these observations suggest that the bacterium
could utilize pomegranate peel to produced PHA at a longer
interval of time.

Bacillus subtilis RVR2988

The bacterium produced maximum biomass of 8 g/L both
with 1:1 and 4:1:: C:N ratios at 24 h. During this time
period, 31% and 44% of PHA accumulation were observed.
Maximum PHA of 71% was accumulated with 4:1:: C:N
ratio at 96 h which was 42% higher than that accumulated
by the reference bacterium. With 3:1:: C:N ratio at 72 h,
the bacterium produced biomass of 7.5 g/L and could con-
vert 5 g/L into PHA. Also, with 2:1:: C:N ratio at 24 h, the
bacterium demonstrated to accumulate 64% of PHA which
was 28% higher than the reference bacterium during which
it produced 83% more amount of biomass (5.5 g/L) and
converted 3.5 g/L into PHA. Hence, the above observations
meant that the bacterium could utilize the pomegranate peel
as a carbon source in a better way with good amount of PHA
at a higher C:N ratio and longer incubation time.

Bacillus siamensis RET2912

This bacterium accumulated maximum PHA of 73% which
was 9% more than the reference bacterium with 3:1:: C:N
ratio at 48 h, which led to production of biomass (83% more
than the reference bacterium) and 4 g/L of it was converted
into PHA. The bacterium demonstrated 89% more amount
of biomass than the reference bacterium with 4:1:: C:N
ratio at 48 h. At 96 h, with 1:1:: C:N ratio, the bacterium
accumulated 67% of PHA which was 34% higher than that
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accumulated by the reference bacterium. With 1:1 and 2:1::
C:N ratios at 24 h, the bacterium showed 8% increase in
PHA accumulation The above data suggest that this bacte-
rium could utilize the pomegranate peel and also accumu-
lates a significant amount of PHA earlier than later.

Bacillus velezensis BTR2015

The maximum amount of PHA that could be obtained by
the bacterium was 75% at 4:1:: C:N ratio at 24 h with PHA
production of 4.5 g/L and this accounted for 6% increase in
PHA accumulation compared to the reference bacterium.
With the amount of DCW and PHA obtained with the above-
mentioned parameters, the result was maximum. With 2:1::
C:N ratio at 24 h, 73% of PHA accumulation was observed
during which 5.5 g/L of biomass and 4 g/L of PHA were
obtained. We would like to highlight that in the above-men-
tioned parameters, throughout our study with the mentioned
isolates, we got maximum results with 46% increase in PHA
accumulation in comparison to the reference strain (3 g/L of
biomass, 1.5 g/L of PHA production and 50% of PHA accu-
mulation were obtained by reference bacterium at 2:1::C:N
ratio at 24 h). At 96 h, with 3:1 and 4:1:: C:N ratios, 5 g/L of
DCW was obtained in each with 3 g/L and 1.5 g/L. of PHA
production, respectively. Thus, the above results suggest that
this bacterium can utilize pomegranate peel maximally as
carbon source and also produce a good amount of PHA even
at a shorter interval of time and, hence, holds the potential of
commercialization. Though PHA is a secondary metabolite,
its production at a shorter interval of time could be a boon
for the industry as it can save resources.

Staphylococcus aureus ESR1315

The maximum amount of PHA accumulation obtained by
this bacterium was 67% at 2:1:: C:N ratio and 48 h with
2 g/l PHA from 3 g/L. DCW. Around this time interval,
the reference bacterium too accumulated the same amount
of PHA. Further, 67% of PHA accumulation was also
obtained at 3:1:: C:N ratio at 72 h during which 4.5 g/L of
DCW yielded 3 g/L of PHA. Maximum DCW of 6 g/L was
observed at 3:1:: C:N ratio at 24 h of which 3 g/L was con-
verted into PHA which indicates 50% of PHA accumulation.
At 3:1:: C:N ratio and 24 h of incubation, DCW produced
was 6 g/LL PHA accumulation rate of 50%. At 3:1:: C:N ratio
and 72 h, amounts of biomass produced by the bacterium
were 4.5 g/L and 67% PHA accumulation. At 4:1:: C:N ratio
and 72 h, 5.5 g/L of DCW and 55% of PHA accumulation
were observed. Thus, the above study suggests that the bac-
terium could utilize pomegranate peel much better way at
2:1 and 4:1:: C:N ratios when incubated at 24 h to 72 h with
the best results obtained at 3:1:: C:N ratio and 72 h.

Conclusion

Pomegranate peel was chosen as a novel carbon source and
the bacterial isolates of our study had the potential to pro-
duce up to 83% of PHA. This raw material was selected
as it is the kitchen waste generated from many households,
restaurants, juice corners, etc. Moreover, it is easily available
at almost zero cost. All the bacterial isolates have shown
considerably good accumulation of PHA as mentioned
above. So, if the waste is channelized from different sources
to the industries that produce PHAS, then the resulting low-
cost PHAs can further be used to manufacture commodities
and ultimately substitute the present non-degradable plastic
materials from the market.
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