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	 It is a well-known fact that Polyhydroxyalkanoates (PHAs) have the potential to replace 
petrochemical based plastics. The purpose of our study is to devise a method to reduce substrate 
cost and produce PHA fromour own microbial isolates selected after isolation from polluted 
environments. A comparative study was done with the reference bacterium Cupriavidus necator. 
Fourteen bacterial strains were isolated from Polluted Landfills and Effluent Treatment Plant.
Four bacterial isolates having the ability to produce PHA were selected. Orange peel and Onion 
peel were substituted for carbon source in the medium and all the bacterial isolates along with 
the reference strain were studied for the maximum ability to produce PHA from these wastes 
respectively.The reference strainCupriavidusnecatoryielded82% PHA in 1:1 C:N ratio utilizing 
onion peel and 64%in 4:1 C:N ratio utilizing orange peel at 96h of incubation respectively. The 
best results obtained on onion peels as carbon source were by the isolateBacillus subtilis JCM 
1465 with 89% in 3:1 at 48h of incubation. Maximum PHA production obtained by bacterial 
isolateBacillus siamensis PD- A10 using orange peel as carbon source was upto 82% in 1:1 at 
24h of incubation.

Keywords: Bioplastics, Biopolymers, Biodegradable, Microbial polysaccharides, 
Polyhydroxyalkanoates, Zero wastage.

	 The petrochemical based plastics find 
a wide range of applications such as packaging 
film, containers, household, agricultural, marine, 
medical surgical pins, sutures and bone replacement 
but these synthetic polymers are a havoc to 
the environment as they arenon-degradable1,2.
Bio-based plastics has received tremendous 
attention in recent years because of their high 
molecular weight, biodegradability, non-toxicity, 
thermo plasticity, biocompatibility, elastomeric 

properties and its production from renewable 
carbon sources. Wide variety of Gram-positive 
and Gram-negative bacteria and members of 
family Halobacteriaceae of the Archaeaare known 
to produce Polyhydroxyalkanoate which is a 
simple macromolecule3.Polyhydroxyalkanoates 
are biodegradable polymers that belong to family 
of bio-polyesters that occur naturally andtheir 
physical properties depend upon the type of 
monomer in the polymer4.Naturally existing 
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microbes in soil have the ability to degrade PHB 
by enzymatic action of depolymerase5. Micro-
organisms produce polyhydroxyalkanoates as 
storage food reserve under unfavorable growth 
condition such as oxygen, nitrogen or phosphate 
limitation or in non-optimal pH of the culture 
medium and excess carbon source. PHAs have 
the mechanical properties similar to that of the 
synthetic plastics like polypropylene, polyethylene, 
etc. with added advantage of getting completely 
mineralized into carbon dioxide and water by 
the action of microorganisms. Some of the 
best-known representatives of PHA family are 
Polyhydroxybutyrate (PHB), Polyhydroxybutyrate-
co-hydroxyvalerate (PHBV)6. At present 140 
constituent monomers, are traditionally classified 
as short chain length (C4 and C5) and medium 
chain length (C6) hydroxyalkanoates. Depending 
upon the polymeric composition, the PHAs with 
different properties yield from a wide variety 
of monomers7,8.In many bacteria it is found 
as a cell inclusion which is accumulated up to 
80% of dry cell weight. Though most common 
type of polymer found in microbial cells are 
Polyhydroxybutyrate (PHB), Polyhydroxyvalerate 
(PHV), the composition of these PHAs vary 
according to the nature of microorganisms, 
different physiochemical properties such as short, 
medium or long chain fatty acids or nature of 
carbon sources provided allowing the formation of 
new polymers. These polymers can then be made 
into different plastic materials which have similar 
properties to that of synthetic plastics9. Extensive 
studies have been carried out on production of 
PHAs to reduce the cost of production by using 
inexpensive carbon sources or by improving 
the yield by applying genetic engineering10. Our 
approach to reduce the effective cost of PHAs is 
to utilize the kitchen waste such as onion peels 
and orange peels as carbon source and reduce the 
substrate cost to almost nil.

Materials and Methods

Isolation of bacteria
Collection of samples
	 Bacteria were isolated from polluted 
soil which was collected from polluted land fill 
site in Kalyan (Maharashtra, India). Ten grams of 
dry soil was collected using spatula, into sterile 

container using medical gloves. Soil was digged 
below the old debris present on the site. Secondly, 
100ml water sample was collected in 250ml 
sterile container, from Effluent Water Treatment 
Plant in the REVA UniversityCampus, Bangalore 
(Karnataka, India).
Isolation of bacteria
	 One g of polluted soil sample and 1ml 
of polluted water sample were used for isolating 
bacteria. Both the samples were serially diluted 
individually and processed further with spread plate 
technique. Sterile nutrient agar media at pH 7.0 was 
used. From three higher dilutions, 0.1ml of both the 
samples were spread plated onto the sterile nutrient 
agar plates. The plates were incubated at 370C for 
24h.After incubation, the colonies having different 
morphologies were selected based on Bergey’s 
Manual of Systemic Bacteriology. These selected 
bacterial isolates were maintained on nutrient agar 
slants for further studiesand were sub-cultured time 
to time to maintain viability.
Screening of PHA producers
	 In order to screen the isolates for their 
ability to produce PHA, Sudan Black B staining 
method (0.3% in 70% ethanol) was employed11,12. 
All the bacterial isolates were inoculated onto 
sterile nutrient agar media containing 0.5% 
Peptone, 0.3% Yeast extract 0.5% NaCl, 1.5% 
Agar and 1% glucose. After overnight incubation, 
ethanolic Sudan Black B stain was poured onto 
the colonies and kept undisturbed for 30minutes. 
Later, the stain was drained off and the media 
was washed with ethanol to remove the excess 
stain.The bacterial isolates with the ability to 
accumulate PHA showed dark blue coloration. 
Out of 14 isolates, 4 bacterial isolates were found 
to be positive for PHA accumulation. Same 
staining procedure was repeated using minimal 
agar media and concordant results were obtained 
authenticating those 4 isolates as PHA producers. 
Composition for minimal agar media is as follows- 
1%, Na2HPO4- 6.0g; KH2PO4- 3.0g; NaCl- 0.5g; 
NH4Cl- 1.0g; (1M) MgSO4- 1ml; (0.1M) CaCl2- 
1ml; pH- 7.0 and Distilled water- 1000ml13.
Biochemical testing
	 The selected bacterial isolates were 
subjected to biochemical testing14,15,16. All the 
studies performed hereafter were done on those 
selected four isolates only.
	 Catalase test, Indole test, Simmon’s 
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Citrate Agar test, Triple Sugar Iron Agar test and 
Methyl Red Voges Proskauer test were performed 
as per standard procedures. 
Growth Optimization
	 Effect of different parameters on the 
growth of bacterial isolates was investigated using 
nutrient broth. UV visible spectrophotometry was 
used for determining the turbidity at 600nm17,18,19.
Effect of incubation time
	 The growth pattern of all the selected 
isolates were studied at 24h, 48h, 72h and 96h 
intervals keeping rest of the parameters as constant 
like incubation temperature- 370C;pH- 7; carbon 
source- glucose and nitrogen source- yeast extract.
Effect of Incubation temperature
	 Variation in incubation temperature 
was done to study the growth pattern of all the 
selected PHA producers at 250C, 350C, 450C and 
550C keeping rest of the parameters constant as 
mentioned above.
Effect of pH
	 Effect of pH was studied by varying pH at 
pH 5, 6, 7, 8 and 9 keeping rest of the parameters 
constant as mentioned above.
Effect of different carbon sources
	 The growth pattern of all the selected 
isolates was studied using glucose, lactose, sucrose 
or maltose as sole source of carbon, keeping rest 
of the parameters constant as mentioned above
Effect of different nitrogen sources
	 The growth pattern of all the selected 
isolates was studied using ammonium chloride, 
potassium nitrate; peptone or yeast extract as 
Nitrogen sources, keeping rest of the parameters 
constant as mentioned above.
Carbohydrate estimation of the raw materials
	 The inexpensive raw materials used 
as a carbon source in our study are onion peels 
and orange peels. Total carbohydrate estimation 
of selected raw material was done using Phenol 
sulphuric acid method20,21.
C:N ratios
	 Onion peels and orange peelswere used 
as a substitute for glucose as a carbon source 
respectively with yeast extract as nitrogen 
supplement. Amount of PHA production was 
calculated using different ratios of C:N (1:1, 2:1, 
3:1 and 4:1) at different incubation periods (24h, 
48h, 72h and 96h)13.

Preparation of media for obtaining the Dry 
Cellular Weight (DCW) and PHA production
	 Nutrient broth was prepared containing 
all the components except the carbon source. 
The raw material (either onion peel or orange 
peel as per ratio) was added with yeast extract 
as the nitrogen source. The reference bacterium 
Cupriavidus necator was procured from MTCC 
Chandigarh, India. The isolate was provided with 
same parameters as our own isolates.Hundred 
ml of media was prepared for each ratio with the 
desired pH for particular bacterial isolate and 
autoclaved. Inoculum wasprepared and actively 
growing bacterial cells were transferred to the 
corresponding flask and incubated for 4days. The 
amount ofbiomass obtained, PHA production and 
PHA accumulation were studied after sample 
withdrawal at the interval of every 24hrs till 96hrs.
The first step involved centrifugation of culture 
media to obtain the biomass as a precipitate. This 
biomass was dried completely and weighed to 
obtain the amount of cell growth in grams/L.
Extraction of PHA
	 Extraction of PHA was performed using 
chloroform extraction method. The bacterial cells 
were centrifuged at 5000 (rpm)for 10mins to obtain 
the pellet which was dried to obtain the Dry Cell 
Weight (g/L).Later the pellet was suspended in4% 
sodium hypochlorite solution and incubated at 370C 
for 2hrs for complete digestion of cell components 
except PHA. The mixture was centrifuged to collect 
PHA granules and supernatant was discarded. 
Mixture was washed twice with 10ml distilled 
water and centrifuged. Granules in the sediment 
were washed twice with acetone, methanol, diethyl 
ether (1:1:1) respectively. Further, the polymer 
granules were dissolved in boiling chloroform and 
was evaporated by air drying, to yield dry powder 
of PHA which was then weighed to obtain the 
amount of extracted PHA (g/L)22,23,24,25,26,27.
Quantification of PHA
	 Quantification of the percentage PHA 
accumulation was calculated by applying the 
following formula28,29.	

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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PCR Amplification and 16s rRNA gene sequence 
details
	 Genomic DNA was isolated from the 
culture using Norgen DNA isolation kit. Using the 
consensus primers, ~1.5kb; 16s rRNAgene was 
amplified using Taq DNA Polymerase. PCR was 
performed in 50µl of reaction volume, containing 
~155ng of template DNA, 1X of 10X assay buffer 
5A, 100ng of universal forward and reverse primers 
each, 1.0µl of dNTPs mixture (2.5mM each) and 
3U of XT-5 Polymerase. PCR conditions consisted 
of denaturation at 940C for 30sec, primer annealing 
at 560C for 30sec and primer extension at 720C for 
1.30sec. PCR was carried out for 35cycles which 
also included initial denaturation at 940C for 5mins 
and a final elongation at 720C for 10mins30.The 
PCR products were loaded onto 1.0% agarose 
gel along with StepUpTM 1kb DNA ladder. The 
sequence of the DNA was compared with that of 
the existing sequences in NCBI database using 
the Blast N program. The best found matches for 
all the bacterial isolates are given in the table. A 
high score and low expect value indicate greatest 
homology.

Results

Selection and Screening of Bacteria
	 Out of the 14 different bacterial isolates, 
4 isolates showed the ability to produce PHA using 
Sudan Black B staining procedure on nutrient agar 
and also on minimal agar media.
Biochemical testing
	 All the bacterial isolates were positive for 
Catalase enzyme and Simmon’s Citrate test and 
negative for Indole test, Methyl Red and Voges-
Proskauer test. In Triple Sugar Iron test, Bacillus 
subtilis JCM 1465, Bacillus siamensis PD- A10 
and Geobacillus stearothermophillusR-35646 
fermented glucose in the media and only Bacillus 
subtilis JCM 1465 produced H2S which precipitated 
in the form of black deposits.No crack or fracture 
was observed in any of the above bacteria. 
Staphylococcus aureus JH1 showed utilized both 
the sugarsglucose and lactose in the media. The 
cracks in the agar indicated hydrogen production 
and the black precipitate was also observed.
Growth Optimization
	 Different temperature, pH, carbon, 
nitrogen sourcesand times of incubation (as 

mentioned in the materials and methods) were 
provided to all the bacterial isolates before deciding 
the optimum growth conditions. It was observed 
thatBacillus subtilis JCM 1465 grows best at 
96hours, 250C and pH 8. Bacillus siamensis PD- 
A10 grew best at 72hours, 350C and pH 7 whereas 
Staphylococcus aureus JH1 showed optimum 
growth at 48hour, 350C and pH 8. Optimum growth 
for Geobacillus stearothermophillus R-35646 was 
obtained at 48hour, 250C and pH 9. For all the 
isolates yeast extract was found to be the optimum 
nitrogen source and glucose was the best carbon 
sourcefor all the isolates exceptStaphylococcus 
aureus JH1 which grew better insucrose.
Carbohydrate estimation of theraw materials
	 The Total Carbon Content of the onion 
peels and orange peels were analyzed in order to 
determine carbon content to be provided to the 
bacterial isolates as per C:N ratio.It was found that 
thetotal carbohydrate content in Onion peel and 
Orange peel was 9.5% and 20% respectively.
Biomass and PHA production obtained using 
both the raw materials carbon source
	 All the bacterial cultures were grown in 
media containing the peels and nitrogen source 
in respective ratiosto estimate biomass and PHA 
production. Significant results are mentioned 
hereafter.With onion peel-based media (2:1 C:N 
ratio at 24h of incubation), Bacillus subtilis 
JCM 1465 produced 12.69g/L of biomass out of 
which 9.06g/L was converted to PHA (Table 1) 
and in orange peel-based media the bacterium 
produced 15.96g/L and 1.4g/L of biomass and PHA 
respectively in 4:1 C:N ratio at 48h of incubation 
(Table 2). Bacillus siamensis PD- A10, in onion 
peel-based media resulted in huge amount of 
biomass of 90.86g/L out of which 67.56g/L was 
converted into PHA in 3:1 C:N ratio at 48h of 
incubation (Table 3). Same bacterium yielded 
9.86g/L biomass out of which only 0.79g/L was 
converted to PHA in orange peel-based media 
(3:1 C:N ratio at 48h of incubation) (Table 4).With 
onion peel-based media, Staphylococcus aureus 
JH1 produced 42.63g/L of biomass and 5.09g/L 
of PHA in 4:1 C:N ratio at 96h of incubation 
(Table 5) and the same isolate on orange peel-
based media produced 16.79g/L and 3.39g/L 
of biomass and PHA respectively in 3:1 C:N 
ratio at 72h of incubation (Table 6). Geobacillus 
stearothermophillus R-35646, on onion peel-based 
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Fig. 1. Best results obtained (in percentage) by the selected bacterial isolates and the reference bacterium

media resulted 19.20g/L of biomass and 1.63g/L 
of PHA production in 3:1 C:N ratio at 24h of 
incubation (Table 7) and on orange peel-based 
media it could yield 25.56g/L and 10.6g/L of 
biomass and PHA production respectively [2:1 C:N 
ratio at 96h of incubation (Table 8)]. The reference 
bacterium, Cupriavidus necator resulted 11.93g/L 
and 1.96g/L of biomass and PHA production 
respectively in 4:1 C:N ratio at 48h of incubation 
in onion peel-based media (Table 9) and on orange 
peel-based media it produced 7.29g/L and 0.86g/L 
of biomass and PHA respectively in 2:1 C:N ratio 
at 72h of incubation (Table 10).
Extraction and Quantification of PHA
	 Before the extraction procedure, each 
bacterial isolate was provided the optimized growth 

conditionsalong with thetwo types of peels as 
carbon source.The PHA production in different C:N 
ratios was analyzed for 4 days with intermittent 
withdrawal of the sample at 24hrs interval. The 
Dry cell weight obtained and the PHA so produced 
were used to quantify the percentage of PHA 
accumulation by each isolate.
	 The best results obtained on onion 
peel-based media are as follows:Bacillus subtilis 
JCM 1465 could produce 89% of PHA at 48h of 
incubation in 3:1 C:N ratio (Table 1).Bacillus 
siamensis PD- A10 accumulated 78% of PHA at 
48h of incubation in C:N ratio of 4:1 (Table 3). 
Staphylococcus aureus JH1 could accumulate 
PHA up to 83% which is also the highest among 
all the other bacterial isolates at 96h of incubation 

Table 1. PHA accumulation by Bacillus subtilis JCM 1465 using Onion peel 
(Values are based on two sets of experiments. SDwas less than 5%)

Hours of						           Onion peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 4.66	 12.69	 5.33	 5.89	 1.46	 9.06	 2.16	 3.23	 31	 71	 41	 55
48	 1.26	 2.63	 3.33	 3.10	 0.79	 1.13	 2.93	 1.63	 64	 43	 89	 53
72	 6.39	 8.96	 10.79	 7.99	 1.53	 7.43	 8.99	 6.7	 23	 83	 85	 84
96	 7.19	 9.29	 4.83	 5.69	 5.53	 6.6	 3.66	 3.36	 75	 71	 76	 59
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Table 2. PHA accumulation by Bacillus subtilis JCM 1465 using Orange peel (Values are based on two 
sets of experiments. SDwas less than 5%)

Hours of						           Orange peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 8.89	 12.86	 11.73	 13.09	 0.63	 0.46	 0.43	 0.43	 7	 4	 13	 8
48	 8.29	 14.76	 12.96	 15.96	 0.46	 0.83	 1.16	 1.4	 7	 5	 15	 8
72	 7.23	 10.86	 10.16	 13.23	 0.46	 1.76	 3.6	 2.09	 6	 16	 29	 14
96	 .99	 1.29	 2.62	 3.46	 0.73	 0.86	 1.09	 0.99	 75	 68	 43	 33

Table 3. PHA accumulation by Bacillus siamensis PD- A10 using Onion peel 
(Values are based on two sets of experiments. SDwas less than 5%)

Hours of						           Onion peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 6.66	 7.66	 8.39	 5.46	 4.23	 1.63	 2.43	 1.73	 63	 21	 29	 31
48	 3.50	 6.03	 90.86	 5.59	 1.03	 1.79	 67.56	 4.36	 28	 29	 75	 78
72	 3.50	 7.33	 10.86	 10.73	 1.00	 2.69	 5.29	 1.89	 28	 37	 49	 18
96	 8.99	 4.33	 3.76	 8.59	 5.06	 3.29	 2.29	 5.39	 56	 75	 61	 63

Table 4. PHA accumulation by Bacillus siamensis PD- A10 using Orange peel 
(Values are based on two sets of experiments. SDwas less than 5%)

Hours of						           Orange peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 2.66	 2.49	 3.49	 1.96	 2.16	 1.33	 1.53	 0.43	 82	 54	 44	 22
48	 4.40	 6.09	 9.86	 4.19	 0.3	 0.16	 0.79	 0.39	 7	 3	 8	 10
72	 2.76	 3.59	 7.46	 6.53	 0.13	 0.33	 0.29	 0.39	 5	 9	 4	 6
96	 5.46	 8.13	 7.26	 7.43	 1.43	 1.16	 1.1	 3.03	 26	 14	 15	 41

in C:N ratio of 1:1 (Table 5).Geobacillus 
stearothermophillus R-35646 registered the least 
amount of PHA accumulation of 54% at 96h of 
incubation in 4:1 C:N ratio (Table 7).
	 The best results obtained on orange 
peel-based media can be summarized as follows: 
Bacillus subtilis JCM 1465 could produce 75% of 
PHA in 1:1 C:N ratio at 96h of incubation (Table 
2). Bacillus siamensis PD- A10 accumulated 82% 
of PHA in 1:1 C:N ratio at 24h of incubation 
(Table 4). Staphylococcus aureus JH1 registered 
the least amount of PHA accumulation of about 
38% at 3:1 C:N ratio at 96h of incubation (Table 6). 
Geobacillus stearothermophillus R-35646 resulted 
in 62% of PHA in 1:1 C:N ratio at 24h of incubation 
(Table 8).

Extraction and quantification of PHA by 
Cupriavidus necator
	 For Cupriavidus necator, maximum 
accumulation of PHA (82%) was observed at 
96 h in C:N ratio of 1:1 using onion peel-based 
media(Table 9) and 64% PHAon orange peel-based 
media was observed in 4:1 C:N ratio at 96h of 
incubation (Table 10).
	 The comparison of the best results 
obtained by the selected bacterial isolates and that 
of the reference bacterium using the twowaste peels 
is mentioned below (Figure 1).
16s rRNA details
	 Bacterial Isolate 1: Bacillus subtilis 
JCM 1465 (1799bp) with the GenBank Accession 
Number NR_113265.1 was found having 99% of 
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Table 5. PHA accumulation by Staphylococcus aureus JH-1 using Onion peel 
(Values are based on two sets of experiments. SDwas less than 5%)

Hours of						           Onion peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 7.63	 10.43	 21.23	 36.66	 2.36	 1.3	 2.53	 2.8	 31	 12	 12	 7
48	 4.53	 6.06	 14.86	 27.29	 1.8	 1.43	 2.66	 4.49	 49	 24	 18	 17
72	 5.66	 10.83	 21.86	 41.29	 1.23	 1.33	 2.06	 6.23	 21	 13	 10	 15
96	 1.56	 8.03	 16.09	 42.63	 1.29	 2.53	 2.4	 5.09	 83	 31	 15	 12

Table 6. PHA accumulation by Staphylococcus aureus JH- 1 using Orange peel (Values are based on 
two sets of experiments. SDwas less than 5%)

Hours of						           Orange peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 7.03	 8.16	 7.29	 2.93	 0.69	 0.53	 0.79	 0.49	 10	 7	 11	 16
48	 9.39	 10.33	 14.09	 9.76	 0.09	 0.49	 0.23	 0.4	 1	 4	 2	 4
72	 9.10	 8.23	 16.79	 8.13	 0.53	 0.53	 3.39	 0.79	 6	 6	 23	 10
96	 10.00	 6.76	 16.56	 12.43	 2.06	 1.09	 6.36	 1.93	 21	 16	 38	 15

Table 7. PHA accumulation by Geobacillus stearothermophillus R-35646 using Onion peel 
(Values are based on two sets of experiments. SDwas less than 5%)

Hours of						           Onion peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 8.69	 11.93	 19.20	 8.26	 1.19	 2.23	 1.63	 2.16	 14	 19	 9	 26
48	 6.99	 10.13	 17.69	 6.66	 0.99	 2.3	 4.73	 2.53	 14	 22	 27	 38
72	 5.96	 9.33	 11.09	 6.03	 0.96	 1.69	 1.43	 1.66	 16	 18	 13	 27
96	 2.39	 6.66	 3.29	 2.56	 0.73	 3.53	 1.46	 1.36	 31	 53	 44	 54

homology to Bacillus subtilis strain NBRC 13719 
(GenBank Accession Number: NR_112629.1)
and Bacillus subtilis subsp. spizizenii strain 
NBRC 101239 (GenBank Accession Number: 
NR_112686.1).
	 Bacterial Isolate 2: Bacillus siamensis 
PD- A10 (1525bp) with the GenBank Accession 
Number NR_117274.1 was found having 99% of 
homology to Bacillus Amyloliquefaciens subsp. 
plantarum strain FZB42 (GenBank Accession 
Number: NR_075005.1)and Bacillus subtilis strain 
168 (GenBank Accession Number: NR_102783.1).
	 Bacterial Isolate 3:Staphylococcus 
aureus JH1 (2277bp) with the GenBank Accession 
Number NR_074925.1 was found having 96% 
of homology to Staphylococcus aureus strain 
NBRC 100910 (GenBank Accession Number: 

NR_113956.1)and Staphylococcus aureus subsp. 
aureus N315 strain (GenBank Accession Number: 
NR_075000.1).
	 Bac te r ia l  I so la te  4 :Geobaci l lus 
stearothermophillus R-35646 (1978bp) with the 
GenBank Accession Number NR_116987.1 was 
found having 98% of homology to Geobacillus 
stearothermophillus strain NBRC 12550 (GenBank 
Accession Number: NR_112640.1)and Geobacillus 
stearothermophillus strain BGSC 9A20 (GenBank 
Accession Number: NR_115284.1).

Discussion
	
	 Polyhydroxyalkanoates are known 
to be produced by many gram-positive, gram-
negativebacteria31,32 and Archaea when these 
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Table 8. PHA accumulation by Geobacillus stearothermophillus R-35646 using Orange peel 
(Values are based on two sets of experiments. SDwas less than 5%)

Hours of						           Orange peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 9.29	 14.56	 14.96	 14.26	 3.53	 2.4	 1.29	 1	 62	 14	 8	 7
48	 7.46	 14.53	 11.76	 15.33	 0.36	 1.06	 0.66	 1.86	 30	 9	 6	 12
72	 5.73	 11.36	 9.09	 9.26	 1.13	 2.13	 2.46	 2.93	 31	 22	 32	 30
96	 15.50	 25.56	 21.33	 23.99	 2.69	 10.6	 8.39	 4.83	 17	 42	 39	 20

Table 9. PHA accumulation by Cupriavidus necator using Onion peel 
(Values are based on two sets of experiments. SDwas less than 5%)

Hours of						           Onion peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 2.26	 5.06	 4.36	 6.13	 1.46	 1.09	 1.46	 1.66	 66	 21	 34	 27
48	 5.49	 10.13	 10.13	 11.93	 1.23	 1.86	 1.76	 1.96	 22	 18	 18	 16
72	 1.53	 1.99	 2.83	 3.36	 0.63	 1.16	 1.13	 1.39	 40	 58	 39	 41
96	 1.76	 3.89	 3.19	 5.36	 1.43	 2.83	 2.29	 3.26	 82	 72	 72	 61

Table 10. PHA accumulation by Cupriavidus necator using Orange peel 
(Values are based on two sets of experiments. SDwas less than 5%

Hours of						           Orange peel
incubation		 Dry cellular weight (g/L)		 PHA production (g/L)			  PHA accumulation (%)
	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1	 1:1	 2:1	 3:1	 4:1

24	 1.86	 2.03	 3.70	 1.49	 0.5	 0.83	 1.66	 0.79	 27	 41	 45	 52
48	 2.56	 5.09	 2.86	 2.03	 0.76	 0.79	 0.99	 0.86	 29	 16	 34	 42
72	 2.59	 7.29	 4.53	 5.53	 0.73	 0.86	 0.99	 0.93	 28	 12	 22	 17
96	 2.53	 1.39	 1.59	 1.63	 0.93	 0.86	 0.93	 1.03	 36	 61	 60	 64

microorganisms are subjected to environmentally 
stressful conditions like limited nutrients33.In one 
of the studies, with Corn oil and waste vegetable 
oil as substrate, bacteria were found to accumulate 
37% (w/w) and 23% (w/w) of PHA respectively34.
In earlier research reported, starch was used as the 
carbon source,Bacillusthuringiensisaccumulated 
up to 72.05%35,36. In similar studies on different 
Bacillus strains, the highest amount of PHA 
accumulation with glucose as carbon source was 
reported to be 66% byBacillus cereus EGU337. 
Another finding claimed that addition of 6% 
molasses to the media triggered the accumulation 
of PHA in Bacillus subtilisfrom 54%to 62%. 
Supplementation with 1% ethanol and ammonium 
sulphate and ammonium nitrate as nitrogen sources 
was done which resulted in an overall expensive 

final product9. In one of the studies on Ralstonia 
eutropha, maximum recovery of PHA obtained 
was 91%on large scale (50L) with carbon source 
as sodium gluconate andsodium hypochlorite 
method as extraction procedure38.In another study 
it was reported that Bacillus sps.256 yielded 
copolymers of P (HB-co-HV) with higher HB 
content when malic acid was used as a carbon 
source. Fermentation strategies resulted 54% and 
2.7g/L of PHA content and yield respectively. The 
same bacterium produced 52% of PHA and 2.5g/L 
of yield in media containing sucrose as carbon 
source39,40.
	 Use of different waste materials like 
starch, whey, fermented mash, wheat and rice 
straw, molasses, tallow, bean curd waste, waste 
frying oils, spent mash, spent coffee grounds and 
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Sugarcane bagasse and vinasse could yield PHA 
content from 8% to as high as 89.10%41.
	 A detailed discussion about ourresults 
and the two types of peels as raw materials for our 
bacterial isolates is described below.
Bacillus subtilis JCM 1465
	 On onion peel-based media, the bacterium 
resulted 89% of PHA in 3:1 C:N ratio at 48h of 
incubationand resulted in DCW and PHA production 
of 3.33g/L and 2.93g/L respectively. On orange 
peel-based media, the same bacterium accumulated 
75% of PHA in 1:1 C:N ratio at 96hof incubation. 
The amount of DCW and PHA production obtained 
were 0.99g/L and 0.73g/L respectively. On onion 
peel-based media, the maximum amount of DCW 
was obtained during 24h of incubation in 2:1 C:N 
ratio of about 12.69g/L and the PHA production 
and accumulation obtained were 9.06g/L and 
71% respectively. Under same parameters, on 
orange peel-based media the bacterium resulted 
in 12.86g/L of DCW, 0.46g/L of PHA production 
and only 4% of PHA accumulation. Therefore, it 
should be noted that the bacteria could convert 
much of DCW into PHA in onion peel-based 
media in these parameters.Moreover, on orange 
peel-based media the maximum amount of DCW 
obtained was 15.96g/L at 48h of incubation in 
4:1 C:N ratio during which the PHA production 
were 1.4g/L (8%). Under same parameters, on 
onion peel-based media, even if the DCW and 
PHA production obtained were low (3.10g/L and 
1.63g/L), the PHA accumulation obtained was 
53% which was higher than that obtained in orange 
peel-based media. Thus, for this bacterium, onion 
peel-based media proved to be the better among 
the two as a carbon source.
Bacillus siamensis PD- A10
	 On onion peel-based media, the maximum 
PHA accumulation obtained was 78% in 4:1 C:N 
ratio at 48h of incubation and with 5.59g/L DCW 
and 4.36g/L PHA production respectively. Similarly, 
on orange peel-based media, the maximum amount 
of PHA obtainable was 82% with DCW (2.66g/L) 
and PHA production (2.16g/L) respectively in 1:1 
C:N ratio at 24h of incubation. Maximum amount 
of DCW and PHA production obtained by the 
bacterium in onion peel-based media was 90.86g/L 
and 67.56g/L respectively, which amounts to 75% 
PHAin 3:1 C:N ratio at 48hof incubation.Under 
same parameters,on orange peel-based media, 

the bacterium resulted in 9.86g/L of DCW and 
0.79g/l of PHA production and only 8% of PHA 
accumulation. As per our comparative results, 
orange peel was found to be the ideal carbon source 
for this bacterium.
Staphylococcus aureus JH1
	 In onion peel-based media, maximum 
amount of PHA accumulation by the bacterium 
observed was 83% in 1:1 C:N ratio at 96h of 
incubation during which the DCW and PHA 
production obtained were 1.56g/L and 1.29g/L 
respectively. On orange peel-based media the 
bacterium resulted in 38% PHA accumulation in 3:1 
C:N ratio at 96h of incubation with DCW and PHA 
production of 16.56g/L and 6.36g/L respectively.
At 96h of incubation in 4:1 C:N ratio of onion 
peel-based media, high amount of DCW (42.63g/L) 
was noted but the PHA production obtained was 
5.09g/L (12%). Under same parameters, on orange 
peel-based media, the DCW was found out to 
be12.43g/L and PHA production was also low 
[1.93g/L (15%)]. The bacterium produced high 
amount of DCW in orange peel-based media in 3:1 
C:N ratio at 72h of incubation of about 16.79g/L 
withthe PHA production3.39g/L (23%). In 4:1 
C:N ratio at 72h of incubation on onion peel-based 
media, the bacterium produced 6.23g/L of PHA, 
41.29g/L of DCW and 15% of PHA accumulation.
Hence, we could infer from our results thatfor this 
bacterium onion peel-based media is better of the 
two.
Geobacillus stearothermophillus R-35646
	 This thermophile could accumulate 54% 
PHA in 4:1 C:N ratio at 96h of incubation and 
62% in 1:1 C:N ratio at 24h of incubation in onion 
peel-based media and orange peel-based media 
respectively. The DCW and PHA production 
obtained under above parameters were low. The 
highest amount of DCW obtained was 19.20g/L on 
onion peel-based media in 3:1 C:N ratio at 24h of 
incubation with PHA production1.63g/L (9%). On 
orange peel-based media under similar conditions 
the bacterium could produce 14.96g/L of DCW, 
1.29g/L of PHAwith8% of PHA accumulation. 
On orange peel-based media, in 2:1 C:N ratio at 
96h of incubation, the bacterium produced very 
high amount of DCW of about 25.56g/L and could 
convert 42% of it in to PHA. On the contrary, on 
onion peel-based media, with above parameters, the 
bacterium showed very less DCW of about 6.66g/L 
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but could convert 53% of it into PHA. Therefore, 
according to observations, onion peel was found 
to be better substrate than orange peel.
Cupriavidus necator
	 The reference bacterium accumulated 
82% of PHA on onion peel-based media in 1:1 
C:N ratio at 96h of incubation but the DCW and 
PHA production obtained underthese parameters 
were comparatively low.Staphylococcus aureus 
JH1 could produce 83% of PHA with much less 
DCW and PHA production when compared to 
reference strain. The percentage of PHA was 
much higher inBacillus subtilis JCM 1465 which 
was 89% with 3.33g/L of DCW in 3:1 C:N ratio 
at 48h of incubation.On orange peel-based media, 
the reference strain accumulated 64% of PHA 
from 1.63g/L of DCW in 4:1 C:N ratio at 96h of 
incubation. During 96h of incubation in 1:1 C:N 
ratio, Bacillus subtilis JCM 1465 registered higher 
accumulation of PHA (75%) and in 1:1 C:N ratio 
at 24h of incubation whereas,Bacillus siamensis 
PD-A 10 gave 82% of PHA accumulation, both 
of which were higher than that obtained by the 
reference strain under the same conditions.In a 
similar study, biowaste used was banana peel. 
Cupriavidus necator, the reference bacterium, 
accumulated 79.73% of PHA in C:N ratio 3:1 at 
96h. Among other bacterial isolates, Geobacillus 
stearothermophilus R35646 accumulated 84.63% 
of PHA, Bacillus siamensis PD- A 10 produced 
77.55% of PHA, Bacillus subtilis JCM 1465 
yielded 71.78% of PHA and Staphylococcusaureus 
could produce about 70.02% of PHA42.

Conclusion

	 Hence from the datapoints obtained 
from our study, it can be surely inferred that our 
isolatescould accumulate better PHA than the 
reference strain using both the peels as carbon 
source.This further proves that these bacterial 
cultures are capable of utilizing the kitchen 
waste as carbon source for the production of 
polyhydroxyalkanoates.
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