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Abstract: 

Background: The use of synthetic plastics and their products on a big scale causes waste disposal problems, leading to environmental pollution. Synthetic plastics derived from petroleum products like polyethylene, polypropylene, polyvinyl chloride, and polystyrene are all non-degradable and recalcitrant in the environment. The most studied and observed Polyhydroxyalkanoates (PHAs) are poly-3-hydroxybutyrate (PHB) stored in intracellular granules.
Aim: To produce Polyhydroxyalkanoates (PHAs) from bacteria isolated from waste -garbage contaminated soil and confirm the production of PHAs by various techniques.
Methodology: The production of PHA from the bacteria isolated from waste-garbage contaminated soil, especially collected in the Solapur district. Further isolates were characterized using morphological, cultural, biochemical, and molecular methods, including 16S rRNA gene sequencing, with phylogenetic analysis. The isolated and selected strain was studied for the extraction of PHAs and extended to evaluate the effect of various environmental parameters.
Results: The isolates (PHB 1-5 ) were confirmed as PHA producers via Sudan Black B staining, and identified as members of the Bacillus cereus group, specifically Bacillus paramycoides (PHB-1, PHB-2) and Bacillus cereus (PHB-3). The confirmed and selected candidate of the PHB 5 strain is achieving a maximum PHA yield. Optimization shows that the PHB 5 thrives in alkaline conditions and prefers low salinity. FTIR analysis confirmed the biopolymer structure, showing characteristic peaks at 1723 cm⁻¹ (C=O ester carbonyl) and 1280–1106 cm⁻¹ (C–O–C stretching).
Conclusion
These microorganisms demonstrate significant potential for efficient, high-volume production of biodegradable bioplastics.
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Introduction: -

The plastics are non-biodegradable polymers and are synthesized from petrochemical sources, and these derived materials significantly contribute to waste in the environment. Due to their very gradual degradation rate in the environment by existing biological species, that’s the reason they are considered non-biodegradable and remain persistent in the waste as a contaminant ( Coppola, G. et al.2021). Approximately 140 million tons of plastic are producing in every year in the world (Sathya, A. B., et al., 2018).  Plastic pollution is an alarming situation in the globe, and this compound nature gives rise to remarkable threats to the ecosystem as well as human health. The constant and daily use of plastics increases the non- degradable plastic waste in soil, as well as in aquatic environments, and estimated that 100-250 megatonnes of nonbiodegradable plastic waste accumulates and enters aquatic bodies (Banerjee, 2023). The tremendous application and inappropriate dumping of material such as polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC) create serious environmental pollution problems, including the saturation of microplastics in all ecosystems (Horton et al., 2017; Jambeck et al., 2015). The plastics do not biodegrade like of oragic materials; however, they degrade into very small particles considered as microplastics and nanoplastics (Díez-Pascual, 2019). The elevated use of chemically derived plastics enters the food chain and ecosystem in the form of toxic microplastics ( Coppola, G. et al.2021).  A big portion of plastic waste remains uneradicated from the environment, and that non-recycled plastic is either dumped, burned, or directly discharged into seawater. The man-made plastic is highly demanded in both household and industrial sectors, its big challenge for the removal and reduction of toxic plastics from the environment (Mangal, M. et al. 2023). The current plastics are having huge demands, and they are predominantly used in different sectors, especially industries, due to their long durability, adaptability, and low production cost forms, and are showing a detrimental impact in ecosystem. According to recent data, the world's plastic production will cross the figure of around 420 million metric tons by 2022, having transitioned from the 1.5 million metric tons in 1950 (Geyer, R. et al. 2017). The chemically synthesized plastics are generally prepared from various toxic chemical monomers by the reaction of polycondensation, polyaddition, and polymerization, and the maximum number of monomers have simpler chemical structures than the natural macromolecules( Coppola, G. et al.2021).
 Considering all these environmental concerns, we need to search for an alternative to the tremendous use of plastics derived from petrochemical sources. The researchers have discovered and are attempting to produce biodegradable plastic, such as  Polyhydroxyalkanoates (PHAs) (Sudesh, K. et al. 2018). Polyhydroxyalkanoates (PHAs) are a class of natural biodegradable polymer produced by various microorganisms from different habitats of the environment, predominantly bacterial species, which are produced as intracellular energy and carbon storage materials under extreme environmental and nutrient starvation conditions and secreted out of the cell (Mazumder, N, 2022). This approach provides a significant and assuring biodegradable alternative to the chemically driven plastics, with their unique potential to reduce plastic waste, and they possess good physical properties, contributing to various industrial applications (Laycock, B. et al. 2017).
Researchers from worldwide discovered that over 400 bacterial species from different diverse environments,  involving the Gram-positive and Gram-negative bacteria, synthesize PHAs under different environmental conditions. The predominant bacterial strains, are having potential to produce such as Bacillus megaterium, Ralstonia eutropha, and Pseudomonas putida, are observed for the more extensively evaluated for their ability to produce PHAs (Laycock, B. et al. 2017). Bacteria utilize various types of carbon, such as waste from agriculture and industry important for the production of PHA, which forms an environmentally friendly solution to solve waste management problems in societies (Koller, M. et al 2013) and (Chan, C. M., et al. 2018). The isolated bacterial strains for PHA production require specific growth conditions and media preparation. The growing bacteria are constantly added in a fed-batch process vessel, where temperature and carbon substrate concentration are meticulously controlled to study the PHA synthesis (Sudesh, K. et al.2018). As efforts are taken to reduce the plastic waste problems, which continue to expand, deep research on PHA production from the different environmental waste sources signifies in assuring route for producing environmentally friendly products (Geyer et al., 2017; Sabdono et al., 2019). The microbially produced polyhydroxyalkanoates (PHAs) are an important class of biodegradable plastics, and they are a varied cluster of biopolymers specifically produced by Microorganisms from carbohydrates and lipids, serving as an intracellular storage product (Coppola, G. et al. 2021). The bioplastics produced from microbial origins can produce a very small amount of greenhouse gas compared to that of conventional plastics over their life cycle; therefore, bioplastics contribute significantly to a more sustainable and eco-friendly society. PHAs are linear biopolymers composed of polyesters, which are produced by microorganisms, their enzymes, and chemical synthesis, although the industrial bioplastic production process is not well developed (Coppola, G., et.al.2021). It has been studied that many microorganisms, such as bacteria, fungi, and microalgae, all are having ability to produce these biopolymers as energy reserves (Chawla, M. et al 2023). In the limiting concentrations of nutrients, e.g., nitrogen, phosphorous and excess of carbon sources, these responses trigger the biosynthesis of PHAs by various species of bacteria, fungi, and algae. Among all microorganisms,  Bacillus species have significant biosynthetic enzymes, and their physiological behaviour synthesizes the PHAs and their composition, regulation, and process control (Vu et al., 2021). The Bacillus species synthesized PHAs have significant functional packaging and are medically useful, with low-cost material flexibility, biopolymer properties, and observed antimicrobial as well as biocompatible properties (Haedar, N. et al. 2023). The input costs on the production of PHAs are the main limitation in the commercial applications, and have been studied on various species, including Ralstonia eutropha and Pseudomonas species (Saba, J. A., et al 2020). The maximum costs for the production of PHAs are assigned and evaluated purely based on the carbon source, and focused on isolating and identifying the novel strain is having higher PHAs accumulation and significantly utilizes the low-cost substrate, such as waste garbage, which can be a primary carbon source (Tamura, K., et.. al).

Research Focus: Bacillus spp. from Waste Soil

In this research, the genus Bacillus is used for the accumulation and production of PHAs from the waste garbage soil. The Bacillus spp. is a Gram-positive, rod-shaped bacterium that comes under the phylum Firmicutes. These bacteria require oxygen for growth and are classified as obligate aerobes, and some facultative anaerobes that can sustain both aerobic and anaerobic environments (Sudesh et al., 2018). This genus is observed in different environments, including waste organic soil, various aquatic bodies, and even in the wastewater systems, and specific critical environments like deep oceans (Mozejko-Czekaj et al). These bacteria are classified as either obligate aerobes, which require oxygen for growth, or facultative anaerobes, which can thrive in both aerobic and anaerobic conditions (Sudesh et al., 2018). Bacillus species are evaluated for their abilities to produce PHAs, a type of biopolymer that is synthesized as intracellular granules. The various Bacillus strains are having potential to accumulate and produce PHAs; they are Bacillus subtilis, Bacillus pumilus, Bacillus megaterium, and Bacillus thuringiensis, among others (Mozejko-Czekaj et al., 2020). The waste- garbage is a pollutant in soil that provides ecological niches for diverse microbial communities, which are predominantly exposed to the biodegradable organic matter and complex carbon polymers.
This research focuses on the evaluation of waste-garbage contaminated soil as an important ecological resource for the isolation of the most significant PHA-producing bacteria. Especially, the research is extended to the isolation and screening of bacterial strains for their ability to produce Polyhydroxyalkanoates (PHAs) from waste-garbage contaminated soils collected in the Solapur district regions. Further bacterial isolates are characterized by cultural, morphological, biochemical, and molecular approaches using 16s rRNA gene sequencing and phylogenetic analysis. The characterized isolate is identified as a Bacillus spp., and shows higher PHA production under the nutrient-limited conditions, studying the effect of various environmental parameters, viz., pH, and salinity, on PHA production. The produced biopolymer was characterized by using FTIR spectroscopy, which identified the various functional moieties and confirmed the structural identity. With the use of this approach, the combined microbial difference associated with biopolymer production and characterization, this research study significantly contributes to sustainable and eco-friendly bioplastic production through cost-effective waste. This part allows the valorization of environmentally friendly alternatives to conventional petroleum-based plastics.

Materials and Methods

1.1. Sample Collection and Isolation of PHA Producers

The samples were collected from various environmental habitats within the Solapur district, Maharashtra, India, especially the waste-garden soil, waste-garbage contaminated soil, roadside waste soil, and crop field soil, to obtain the lage amount of PHA-accumulating and producing microorganisms. One gram of the collected soil sample was suspended in 9 mL of sterile saline solution (0.8% w/v NaCl) and prepared as a homogenized microbial suspension. The prepared soil suspensions were allowed for the serial dilutions ranging from 10-1 to 10-6, and the desired dilutions between 10- 4 and 10-5 were selected for microbial isolation.  After dilution, an aliquot of 0.1 mL from each selected dilution was spread onto the Modified Nutrient Agar (specifically for PHAs accumulation and production due to a high concentration of carbon source) medium; Beef extract (0.3%), Peptone (0.5%), Sodium Chloride (0.8%), Glucose (1%), and Agar (2%) (Thapa, C., et al.2018). The modified nutrient agar plates were formulated with an increased carbon-to-nitrogen ratio; this composition allows for enhancing the accumulation of PHA in the bacteria (Khanna, S. et al. 2014). The plates were incubated at 37°C for 24 hours; after that, based on the morphology, the well-isolated marked colonies were selected, and further colonies were processed and screened for PHA accumulation (Thapa, C. et al.2018).

1.2. Screening for PHA accumulation by Sudan Black Staining

The selected bacterial isolates were subjected to PHA accumulation and production, which was performed using the Sudan Black B staining (Evangelou, K. et al. 2016). This staining method is a classical qualitative lipophilic dye-based detection method (Khanna, S. et al. 2014). The composition of  Sudan Black B stain is a water-insoluble diazo dye that stains neutral lipids and gives a dark blue to black coloration to intracellular accumulated PAH granules. In this staining, a thin smear of a 24-hour bacterial culture was prepared, then heat-fixed, and treated with Sudan Black B solution. The counterstain Safranin was added over the slide and observed for the appearance of well-marked differentiated dark intracellular inclusions under the light microscope, which indicates a positive reaction for PHA accumulation and achieved the PHA screened isolates and purified as per the given standard protocol (Oghenerunor, I. P., et al. 2025). 

2. Morphological, Cultural, and Biochemical Characterization

The purified isolates that exhibited a positive Sudan Black B staining method were selected and allowed to undergo cultural, morphological, and biochemical tests with the help of standard microbiological protocol (Cappuccino J. C. et al. 2014). The Cultural characteristics, mainly colony size, shape, margin, elevation, opacity, pigmentation, and consistency, were reported on the modified nutrient agar media, and bacterial growth characteristics were observed in liquid media. Performed the Gram staining and observed the cellular morphology, arrangement, and motility, which was detected by using the hanging drop method  (Tortora et al., 2019). The isolates were extended to a series of biochemical metabolic tests, which involved the Indole production, Methyl Red,  Voges–Proskauer tests, Citrate utilization test, in addition, the gelatin liquefaction for detecting gelatinase, oxidase activity, catalase activity, nitrate reduction test starch hydrolysis, and hydrogen sulfide production test and incubated the isolates at 37 °C, and observed the results. All biochemical tests were performed as per the standard microbiological protocols (Cappuccino J.C. et al. 2014; Tortora et al., 2019).

3. Molecular Identification and Phylogenetic Analysis

After biochemical tests, the isolates were subjected to molecular identification. It is a very promising method for the complete identification of PHA-producing isolates, which was performed by amplifying and sequencing the 16S rRNA gene using universal bacterial primers 16S27F and 16S1492R (Lane, 1991). Further PCR products were purified by salt precipitation, tested and confirmed on agarose gel electrophoresis, and sequenced on an ABI 3500XL Genetic Analyzer using BDT v3.1 chemistry. Raw sequence chromatograms were curated, assembled into contiguous FASTA files, and subjected to taxonomic identification using BLAST searches against the SILVA rRNA database (v138) (Altschul et al., 1990; Quast et al., 2013). The phylogenetic analysis was carried out by retrieving up to ten closely related sequences from SILVA, aligning the sequences using MUSCLE (Edgar, 2004), and constructing a Maximum Likelihood phylogenetic tree with 1000 bootstrap replications in MEGA11 software (Tamura et al., 2021) to determine evolutionary relationships.

4. PHA Production, Extraction, and Optimization

The Growth kinetics and PHA production assay were performed; the isolates were cultivated in a defined PHA-production medium containing glucose (1.5 g/L), peptone (1.0 g/L), yeast extract (0.3 g/L), and NaCl (0.5 g/L) at pH 7 (Khanna, S. et al. 2014). The prepared sterile media was inoculated by 1 % inoculum and incubated at 37 °C with continuous shaking at 120 rpm, and the samples were collected at 30-minute intervals over 48 hours. The samples were analyzed for biomass by measuring the optical density at 640 nm, which confirms the cell growth status and PHA accumulation via Sudan Black staining. The extraction of PHA was performed by using the sodium hypochlorite digestion method (Law & Slepecky, 1961).  After 48 hours of incubation, bacterial cultures were centrifuged at 10000 rpm for 20 minutes at 40 C, and pellets were washed sequentially with acetone and ethanol. Collected pellets were then treated with 6% sodium hypochlorite at 37 °C for 10 minutes to lyse cells. Subsequent centrifugation at 10000 rpm for 20 minutes, at 40 C, which gives the yield of PHA, and the obtained product is further washed by dissolving in hot chloroform, and evaporated at 37 °C to obtain dry PHA for quantification (Thapa, C. et al. 2018).

4.1. Effect of Environmental Factors on PHA Production

The effect of various environmental factors on PHA production was tested; the screened and identified culture was cultivated under different pH values (pH 3, 5, 7, 9, and 11) and NaCl concentrations (0.1%, 0.5%, 1%, 1.5%, and 2%). The growth of culture at 37 °C and Sudan Black staining method, and after 48 hours, were used to evaluate optimal PHA-producing conditions ( Mattlar, T. et al.. 2025).

4.2. Characterization of Extracted PHA by FTIR Analysis

The Chemical confirmation of PHA was conducted by using Fourier-Transform Infrared Spectroscopy (FTIR) (Saba et al., 2020). About 1 mg of extracted PHA was dissolved in chloroform, mixed with KBr to form a pellet, and analyzed in the 4000-400 range using a Spectrum 65 FT-IR instrument. The presence of characteristic absorption peaks, including ester carbonyl C=O stretching and C-O-C vibrations, validated the structural identity of the extracted PHA. 
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1. Isolation, Screening, Biochemical and Molecular Identification of PHB-Producing Isolate

1.1. Screening for Polyhydroxyalkanoates (PHAs) Accumulation

A total of twenty-one well-isolated bacterial colonies were observed on the modified nutrient agar medium, which was inoculated with the waste-garbage contaminated soil sample. Primarily, isolates were screened for the intracellular PHA accumulation, which was determined by performing the Sudan Black B staining method (Evangelou, K. et al. 2016) as shown in Figure 1(b). The isolates have shown enormous staining, which indicates the significant accumulation of lipid-like intracellular granules, confirming the characteristic of PHA accumulation, and screened the isolates for PHA production. The five PHA-producing bacterial isolates (PHB 1–PHB 5) were selected and characterized based on their colony morphology and Gram reaction. All five isolates (PHB 1–PHB 5) produced white, circular, opaque, flat colonies with regular margins. Colony size ranged from 1–3 mm, with a moist consistency in most isolates except PHB 3 and PHB 4, which were sticky, as shown in Table 1. All isolates were Gram-positive and rod-shaped bacteria, as shown in Figure 1(c).
   The selected isolates underwent standard biochemical characterization to determine their metabolic profiles and confirm their classification. (Tortora et al., 2019), as shown in Table 2.



[image: ]           [image: ]         [image: ]
               (a)                                                   (b)                                                    (c)


Fig. 1 a) Growth of organism, b) Sudan black B staining, c) Gram Staining








Table 1. Cultural characterization of the isolates

	Cultural Characteristics
	PHB 1
	PHB 2
	PHB 3
	PHB 4
	PHB 5

	Size
	2mm
	2mm
	1mm
	3mm
	1mm

	Colour
	White
	White
	White
	White
	White

	Shape
	Circular
	Circular
	Circular
	Circular
	Circular

	Margin
	Regular
	Regular
	Regular
	Regular
	Regular

	Consistency
	Moist
	Moist
	Sticky
	Sticky
	Moist

	Elevation
	Flat
	Flat
	Flat
	Flat
	Flat

	Opacity
	Opaque
	Opaque
	Opaque
	Opaque
	Opaque

	Gram Staining
	GM+ve
	GM+ve
	GM+ve
	GM+ve
	GM+ve



Table 2. Biochemical characterization of the isolates

	Biochemical Characteristics
	PHB 1
	PHB 2
	PHB 3
	PHB 4
	PHB 5

	Indole
	-
	-
	+
	+
	-

	      Methyl red
	+
	+
	+
	+
	+

	VP
	-
	-
	-
	-
	-

	Citrate
	-
	-
	+
	+
	-

	Nitrate
	-
	-
	-
	-
	-

	Glucose
	+
	+
	+
	+
	+

	Sucrose
	+
	+
	+
	+
	+

	Lactose
	-
	-
	+
	-
	-

	Mannitol
	-
	-
	+
	-
	-

	H2S Production
	-
	-
	-
	-
	-

	Catalase
	+
	+
	-
	+
	-

	Oxidase
	+
	+
	-
	+
	-

	Starch Hydrolysis
	+
	+
	+
	+
	-
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Fig. 2 Biochemical characterization of the PHB isolates.
1.2.  16S rRNA Gene Sequence Analysis
Further identification of PHB-producing bacterial isolates was done by molecular characterization through amplification and sequencing of the 16S rRNA gene. After performing 16S rRNA gene sequencing, the full-length 16S rRNA sequences obtained for the isolates 24B110_358_PHB_1, 24B110_359_PHB_2, and 24B110_360_PHB_3 are provided below in FASTA format, as shown in Figure 3. These sequences were used for BLAST-based taxonomic identification and phylogenetic analysis. The obtained sequence was compared against the NCBI database using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) and aligned using MUSCLE (Edgar, 2004). Phylogenetic analysis using software such as MEGA11 (Tamura et al., 2021).

>24B110_358_PHB_1
ATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCATCATTTAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCA

>24B110_359_PHB_2
CTAATACATGCAAGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCATCATTTAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTAAGGTGGGACAGATG

>24B110_360_PHB_3
CCTAATACATGCAAGTCGAGCGAATGGATTAAGAGCTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGAACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCTTCTCCTTCGGGAGCAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCATCATTTAGTTGGGCACTCTAAGGTGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGACGGTACAAAGAGCTGCAAGACCGCGAGGTGGAGCTAATCTCATAAAACCGTTCTCAGTTCGGATTGTAGGCTGCAACTCGCCTACATGAAGCTGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAAGTCGGTGGGGTAACCTTTTTGGAGCCAGCCGCCTAAGGGGGGACAAATG CCTAAGGGGGGACAAATG
                        
Fig. 3 Molecular Characterization by 16s rRNA gene sequencing
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Fig. 4. a) Phylogenetic analysis of PHB 1 isolate, b) Phylogenetic analysis of PHB 2 isolate, and c) Phylogenetic analysis of PHB 3 isolate.   

The molecular characterization for the identification of isolates by using 16S rRNA gene sequencing and performing the BLAST,  the closely related matching in BLAST analysis provided the results, and they confirmed that all three Polyhydroxyalkanoates (PHAs) producing isolates belong to the highly conserved the strains fall within the Bacillus cereus species complex based on 16S rRNA analysis complex (Altschul et al., 1990; Quast et al., 2013). The Phylogenetic tree has been constructed with the help of the Maximum Likelihood method to analyze the evolutionary relationship among the sequences. Further clarified the taxonomic placement of the isolates, as shown in Figures 4. a), b), and c). 
Isolates PHB-1 (HM Code: 24B110_358) and PHB-2 (HM Code: 24B110_359) consistently clustered with reference strains of Bacillus paramycoides. PHB-1 showed the highest sequence similarity to Bacillus paramycoides (Accession: MH900215), and PHB-2 demonstrated its closest sequence identity to Bacillus paramycoides (Accession: MH100693). The strong clustering of these two isolates within the Bacillus paramycoides and Bacillus tropicus clade strongly supports their affiliation with the Bacillus paramycoides lineage (Mozejko-Czekaj et al., 2020).
In contrast, Isolate PHB-3 (HM Code: 24B110_360) formed and showed a distinct and well-separate branch within the Bacillus cereus clade. Its maximum sequence similarity was recorded for Bacillus cereus (Accession: GQ406846). PHB-3’s consistent grouping with reference strains of Bacillus cereus and Bacillus thuringiensis confirms its strong affiliation with the Bacillus cereus evolutionary branch.
From the above data and observations, the combined molecular data from both sequence similarity and phylogenetic tree topology confirmed that PHB-1 and PHB-2 are closely related to Bacillus paramycoides, while PHB-3 is most closely related to Bacillus cereus. These results clearly place all three isolates within the Bacillus cereus group, although minor intra-group divergence differentiates them into distinct sub-clusters, reflecting the genetic diversity within this complex (Tamura et al., 2021), as shown in Table 3. This molecular data, in conjunction with the Gram-positive, rod-shaped morphology, provides a robust taxonomic placement, demonstrating the genetic diversity and Polyhydroxyalkanoates (PHAs) producing capacity within the Bacillus cereus complex (Tamura et al., 2021).

Table 3. Phylogenetic analysis 
	Sr. No.
	HM Code
	Sample ID
	Result: Closest Taxonomic Relative

	1
	24B110_358
	PHB-1
	Bacillus paramycoides (MH900215)

	2
	24B110_359
	PHB-2
	Bacillus paramycoides (MH100693)

	3
	24B110_360
	PHB-3
	Bacillus cereus (GQ406846)





The growth kinetics of the five polyhydroxyalkanoates (PHAs) producing isolates, PHB 1 to PHB 5, were monitored spectrophotometrically by measuring the Optical Density (O.D.) at 640 nm at 30-minute intervals over a total period of 240 minutes (4 hours). The results are graphically represented as shown in Table 4.

a) The Lag Phase observed with 30-90 minutes, in which all PHA-producing isolates showed a significantly low increase in biomass within the first 90 minutes, and this phase represents the lag phase, where the cells are acclimatizing to the new growth media and preparing for rapid division.
b) In the Exponential (Log) phase studied with 120-240 minutes, during this phase, a distinct shift to the exponential growth phase was observed starting around 120–150 minutes, which is characterized by a steep increase in O.D. 640.
c) In the comparative growth performance analysis studied for all five PHA-producing isolates, Isolate PHB 5 has shown the highest growth rate within the exponential phase between 180 and 240 minutes, and achieved the maximum final biomass, reaching an O.D. value of 0.560 at 240 minutes. The isolates PHB 3 and PHB 4  have also exhibited a relatively close pattern of growth, giving a final O.D. of 0.454 and 0.475, respectively, also demonstrating robust growth kinetics. Isolates PHB 1 and PHB 2 showed lower final biomass readings of 0.281 and 0.395, respectively, suggesting a slower overall division rate in this specific Polyhydroxyalkanoates (PHAs) producing medium, as shown in Figure 5.


Table  4. Growth Curve analysis of PHA-producing isolates.

	Sr. No.
	Time (min)
	PHB1
	PHB2
	PHB3
	PHB4
	PHB5

	1
	30
	0.063
	0.111
	0.045
	0.095
	0.030

	2
	60
	0.108
	0.115
	0.047
	0.122
	0.050

	3
	90
	0.115
	0.119
	0.053
	0.135
	0.060

	4
	120
	0.120
	0.123
	0.056
	0.188
	0.087

	5
	150
	0.126
	0.130
	0.067
	0.245
	0.140

	6
	180
	0.166
	0.169
	0.168
	0.300
	0.290

	7
	210
	0.199
	0.287
	0.320
	0.378
	0.490

	8
	240
	0.281
	0.395
	0.454
	0.475
	0.560
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Fig. 5 Growth curve analysis of all PHB isolates

2. PHA Production and Extraction

 The production of PHA, the optimized isolated culture was grown up to 72 hours of incubation, and further allowed for the process. Quantitative extraction of PHA using the NaOCl chloroform method yielded a final PHA dry weight, as shown in Figure 7. The selected PHA isolates were harvested, and after extraction, the PHA was quantified using the standard sulfuric acid digestion method (Law & Slepecky, 1961). The maximum PHA yield achieved was 55.3% of the Cell Dry Weight (CDW), corresponding to a volumetric PHA concentration of 4.8 g/L.
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      a)                                                                       b)

Fig. 6 a) Grown culture of PHB isolate for PHA extraction b) Extracted PHA polymer on plate.

3. Effect of Environmental Factors on PHA Production: -

3.1. Effect of pH on PHA Production
The isolated PHA strains PHB 1 to PHB 5 were cultured in PHA-producing media and adjusted to the range of various pH values from 3 to 11. Among all isolates,  the PHB 5 was screened and selected for the study of the effect of pH on  PHA production. The PHA-producing isolate PHB 5 growth was monitored by measuring the Optical Density (O.D.) at 640 nm after incubation, as shown in Table 5.


Table 5. Effect of pH on PHA production by PHB 5 isolate
	Sr. No.
	pH
	O.D. (640nm)

	1
	3
	0.10

	2
	5
	0.20

	3
	7
	0.54

	4
	9
	0.68

	5
	11
	0.64










The observed data showed that the PHB producers' growth was significantly inhibited under acidic conditions, particularly at pH 3  O.D.=0.10 and pH 5 O.D.=0.20. The optimal growth of cells, which is indicated by the observed highest O.D. values, was observed in the alkaline pH range, and showed a peak at pH 9, O.D. = 0.68. Similarly, the remarkable effect was observed at pH 11 O.D.= 0.64, and pH 7, O.D. = 0.54. This study has concluded that the organisms are highly tolerant of neutral to moderate alkaline conditions.



3.2. Effect of NaCl Concentration on PHA Production

The growth of the PHB 5 bacterial strain was tested in PHA-producing media supplemented with varying concentrations of Sodium Chloride (NaCl), as shown in Table 6.

Table 6. Effect of NaCl on PHA production (growth)
	Sr. No.
	Conc. of NaCl (%)
	O.D. (640 nm)

	1
	0.1
	0.15

	2
	0.5
	0.23

	3
	1
	0.16

	4
	1.5
	0.19

	5
	2
	0.17











The observed data exhibited that the isolate PHB 5 showed low tolerance for high salinity. The highest level of growth was achieved at a low salt concentration of 0.5% NaCl (O.D.=0.23). The growth was notably lower at 0.1% NaCl (O.D.=0.15), and while growth slightly increased at 1.5% and 2% NaCl compared to 1%, overall growth remained limited below the peak 0.5% NaCl concentration. This study suggests the organism is a non-halophile with an optimal requirement for minimal salt concentration.


4. Spectroscopic Characterization (FTIR)

The FTIR characterization is performed to confirm the chemical structure of the extracted biopolymer. The resulting FTIR spectrum showed the characteristic absorption peaks essential and confirming for identifying Polyhydroxyalkanoates (PHAs). 
In the observed data, key diagnostic peaks included a strong absorption band at 1723 cm⁻¹ (representing the C=O stretch of the ester carbonyl group) and two distinct bands in the 1200–1300 cm⁻¹ range (specifically 1280 cm⁻¹ and 1228 cm⁻¹), which are associated with the C–O and C–C stretching of the PHA backbone (Saba et al., 2020).
The presence of the strongest characteristic peak at 1722.90 cm-1 (C=O ester bond), along with the identifying C-O-C stretching peaks 1277.85 cm-1 and 1106.92 cm-1, conclusively verifies that the extracted material is Polyhydroxyalkanoates (PHAs) (Sudesh, K., Kairul, et. al., 2018), as shown in Figure 7. 
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Fig. 7  FTIR Analysis of Extracted Polyhydroxyalkanoates (PHA)


5. Discussion:-

In this research, the main idea is to search for sustainable alternatives to the traditional petroleum-based plastics allow to focus on increasing the interest in Polyhydroxyalkanoates (PHAs). In this study, the PHA producers were isolated from the waste garbage contaminated soil in the Solapur district, Maharashtra, India. Due to the presence of organic components in the garbage waste contaminated soil, as this environment is inhabited by the full microbial communities, these are responding to the available nutrients and significantly contributes as PHA accumulation and producers. Screened the PHAs producing isolates by Sudan Black B staining and qualitatively confirmed the intracellular lipid inclusions. Based on the morphological, cultural, biochemical, and molecular characterization of the identified isolates confirmed that all are within the Bacillus cereus group. The phylogenetic analysis and clustering of PHB-1 and PHB-2 with Bacillus paramycoides and PHB-3 with Bacillus cereus underscores the genetic diversity within this complex. In the previously published research data, Bacillus species have greatly contributed to and synthesized the PHA from various natural organic, crude, and waste substrates. In various observed studies, Bacillus subtilis, Bacillus pumilus, Bacillus megaterium, and Bacillus thuringiensis are specifically involved in the significant production of PHA (Tan, F. H. P., et al. 2022). Specific observation, the Bacillus pumilus has been exhibited to metabolize the hydrolysates from microalgae substrate from the aquatic environment, especially Arthrospira platensis, in combination with glucose and glycerol to produce polyhydroxybutyrate (PHB) effectively (Ferreira, E. M., et al. 2016).  Another study on Bacillus megaterium has also exhibited its ability to produce PHAs from different natural substrates, viz. defatted Chlorella biomass, predominantly showing the yield of PHAs by weight, 29.7 percent and 32 percent of cell dry weight formed after using the Laminaria japonica biomass (Tan, F. H. P., et al. 2022). Concerning the available various carbon sources for synthesizing the PHAs, from simple sugars to more complex substrates, this adaptability provides the ability to synthesize the hydrolytic enzymes facilitates the breakdown of complex substrates to a utilizable form for PHA production (Mohapatra, S. et al. 2017). The explored species, Bacillus cereus and Bacillus thuringiensis, have been evaluated to synthesize PHAs from simple glucose and crude glycerol, which allows the utilization of the feedstock from the environment (Bhagowati, P. et al. 2015).

6. Conclusion 
In this research, the study has exhibited that the waste garbage contaminated soil acts as a significant assuring environmental habitat for the isolation of potential Polyhydroxyalkanoates (PHAs) synthesizing bacteria. The five potential PHA-producing isolated bacterial species were screened for the synthesis of  PHA by the Sudan Black B staining method. The isolates were characterized by morphological, biochemical, and molecular tests; the molecular identification was based on 16S rRNA gene sequencing. The successfully isolated novel bacterial species,  Gram-positive, rod-shaped, and further identified by molecular tests as strains of Bacillus paramycoides (PHB-1, PHB-2) and Bacillus cereus (PHB-3), having potential to produce Polyhydroxyalkanoates (PHAs). All the isolates belonged to the genetically closely related group of Bacillus cereus species. The screened and identified isolate for PHA-production, and selected PHB 5 as a good candidate for further experimentation. The optimization conditions for the growth of isolate PHB 5 were pH 9.0, 0.5% NaCl, which showed a high Polyhydroxyalkanoates (PHAs) yield of 55.3% of Cell Dry Weight (4.8 g/L), indicating the strong biosynthetic potential. The structural characterization was done by FTIR analysis and exhibited the ester carbonyl (C=O) and C–O–C stretching peaks, and confirmed the structure by validating the successful synthesis of PHAs. The altogether, the observed findings signify that the Bacillus spp. isolated from the garbage waste-contaminated soils have shown a significant potential for sustainable, cost-effective, and large-scale production of biodegradable plastics. This approach of biosynthesis allows the most valid and environmentally friendly strategy substitute for the conventional petroleum-based plastics.

7. Future aspect 

With the genetic modifications, the metabolic pathways are able to utilize a variety of substrates in the environment and biosynthesize the PHAs under stress conditions. The ability of the selected strain (PHB 5) to produce the PHAs from the environmental wastes would extend to the alkaline tolerance of Bacillus paramycoides (PHB 5), making it a promising candidate for industrial-scale production. 
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