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Abstract: Polyhydroxyalkanoates are renewable, and biocompatible plastics having physiochemical 
properties similar to petrochemical plastics, and meet the Sustainable Development Goals (SDG). Two 
bacterial strains: Pseudomonas aeruginosa and Bacillus subtilis were selected to produce the PHA. The 
standard carbon source was glucose while molasses and banana peels were cheaper carbon substrates 
used in a medium to grow the bacterial strains. Sudan black B and Nile blue A staining were used to confirm 
the PHA production via spread plate assay. PHA granules were observed inside the bacterial cell 
microscopically, using Sudan stain. The carbohydrate concentration was estimated in molasses (29.4mg/mL) 
and banana peel extract (9.8mg/mL) by the Phenol-sulfuric acid test. In batch fermentation, time profiles of 
PHA production and growth of microbial strains for every 3hrs were performed up to incubation of 48hrs at 
150rpm. PHA was extracted by sodium dodecyl sulfate digestion and chloroform extraction method. PHA 
production in Pseudomonas aeruginosa was 1.120g/L (66.82%) and 0.380g/L (44.60%) while in Bacillus 
subtilis was 0.476g/L (53.84%) and 0.288g/L (39.18%) utilizing molasses and banana peels, respectively 
after 48hrs. FTIR characterized the PHA monomer as polyhydroxybutyrate having a C=O bond at 1697.8cm-

1 and 1750.0cm-1 and a CH3 group at 1395.9cm-1 and 1458.3cm-1. A statistical significance between the PHA 
productions was calculated by applying an unpaired t-test, for Pseudomonas aeruginosa, a significant 
difference was observed between glucose with both substrates, while for Bacillus subtilis, a significant 
difference was noted only between glucose and peel extract. 

HIGHLIGHTS  
 

• Compared agro-industrial wastes i.e. molasses and banana peels.  

• Highest amount of PHA was produced by Pseudomonas aeruginosa utilizing molasses. 

• Statistically, a significant difference was observed between cheaper substrates. 

• FTIR analysis confirmed the extracted monomers as PHB. 
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INTRODUCTION  

Human population growth increases the use of non-biodegradable plastics that have caused a drastic 
change on earth leading to plastic accumulations, resulting in environmental pollution [1]. The degradation 
rate of petrochemical-derived plastics is slow, resistant to microbial degradation, and releases harmful and 
toxic gasses during this process, and the plastic wastes take thousands of years to decompose in nature [2]. 
Oil resources are also diminishing due to increased plastic consumption, every year almost 150t plastic is 
consumed by the world’s population [3]. Those materials that were readily wiped out from the environment in 
an eco-friendly manner could be used for producing plastics. Polyhydroxyalkanoates (PHA) have gained 
considerable attention as biodegradable alternatives to petroleum-based plastics. The chemical and 
structural properties of these bioplastics are similar to those of conventional plastics [4].  

Several gram-negative, gram-positive, archaea, halotolerant, and halophilic bacteria can produce PHA. 
Prokaryotes produce PHA as intracellular granules as a source of energy under stressful conditions such as 
the limitation of potassium, magnesium, nitrogen, and the excess amount of carbon [5]. PHAs are the 
monomers of 3-hydroxy fatty acids having a diameter of 0.2-0.5µm, forming a polyester of 103 to 104 
monomers. The composition, structure, size, and physiochemical properties of monomers vary among 
different PHA-producing bacterial strains and are also dependent on the carbon substrates either lipids or 
carbohydrates [6]. Chain lengths of polyesters are classified on the basis of carbon atom numbers, such as 
short chain length (C3-C5), medium chain length (C6-C14), and long chain length (>C14) [7]. Three genes 
are involved in encoding three enzymes for the production of PHA, phaA gene encodes the β-ketothiolase 
enzyme that forms acetoacetyl CoA, the condensation of two acetyl CoA molecules, phaB gene encodes 
NADPH-dependent acetoacetyl CoA reductase that reduced acetoacetyl CoA to (R)-3-hydroxybutyryl-CoA 
(for PHB production), and phaC gene encodes PHA synthase that polymerizes the monomers of (R)-3-
hydroxybutyryl-CoA to form PHB [8]. The enzyme majorly involve during the biosynthesis of PHA is PHA 
synthase which is classified into four classes depending upon the subunits of the enzyme and synthesized 
chain length, class I is comprised of the phaC, class II contained phaC1 and phaC2, class III is composed of 
phaC and phaE, and class IV confined of phaC and phaR [9]. Among all classes, only class II synthesizes 
medium-chain length, and classes I, III, and IV form monomers of short-chain length, PHA can be degraded 
within 3-9 months by PHA depolymerase (phaZ), an enzyme secreted by microorganisms [10].   

The purified carbohydrates kept the production cost higher than the synthetic plastic, the only drawback 
in producing PHA. Those substrates must be found that are less expensive and easily consumed by the 
microbial strains. Bacteria can synthesize the PHA from a comprehensive range of carbon sources, varying 
from plant oils to wastewater, alkanes, fatty acids, and carbohydrates [11]. Food-processing industries 
excrete a huge amount of waste and agricultural waste that can be used as a cheaper source for PHA 
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production. Sugar industries contain molasses, the waste of sugarcane, and sugarbeet which is rich in 
carbohydrates [12]. Typically, glucose costs about 33–50% more than molasses. Numerous agro-industrial 
wastes potato starch, pomegranate peels, wheat bran, bagasse, and banana peels were tested as carbon 
sources for PHA production [13]. Bananas are not seasonal fruits, and peels of bananas are available 
throughout the year to be the best economical option for producing PHA [14]. This research aimed to compare 
the PHA production by Pseudomonas aeruginosa belonging to class II of PHA synthase and Bacillus subtilis 
belonging to class IV of PHA synthase utilizing molasses and extract of banana peels, Time profiling of both 
strains for growth and production of PHA utilizing a sugar carbon source was observed, and chemical analysis 
of extracted PHA was carried out  

MATERIALS AND METHODS  

Materials 

The banana peels and molasses were the raw materials. Banana peels were taken from the university 
canteen (University of Management and Technology, Lahore) and molasses was obtained from the local 
sugar mill (Nawan feeds, Kasur). Banana peels were pre-treated but molasses was used in a crude form as 
molasses contained a hydrolyzed form of sugar. Two bacterial strains were used: one is gram-positive, 
Bacillus subtilis strain AZR-1 (accession number: JQ398616) and the other is gram-negative Pseudomonas 
aeruginosa strain PA-1 (accession number: MG763232) obtained from the Institute of Microbiology and 
Molecular Genetics, University of the Punjab, Lahore. Both bacterial strains were characterized and reported 
[15, 16]. All the reagents and chemicals were purchased either from Sigma (USA) or Thermo fisher scientific 
(Maryland, USA).   

Pre-treatment of Banana peels  

The banana peels were pre-treated because these were large in size that contained cellulose a 
polysaccharide that had to be converted into the hydrolyzed form of carbohydrates (glucose) which microbes 
can simply utilize as the source of energy.    

Preparation of Bran 

There was an immersion of banana peels for 24hrs in a 1% v/v lime solution to prevent oxidation. Then, 
the peels were placed in a hot air oven for 24-48hrs at 60˚C, for drying. The dried peels were then crushed 
in a grinder to form the bran. Ethanol was used to wash the bran to eliminate the lipid content, then dried the 
bran for 24-48hrs at 60˚C in an oven. The 200-mesh sieve was used to sieve the bran to form the 
microparticles [17]. 

Chemical Treatment of Bran 

The bran was treated to eliminate the components that are non-cellulosic in nature like pectin, 
hemicellulose, and lignin. An alkaline treatment was performed for solubilization of hemicellulose and pectin 
for that 5% w/v potassium hydroxide (KOH) solution having a ratio of 1:20 was used, under mechanical 
stirring for 14hrs at 25˚C. The bleaching treatment was done for delignification of insoluble residue with 1% 
v/v sodium hypochlorite (NaClO) solution at pH 5 (adjusted by 10% v/v CH3COOH) for 1hrs at 70˚C, which 
displayed the chromophoric groups present in the lignin and broke down the phenolic compounds. The 
insoluble residue underwent acid hydrolysis for hydrolyzing the cellulose using 1% v/v sulfuric acid (H2SO4) 
solution for 1hrs at 80˚C. The resulting material contained the hydrolyzed form of cellulose. The insoluble 
residue was neutralized depending on the pH after each step using an acid solution (10% v/v CH3COOH) or 
an alkaline solution (5% w/v KOH). The deionized water was used for washing the final residue and centrifuge 
(inno-MC20r, USA) the solution at 10,000 rpm for 20min, 5˚C until pH was neutralized, and the desired 
residue was stored at 4˚C in the form of suspension [17]. 

Carbohydrate Estimation test  

The estimation of carbohydrate concentration present in both raw materials was performed by phenol-
sulfuric acid test (quantitative analysis). The glucose stock solution (5mg/mL) was used to prepare the 
working standards along with the blank (distilled water). Two separate test tubes were also prepared for raw 
material. 1mL of 5%v/v phenol solution and 5mL of 96% sulfuric acid were added into the test tube, vortex 
the tubes to thoroughly mix the solution, incubated the test tubes at 25˚C for 20min, and measured the optical 
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density at 490nm using a spectrophotometer (AE-S60-2U, China). The glucose standard curve was plotted 
to calculate the concentration of glucose in raw materials [18]. 

Confirmation of Bacterial strains as PHA Producers   

The ability of bacterial strains for producing PHA was confirmed by growing them on 
polyhydroxyalkanoate detection agar (PDA) [19] incubated for 24hrs at 37˚C to determine the turbidity of the 
colonies. The produced PHA was determined by adding 100µl of fat-soluble dye Sudan black B on each 
grown colony and after 30 min removing the extra stain using 95% ethanol to observe the blackish colonies 
[20]. Inside the bacterial cells, PHA granules were observed through microscope (XSZ-107BN, China), using 
Sudan black B as a primary stain, Xylene as a decolorizer, and Safranin as a counter stain [21]. The PHA 
granules were observed under 100X as bluish-black inclusions and the cytoplasmic region of cells was 
observed pink. Nile blue A is a more specific lipophilic dye for the determination of PHA, for that bacterial 
strains were grown on PDA by adding Nile blue A stain having a concentration of 0.5µg/mL, and the bluish 
fluorescence was observed under UV-Transilluminator (MD-20, 302nm, USA) [22]. 

Preparation of PHA Production Media  

The preparation of standard inoculum was done by growing the Bacillus subtilis and Pseudomonas 
aeruginosa on 100 mL of nutrient broth and incubated in a rotatory shaker (THZ-98A, China) at 150rpm, 37˚C 
for 24hrs. The bacterial cells were re-suspended into the flask containing 300mL of PHA production media 
(g/L) that contained: MgSO4. 7H2O 0.5, CaCl2. 2H2O 0.01, Na2HPO4. 2H2O 2.0, KH2PO4 2.0, NaHCO3 0.5, 
citric acid (C6H8O6) 0.05, NH4Cl 1.0, 3.6mL solution of trace elements (contained ZnSO4. 7H2O 0.08, NiCl2. 
6H2O 0.02, CoCl2. 6H2O 0.2, CuCl2. 2H2O 0.01, H3BO3 0.3, MnCl2. 4H2O 0.03, Na2MoO4. 2H2O 0.03). 2% of 
the carbon source (glucose, molasses, and banana peels) was added to the respective flask and kept the pH 
neutral by NaOH (10%) and HCl (10%) [19, 23]. Glucose used as a standard source of carbon while banana 
peels and molasses were the cheaper carbon substrates.    

Time Profiling of Bacterial strains  

The Bacillus subtilis and Pseudomonas aeruginosa were grown on a PHA production medium, and the 
growth pattern of each bacterial strain utilizing each carbon source was observed after 3-6hrs up to the 
incubation period of 48hrs, by measuring the turbidity using a spectrophotometer at 600nm. The medium was 
incubated in a rotatory shaker at 150rpm having a neutral pH and a temperature of 37˚C. Centrifuged the 
cultured medium in a pre-weighted tube for 10min at 4˚C, 10,000 rpm, and the cell pellet was washed with 
10 mL of deionized water. The harvested cell pellet was dried at 105˚C for 48hrs and measured the dry cell 
weight. 

Extraction of Polyhydroxyalkanoates  

The sodium dodecyl sulfate (SDS) digestion and chloroform (CHCl3) extraction method was used for 
PHA extraction. 3mL of 5% w/v SDS solution was used to suspend the dried pellets and placed for 2hrs at 
95˚C in a water bath (SH-WB-11GDN, South Korea) for complete digestion of cellular components. The SDS 
solution containing the pellet was centrifuged at 9000rpm, 25˚C for 10 min, discarding the supernatant to 
obtain the pellet contained granules of PHA and washing the pellet with 10mL of distilled water until SDS was 
completely removed. The suspension was transferred into a glass tube, 3mL of chloroform was added that 
dissolved PHA granules, and place the glass tube until an aqueous and organic layer formed. The organic 
layer was piped out to the pre-weighted glass plate, chloroform was air-dried, and dissolved granules of PHA 
were obtained [24, 25]. The glass plate was again weighed. The PHA yield and residual biomass were 
calculated by below formulas [26]: 
 
PHA yield (%) = Dry weight of PHA extract (g/L) / Dry cell weight (g/L) ×100 
 
Residual biomass (g/L) = Dry cell weight (g/L) - Dry weight of PHA extract (g/L) 

Chemical Analysis of PHA  

The chemical bonds present in an extracted PHA was analyzed by performing Fourier transform infrared 
(FTIR) spectroscopy. The solution was formed by dissolving the biopolymer into the chloroform, then added 
the solution into KBr pellets (optically transparent), and allowed the solvent to evaporate. The infrared spectra 
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of the extracted PHA were analyzed by FTIR spectrophotometer (Jasco FTIR-6100, Japan) under wave 
numbers ranging from 400cm-1 to 4000cm-1 [27].   

Statistical Analysis (Unpaired Student T-test)  

The statistical difference between the extracted PHA and also between the dry cell weight obtained from 
glucose, molasses, and banana peels from both bacterial strains was compared by applying an unpaired 
student t-test (independent groups). The applied test was set to two-tailed and the confidence level was 95% 
(p-value <0.05) using GraphPad Prism 8.0.2.   

RESULTS  

Bacterial strains 

The identified bacterial strains: Pseudomonas aeruginosa and Bacillus subtilis were cultured on the 
nutrient agar medium and incubated at 37˚C for 24hrs. The colony morphology was observed after the 
incubation.  

Carbohydrate Estimation test  

The carbohydrate concentration of molasses and banana peels was estimated through the Phenol 
sulfuric acid test. A standard curve of glucose solution was plotted between the absorbance values taken at 
490 nm along the vertical direction and the standard concentration of glucose on the horizontal axis. It was 
estimated through the standard curve that the ultimate concentration of glucose present was 9.8mg/mL and 
29.4mg/mL in the banana peels and molasses, respectively. 

Confirmation of Bacterial strains as PHA producers   

The microscopic screening with Sudan Black B stain showed dark blue-black granules of 
polyhydroxyalkanoates inside the cells, confirming PHA-positive strains. While other parts of the cell 
appeared pink in the microscope due to the consumption of safranin as shown in Figure 1(a). In spread plate 
assay, Sudan stain imparted black color to the bacterial colonies that were grown on the PDA media. The 
blackish color confirms that both strains are PHA producers, as shown in Figure 1(b). The microbial strains 
that were cultivated on PDA media carrying Nile blue A solution represent bluish fluorescence under UV-
Trans-illuminator. Bluish fluorescence indicates that both were PHA-producing strains. Figure 1(c).  

 

Figure 1. Bacterial strains (left) Pseudomonas aeruginosa (right) Bacillus subtilis confirmed as PHA producers (a) 
Sudan Black B staining, microscopic method (b) Sudan Black B staining, spread plate assay (c) Nile Blue A staining 
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Growth pattern of Bacterial strains  

Compared with the glucose standard medium, Pseudomonas aeruginosa showed maximum growth in 
the molasses medium while the least growth was observed in banana peels containing medium. The lag 
phase persisted for up to 3-4hrs in glucose and molasses augmenting media. However, in the banana peels 
comprising medium, bacteria remain in their preparatory phase for 4-6hrs. The exponential phase started 
and continued for up to 5-33hrs in a glucose medium and 5-39hrs in a medium containing molasses while 
in a banana peels supplemented medium, the log phase was observed up to 7-33hrs. The growth pattern 
was shifted toward the stationary phase, this concluded that the growth rate stopped before 48hrs in all 
carbon substrates as shown in Figure 2 (a). Bacillus subtilis also showed the highest growth in molasses 
and the lowest growth in banana peels medium by comparing with glucose as a standard medium. Bacterial 
cells remained in the lag phase for up to 0-4hrs in the glucose and banana peels media while in the 
molasses-containing medium, the lag phase was extended for up to 0 to 6hrs. The exponential phase 
initiated after 4hrs and sustained for up to 48hrs in the glucose and banana peels media, however, the log 
phase for molasses augmented medium began after 6hrs and persisted for up to 48hrs as shown in Figure 
2(b). It was investigated that the growth rate of Bacillus subtilis was higher as compared to Pseudomonas 
aeruginosa among all carbon substrates. 
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Figure 2. The growth curve of bacterial strains (a) Pseudomonas aeruginosa (b) Bacillus subtilis was determined every 
3-6hrs for up to 48h of incubation at 600nm, grown in a PHA production media carrying different carbon sources in a 
batch fermentation at 150 rpm, having a temperature of 37˚C and pH 7.    

PHA Production by Bacterial strains  

PHA production increased with time but the total yield of PHA decreased after a particular time of 
incubation. For Pseudomonas aeruginosa, in a glucose-supplemented medium, the maximum yield of PHA 
among all carbon sources was observed at 27hrs of 84.50% and PHA production was 0.589g/L. In a 
molasses-enriched medium, the top PHA accumulation was 76.70% determined at 21hrs having PHA 
production of 0.688g/L. In a medium containing banana peels, the major rise in PHA yield was 53.28% 
observed at 30hrs of incubation with PHA production of 0.308g/L. Banana peels produced the lowest PHA 
yield of 53.28% among all carbon sources. After the 48hrs of incubation, the PHA yield observed was 69.03%, 
66.82%, and 44.60% carrying the PHA production of 0.856g/L, 1.120g/L, and 0.380g/L for glucose, molasses, 
and banana peels, respectively as represented in Figure 3(a). For Bacillus subtilis, the highest PHA yield 
among all carbon sources was observed with a glucose-supplemented medium at the incubation of 21hrs of 
65.77% carrying 0.392g/L PHA production. In a molasses-augmented medium, the maximum value of PHA 
yield was observed at 27hrs of 61.82% and 0.413g/L PHA production. In a medium containing banana peels, 
the peak value of PHA yield was shown at 33h of 46.03% containing PHA production of 0.232g/L. The PHA 
yield observed at 48hrs of incubation was 57.28%, 53.84%, and 39.18% while the PHA production was 
0.472g/L, 0.476g/L, and 0.288g/L for glucose molasses and banana peels, respectively as shown in Figure 
3(b). 

 
 
 
 
 

(a) (b) 
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Figure 3. Time profiling of Dry cell weight (DCW), Residual biomass, PHA production, and % PHA of bacterial strains 
(a) Pseudomonas aeruginosa (b) Bacillus subtilis grown in a rotatory shaker at 150rpm, at a temperature of 37 ˚C and 
pH 7 up to 48hrs of incubation with glucose, molasses, and banana peels. 
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Chemical analysis of PHA 

The FTIR analysis represents different peaks for various functional groups that are present in the sample. 
The analysis of the polymer produced by Pseudomonas aeruginosa and Bacillus subtilis revealed the sharp 
peaks under the wavelength range studied for PHAs in literature. The IR spectrum of the polymer indicated 
the marked peaks at the wavenumber 1697.8 cm-1 and 1750.0 cm-1 for the ester (C=O) carbonyl groups. 
Polymeric bonds (C-O-C) were also observed between the absorbance ranges of 1011.0 cm-1 and 1077.2 
cm-1. For O-H bending groups, intense absorption was observed at 3278.2 cm-1 and 3738.5 cm-1. Certain 
other bands were also recorded at the wavelength of 1395.9cm-1 and 1458.3cm-1 which shows the presence 
of the CH3 group. C-H stretching bonds derived from the alkane group were also revealed at the absorption 
bands of 2847.7 cm-1 and 2959.5 cm-1. Figure 4 shows the Fourier transform infrared analysis of 
Pseudomonas aeruginosa and Bacillus subtilis.  

 
 
 

(a) 

 

(b) 

 

(c) 
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Figure 4. Functional group analysis of extracted PHA by bacterial strains using different carbon sources (a) 
Pseudomonas aeruginosa, glucose (b) Bacillus subtilis, glucose (c) Pseudomonas aeruginosa, molasses (d) Bacillus 
subtilis, molasses (e) Pseudomonas aeruginosa, banana peels (f) Bacillus subtilis, banana peels. 

Statistical Analysis (Unpaired Student t-test) 

The unpaired student t-test was applied for both bacterial strains to determine the statistical difference 
between dry cell weight and extract of PHA derived from all carbon sources. Two independent groups of 
carbon sources were compared. The significance level (p-value) for all the data sets was 0.05, the degree of 
freedom was 24, and the critical value was 2.064. To determine the statistical t-value for the dry cell weight 
of Pseudomonas aeruginosa, the mean of DCW of glucose was compared with the means of DCW of 
molasses and also with the DCW of banana peels which were 2.530 and 2.200, respectively. Similarly, the 
statistical t-value was determined for the PHA extracts of Pseudomonas aeruginosa, by comparing the mean 
of the PHA extract of glucose with the means of the PHA extract of molasses and banana peels which were 
2.222 and 4.414, respectively. The t- values of DCW and PHA extract after comparing molasses and banana 
peels were 4.873 and 6.907, respectively. From the above values, it was determined that the critical value 

(d) 

 

(e) 

 

(f) 
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was less than the statistical t-value of all data sets. Therefore the null hypothesis was rejected and there was 
a significant difference between the dry cell weights of glucose with molasses as well as with banana peels 
and also between molasses and banana peels. Likewise, a significant difference was also observed between 
the PHA extract of glucose with both carbon substrates and also between both sources. For Bacillus subtilis, 
the statistical t-value was 0.1893 between the mean of DCW of glucose and molasses, this showed the critical 
value was greater than the t-value therefore, the null hypothesis was accepted and no significant difference 
was observed between them. However, the t-value for the DCW of glucose and banana peels was 2.801 
therefore, there exists a significant difference. The statistical t-value for the comparison between the mean 
of the PHA extract of glucose and molasses was 0.06634 and with banana peels was 5.237 which showed 
no significant difference between glucose and molasses while between the glucose and banana peels, a 
significant difference was observed. The t-values 3.033 and 5.671 were obtained after comparing the DCW 
and PHA extract of molasses and banana peels, respectively showed a significant difference between both 
cheaper substrates. The p-value that was obtained by the comparison between carbon sources had shown 
in Table 1. 

Table 1. Unpaired student t-test depicting the significant difference between carbon sources utilized by Pseudomonas 
aeruginosa and Bacillus subtilis. (*) showed the statistical significance, the higher the number of asterisks greater the 
significant difference. 

Bacterial strains Carbon sources 
Unpaired t-test 
p-value (<0.05) 

Pseudomonas  
aeruginosa 

Dry cell weight (g/L) 

glucose/molasses 0.0184* 

glucose/banana peels 0.0377* 

molasses/banana peels <0.0001**** 

PHA extract (g/L) 

glucose/molasses 0.0360* 

glucose/banana peels 0.0002*** 

molasses/banana peels <0.0001**** 

Bacillus 
subtilis 

Dry cell weight (g/L) 

glucose/molasses 0.8514 

glucose/banana peels 0.0099* 

molasses/banana peels 0.0057** 

PHA extract (g/L) 

glucose/molasses 0.9477 

glucose/banana peels <0.0001**** 

molasses/banana peels <0.0001**** 

DISCUSSION 

The purified carbon sources are expensive to use as a carbon substrate for PHA production at an 
industrial scale, this quickened the search for cheaper carbon substrates to low the production cost of PHA 
[28]. Therefore, this study targeted the sugar raw materials banana peels and molasses, both have sufficient 
sugar content to use in bacterial media as a carbon source and also managed the agro-industrial wastes. 
Banana peels are rich in cellulose [29] to increase the content of hydrolyzed sugars peels were pretreated. 
The crude form of molasses was used because it contained a hydrolyzed form of carbohydrates and other 
nutritional supplements [23].  

Several gram-positive and gram-negative bacteria have the capability to produce PHA, another selection 
criterion was the class of PHA synthase enzyme present in bacterial strains that polymerizes granules of 
PHA, Pseudomonas aeruginosa, and Bacillus subtilis were selected to produce PHA belonging to class II 
[30] and class IV [31] of PHA synthase, respectively. Pseudomonas aeruginosa exhibited the finest growth 
in the medium consisting of molasses as a carbon substrate, the lag phase was appeared early in the media 
containing glucose and molasses but the bacterial medium comprising banana peels as a carbon source 
extended the lag phase as it was influenced by the metabolic activity of Pseudomonas aeruginosa to utilize 
different carbon substrates at different time periods. Pseudomonas putida had the potential to metabolize an 
extensive range of carbon sources, and it showed growth phases at different time points while utilizing 
different substrates [32]. The exponential phase was observed at different time periods then the strain shifted 
the growth towards the stationary phase due to the depletion of nutrients as sugar substrates were the sole 
energy source while other nutrients were also limited under batch fermentation. Pseudomonas fluorescens 
in batch fermentation shifted the cell growth towards the stationary phase after 24hrs of cultivation [33]. 
Bacillus subtilis showed an exponential phase up to incubation of 48hrs this indicated that it utilized the PHA 
during the division of cells. Bacillus cereus consumed the PHA reserves due to the lessening of 
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carbohydrates after 48hrs of cultivation [34]. A media supplemented with glucose, and molasses exhibited 
the best growth than banana peels-supplemented medium as utilization of pre-treated peels was more difficult 
than readily available carbon sources. Bacillus cereus strain ARY73 showed a high growth rate utilizing 
glucose instantly [35]. The growth rate of Bacillus subtilis increased even after 48hrs but Pseudomonas 
aeruginosa stopped the growth before 48hrs, for the comparative analysis between the bacterial strains the 
growth pattern was stopped observing after 48hrs. Bacillus subtilis showed the highest growth rate than 
Pseudomonas aeruginosa in all carbon sources under the same conditions but Pseudomonas aeruginosa 
exhibited the highest PHA yield as compared to Bacillus subtilis in all sugar substrates, this clearly indicated 
the utilization of PHA granules by Bacillus subtilis after 48hrs that increase its growth rate.  

The highest yield of PHA was observed in Pseudomonas aeruginosa at particular times in different 
substrates and then PHA yields started to decrease after incubating the culture broth under batch 
fermentation due to the reduction of the nutrients. It has been reported that Pseudomonas sp. increased the 
biomass up to 72hrs; however, the accumulation of PHA was reduced after 48hrs, this occurred due to the 
utilization of PHA by the bacterial strain when the carbon source was depleted in a medium [36]. The PHA 
yield obtained utilizing banana peels was 53.28% by Pseudomonas aeruginosa after 30hrs of cultivation. The 
Pichia kudriavzevii, a halophilic yeast strain produced 79.68% PHA yield utilizing chicken feathers and 
banana peels as the source of nitrogen and carbon after 96hrs of incubation [37]. The PHA yield acquired 
after 48hrs was reduced in all substrates, the decrease in the PHA was due to the increase in the viscosity 
of the media that limited the oxygen. It has been documented that PHB yield was depleted after cultivation 
of 48hrs due to unfavorable conditions as viscosity in a media was observed at 72, 96, and 120hrs, viscous 
media increased the production of exopolysaccharides and restricting the oxygen transfer thus decreasing 
the synthesis of PHB [38]. The PHA production was higher in molasses and lesser in banana peels compared 
with the standard glucose after 48hrs, a significant variance was observed by comparing the PHA extract 
obtained from the glucose with the PHA extract obtained from cheaper carbon substrates having a p-value 
<0.05 by applying unpaired t-test, this revealed that Pseudomonas aeruginosa consumed even the crude 
form of molasses more quickly than pre-treated peels. The PHA yield of 39.06% was produced using 
molasses as a carbon source after incubating for 7 days by Pseudomonas fluorescens [39].  

Bacillus subtilis produced the highest PHA yield utilizing molasses at 27hrs and utilizing peels extract at 
33hrs of incubation. It is reported that Bacillus megaterium after 48hrs of incubation produced a yield of 46.2% 
[40]. Bacillus cereus produced a 67.4% yield utilizing sugarcane molasses [41]. PHB was produced 47.3% 
by the novel strain Zobellela sp. utilizing banana peel extract [42]. The PHA yield after 48hrs was decreased 
but the growth rate was increased. The yield was lessened as a high concentration of PHA could show 
negative feedback that declines the production and shifts the enzymatic pathway towards cell growth or 
probably due to the destruction of the bacterial enzymes that are involved in the biosynthesis of PHA. Bacillus 
subtilis declined PHA production after 96hrs utilizing molasses due to the destruction of PHA-producing 
enzymes [23]. The PHA production at 48hrs by Bacillus subtilis utilizing molasses was 0.476g/L 
approximately equal to glucose 0.472g/L, but banana peels produced 0.288g/L showed a substantial variance 
from standard. A significant difference was confirmed between the PHA production of banana peels with 
glucose and molasses by an unpaired t-test having a p-value <0.0001. Bacillus siamensis, Staphylococcus 
aureus, and Cupriavidus necator utilized banana peels as an inexpensive carbon source [43].  

FTIR analysis had shown the peaks of the diverse functional groups as the samples were not purified 
and analyzed in crude form. The obtained chemical bonds were compared with the wavenumbers reported 
in the study [44]. The wavenumber of samples was also compared with standard ranges [45], and the nearest 
found wavenumbers were identified as functional groups of polyhydroxybutyrate (PHB). The wavenumber 
represented the carbonyl group depicting the ester bond, and the methyl groups (CH3) indicated at 1395.9cm-

1 and 1458.3cm-1 signified the presence of PHB, short-chain length monomers produced by both bacterial 
strains. Bacillus subtilis usually synthesized short-chain length monomers as it belongs to class IV of PHA 
synthase utilizing sugar substrates [46]. Pseudomonas aeruginosa belongs to class II of PHA synthase that 
usually produced medium-chain length utilizing lipids [47] but can also be synthesized short-chain length in 
unusual conditions, in the presence of sugar carbon sources [30].  

CONCLUSION 

The bacterial strains were significant PHA producers, both strains had produced PHB. Comparing both 
strains among all carbon sources showed that, Pseudomonas aeruginosa produced the highest PHA yield 
but the growth rate was higher in Bacillus subtilis. A significant difference was found between molasses and 
banana peels, which concluded molasses even in the crude form contains a higher amount of sugar than 
peel extract. Bacterial PHAs are advantageous due to their excellent biodegradability and biocompatibility 
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therefore they are utilized in making biomedical devices, pharmaceutical, and tissue engineering products. 
PHA can reduce the environmental pollution caused by petrochemical plastics, and using agro-industrial 
wastes as a source of energy can also play an important role in waste management. PHA accumulation can 
be further improved by using genetic engineering tools.  
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