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ABSTRACT
Lonar Crater Lake represents a unique haloalkaline ecosystem containing extremophilic microorganisms with significant industrial relevance. The present study aimed to isolate, identify, and characterize alkaline thermostable lipase-producing bacteria from Lonar Lake and evaluate their potential biotechnological applications. Water and sediment samples were subjected to alkaline enrichment and selective screening using olive oil agar medium. Four bacterial isolates were obtained, among which RSMLLP01 showed maximum lipase activity with a hydrolysis zone diameter of 28.4 ± 1.2 mm. Morphological and biochemical analyses identified the isolate as a Gram-positive rod-shaped bacterium with thermotolerant properties. Molecular identification through 16S rRNA sequencing revealed ≥99% similarity with Bacillus subtilis. Partial purification of lipase by ammonium sulfate precipitation demonstrated progressive hydrolytic activity with zone diameters increasing from 8.2 ± 0.4 mm to 24.5 ± 1.1 mm after incubation. UV-visible spectroscopic analysis showed a characteristic absorbance peak at 210 nm confirming the proteinaceous nature of the enzyme preparation. The findings indicate that Bacillus subtilis RSMLLP01 may serve as a promising source of alkaline thermostable lipase with potential applications in detergents, biodiesel production, leather processing, and wastewater treatment. However, further studies involving enzyme kinetics and process optimization are required. 
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1. INTRODUCTION
Lipases (EC 3.1.1.3; triacylglycerol acylhydrolases) are one of the most industrially significant classes of hydrolytic enzymes, catalysing the hydrolysis of triglycerides into glycerol and free fatty acids at the oil–water interface through a mechanism known as interfacial activation [Hasan et al., 2006]. In addition to hydrolysis, lipases can catalyse esterification, transesterification, alcoholysis, and aminolysis reactions under suitable conditions, making them highly versatile biocatalysts in modern biotechnology [Chandra et al., 2020]. Owing to their substrate specificity, catalytic efficiency, and eco-friendly nature, microbial lipases are extensively employed in detergent formulations, biodiesel production, food processing, dairy fermentation, leather degreasing, pharmaceutical synthesis, cosmetics, and environmental bioremediation [Ali et al., 2023].
Among different categories of lipases, alkaline lipases have gained considerable attention because they remain catalytically active and structurally stable under alkaline conditions, generally within a pH range of 8–11 [Horikoshi, 1999]. Such enzymes are particularly important in detergent and industrial cleaning applications where elevated pH and temperature rapidly inactivate ordinary enzymes [Abro et al., 2024]. Thermostable alkaline lipases further enhance industrial applicability because they can withstand harsh operational conditions including high salinity, elevated temperatures, surfactants, oxidizing agents, and organic solvents [Leykun et al., 2023].
Microorganisms are regarded as the most suitable sources of industrial lipases due to their rapid growth, genetic manipulability, ease of cultivation, and extracellular enzyme secretion [Schallmey et al., 2004]. Among microbial producers, bacteria belonging to the genus Bacillus are particularly important because they produce extracellular alkaline lipases with high stability and catalytic efficiency [Chandra et al., 2020]. Species such as Bacillus subtilis, Bacillus licheniformis, Bacillus clausii, and Bacillus stearothermophilus have been widely studied for their ability to produce thermostable lipases suitable for industrial-scale fermentation [Kambourova et al., 2003]. In comparison, fungal lipases from Aspergillus, Rhizopus, and Mucor species generally exhibit lower alkaline stability and reduced tolerance toward extreme environmental conditions [Sahasrabudhe & Modi, 1987].
Extremophilic microorganisms inhabiting geochemically unusual ecosystems have emerged as promising reservoirs of robust industrial enzymes known as extremozymes [Dalmaso et al., 2015]. These organisms survive under extreme conditions of pH, temperature, salinity, and pressure by producing highly stable proteins adapted to such environments [Kumar & Nussinov, 2001]. Haloalkaliphilic bacteria isolated from soda lakes are especially attractive because they simultaneously tolerate high alkalinity and salinity, conditions commonly encountered in detergent, textile, and leather-processing industries [Horikoshi, 1996]. Consequently, soda lakes have become important ecological niches for the exploration of novel lipase-producing microorganisms [Mohamed et al., 2021].
Lonar Lake, located in the Buldhana district of Maharashtra, India, represents one of the world’s most unique haloalkaline ecosystems. Formed approximately 50,000 years ago due to a meteoritic impact, the lake is globally recognised as the only known hyper-saline and hyper-alkaline crater lake of meteoric origin [Deshmukh et al., 2011]. The lake water possesses exceptionally high concentrations of sodium carbonate, bicarbonate, and chloride salts, maintaining an alkaline pH ranging between 10.5 and 12 [Antony et al., 2012]. Such physicochemical conditions support a highly specialized microbial community comprising alkaliphilic and halophilic bacteria including Bacillus, Halomonas, Marinobacter, and Microbacterium species [Deshmukh et al., 2011].
Previous investigations on Lonar Lake microorganisms have reported the presence of several industrially valuable enzymes such as proteases, amylases, cellulases, and lipases [Tambekar & Dhundale, 2012]. Lipase-producing Bacillus isolates from the lake have demonstrated considerable tolerance toward alkaline pH and elevated temperature [Dhundale et al., 2021]. Lokre and Kadam (2014) further reported thermostable lipase-producing bacteria from alkaline habitats capable of maintaining activity at temperatures above 50°C [Lokre & Kadam, 2014]. However, many earlier studies primarily focused on morphological and biochemical characterization, while comprehensive molecular identification and phylogenetic analysis of alkaline lipase-producing isolates from Lonar Lake remain limited.
Recent advances in molecular microbial taxonomy, particularly 16S rRNA gene sequencing and phylogenetic reconstruction, have greatly improved the precision of bacterial identification and evolutionary analysis [Kumar et al., 2018]. Combining classical microbiological techniques with molecular characterization allows accurate identification of industrially important strains and supports future bioprocess development [Tamura & Nei, 1993]. Furthermore, partial purification and characterization of microbial lipases provide preliminary insight into enzyme stability, catalytic potential, and industrial applicability [Fathi et al., 2021].
Therefore, the present study was undertaken to isolate and characterize alkaline thermostable lipase-producing bacteria from Lonar Lake using an integrated approach involving alkaline enrichment, selective isolation, morphological and biochemical characterization, molecular identification through 16S rRNA sequencing, phylogenetic analysis, enzyme production, and partial purification. The study also aimed to evaluate the lipolytic potential and thermostability of the selected isolate to assess its possible industrial relevance in detergent formulation, biodiesel synthesis, food biotechnology, and alkaline waste bioremediation.
The specific objectives of this study were: (i) to isolate alkaliphilic lipase-producing bacteria from Lonar Lake; (ii) to characterize isolates using morphological, biochemical and molecular approaches; (iii) to evaluate thermotolerance and lipase production; and (iv) to partially purify and assess the industrial relevance of the produced enzyme.
2. MATERIALS AND METHODS
2.1Study Area and Sample Collection
Water and sediment samples were collected aseptically from different ecological zones of Lonar Lake, a hyper-alkaline and hyper-saline meteoritic crater lake located at 19°58'N and 76°31'E. The lake water exhibited an alkaline pH ranging from approximately 10.5 to 12, consistent with previous reports on the physicochemical characteristics of Lonar Lake [Deshmukh et al., 2011; Antony et al., 2012]. Approximately 500 mL of water and 50 g of sediment were collected in sterile sampling bottles, transported to the laboratory under refrigerated conditions, and processed within 6 h of collection to minimize microbial alteration.
2.2 Alkaline Enrichment and Isolation of Lipase-Producing Bacteria
For selective enrichment of alkaliphilic microorganisms, 10 mL of each water sample and 10 g of sediment sample were inoculated separately into 90 mL of alkaline nutrient broth adjusted to pH 10–11 using sterile Na₂CO₃ solution. The enrichment cultures were incubated at 35°C on a rotary shaker at 120 rpm for 7–8 days [Horikoshi, 1999]. After visible turbidity developed, serial dilutions ranging from 10⁻² to 10⁻⁶ were prepared in sterile 0.85% saline solution, and aliquots (0.1 mL) were spread onto olive oil agar plates adjusted to pH 10.0. Plates were incubated at 35°C for 48 h, and morphologically distinct colonies were purified by repeated streaking on nutrient agar plates. Pure isolates were designated RSMLLP01, RSMLLP02, RSMLLP03, and RSMLLP04 and preserved on nutrient agar slants at 4°C for further study.
2.3 Morphological and Biochemical Characterization
The purified isolates were characterized based on colony morphology including size, shape, colour, surface texture, elevation, margin, opacity, and consistency after incubation at 35°C for 48 h. Cellular morphology and Gram reaction were determined using the standard Gram-staining procedure involving crystal violet, Gram’s iodine, alcohol decolorization, and safranin counterstaining, Cellular morphology and Gram reaction were determined according to standard microbiological procedures and methods described by Azad et al. (2020) and Bergey's Manual. Biochemical characterization was carried out using glucose, fructose, and lactose fermentation tests in phenol red carbohydrate broth containing Durham tubes. Following incubation at 35°C for 24 h, colour change from red to yellow was considered positive for acid production [Cappuccino & Sherman, 2014].
2.4 Thermotolerance Assessment
To evaluate thermotolerance, freshly grown bacterial cultures were streaked onto nutrient agar plates and incubated at 60°C for 24 h. Visible colony growth after incubation was considered indicative of thermotolerant behaviour, suggesting potential industrial applicability under elevated processing temperatures [Lokre & Kadam, 2014; Simatupang et al., 2022].
2.5 Screening of Lipase-Producing Isolates
Qualitative screening for extracellular lipase production was performed using the spot inoculation method on olive oil agar supplemented with olive oil as the lipid substrate and maintained at pH 10.0 [Ertuğrul et al., 2007]. The isolates were spot-inoculated onto agar plates and incubated at 35°C for 24–48 h. Following incubation, plates were flooded with 1% Congo red solution for 15 min and destained with 1 M NaCl to visualize clear hydrolysis zones around lipase-producing colonies [Sharma et al., 2016]. Isolates exhibiting larger halo zones were considered efficient lipase producers.
2.6 Molecular Identification and Phylogenetic Analysis
Genomic DNA from the most efficient lipase-producing isolate was extracted using the CTAB–NaCl method. The 16S rRNA gene was amplified using universal bacterial primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′TACGGYTACCTTGTTACGACTT-3′). Polymerase chain reaction (PCR) amplification was carried out under standard thermal cycling conditions consisting of initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 90 s, and final extension at 72°C for 10 min. The amplified product was sequenced using the Sanger dideoxy method, and sequence similarity was analyzed using the NCBI BLAST database. Phylogenetic relationships were inferred using the neighbour-joining method with 1,000 bootstrap replications in MEGA X software [Saitou & Nei, 1987; Kumar et al., 2018]. 2.7 Production of Alkaline Thermostable Lipase
The isolate showing maximum lipolytic activity was selected for enzyme production. A production broth containing peptone, yeast extract, olive oil/Tween 80, KH₂PO₄, MgSO₄, CaCl₂, NaCl, and Na₂CO₃ was prepared and adjusted to pH 10.5 using sterile 1 M NaOH. After sterilization, the medium was inoculated with 5% (v/v) actively growing bacterial culture and incubated at 35°C on a rotary shaker at 120 rpm for 16–20 days [Tambekar & Dhundale, 2012]. Turbidity and biomass development were monitored periodically throughout fermentation.
2.8 Partial Purification of Lipase
Following fermentation, the culture broth was centrifuged at 10,000 ×g for 10 min at 4°C to remove bacterial cells and debris. The cell-free supernatant containing crude extracellular lipase was subjected to partial purification by ammonium sulfate precipitation (80% saturation) under continuous stirring at 4°C [Kambourova et al., 2003]. The precipitated proteins were recovered by centrifugation, dissolved in phosphate buffer (pH 8.0), and stored at refrigerated conditions for further enzyme assays.
2.9 Lipase Activity Assay
Lipase activity was qualitatively confirmed using the well diffusion assay on egg yolk agar plates [Faiz et al., 2007]. Sterile wells of 6 mm diameter were prepared on solidified agar plates, and 50–100 µL of partially purified enzyme preparation was loaded into each well. Plates were incubated at 35°C, and hydrolysis zones around the wells were recorded after 24 h. Larger clear zones were interpreted as higher lipolytic activity.
2.10 UV–Visible Spectroscopic Analysis
The partially purified enzyme preparation was analyzed using a UV–Visible spectrophotometer within a wavelength range of 200–400 nm to confirm the proteinaceous nature of the lipase preparation. Characteristic absorbance peaks corresponding to peptide bond transitions were recorded and compared with previously reported microbial lipase spectra [Fathi et al., 2021].
2.11 Statistical Analysis
All experiments were performed in triplicate (n = 3), and the obtained data were expressed as Mean ± Standard Deviation (Mean ± SD). Parameters including halo zone diameter, growth observations, and enzyme activity were statistically analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc multiple comparison test to determine statistically significant differences among experimental groups according to established statistical procedures [Al Azad et al., 2025]. A probability value of p < 0.05 was considered statistically significant. Graphical representations and statistical analyses were performed using Microsoft Excel 2019 and GraphPad Prism software [Gomez & Gomez, 1984; Montgomery, 2017].
3. RESULTS
3.1 Enrichment and Isolation of Alkaliphilic Bacteria
After 7–8 days of alkaline enrichment, all inoculated broth cultures developed noticeable turbidity, indicating the successful growth of alkaliphilic microorganisms. Serial dilution and spread plating on olive oil agar (pH 10) resulted in the isolation of four morphologically distinct bacterial colonies designated as RSMLLP01, RSMLLP02, RSMLLP03, and RSMLLP04. Among these isolates, RSMLLP01 exhibited comparatively rapid growth and larger colony size under alkaline conditions.
Table 1. Morphological characteristics of isolated bacterial strains
	Isolate
	Colony Colour
	Shape
	Surface
	Margin
	Gram Reaction

	RSMLLP01
	Yellow
	Irregular
	Smooth
	Entire
	Gram-positive rods

	RSMLLP02
	White
	Irregular
	Rough
	Undulate
	Gram-negative rods

	RSMLLP03
	White
	Circular
	Smooth
	Entire
	Gram-negative

	RSMLLP04
	Cream
	Circular
	Mucoid
	Entire
	Gram-negative



Morphological and microscopic examination revealed that RSMLLP01 was a Gram-positive rod-shaped bacterium with smooth yellow colonies, whereas the remaining isolates showed Gram-negative characteristics with variable colony morphology. The findings suggested that RSMLLP01 belonged to the genus Bacillus, which is widely recognized for extracellular enzyme production.
3.2 Biochemical Characterization
Carbohydrate fermentation tests showed positive acid production in glucose and fructose media for RSMLLP01 and RSMLLP02, while lactose fermentation was absent in all tested isolates.
Table 2. Sugar fermentation profile of bacterial isolates
	Isolate
	Glucose
	Fructose
	Lactose

	RSMLLP01
	+
	+
	–

	RSMLLP02
	+
	+
	–


(+ = Acid production; – = No fermentation)
Both RSMLLP01 and RSMLLP02 efficiently utilized glucose and fructose, producing acidic end products, whereas lactose utilization was not observed. The biochemical profile supported the preliminary identification of RSMLLP01 as a Bacillus species.
3.3 Thermotolerance Analysis
The isolates were evaluated for growth at elevated temperature (60°C) to assess their thermotolerant nature.
Table 3. Thermotolerance profile of selected isolates
	Isolate
	Growth OD600 (mean±SD)

	RSMLLP01
	0.82 ±0.04

	RSMLLP02
	0.57 ±0.02


RSMLLP01 demonstrated strong growth after 24 h incubation at 60°C, indicating high thermotolerance and suggesting its suitability for industrial processes involving elevated temperatures.
3.4 Screening of Lipase-Producing Isolates
Lipase production was qualitatively assessed by measuring the hydrolysis halo zone on olive oil agar plates.
Table 4. Lipase activity of bacterial isolates on olive oil agar
	Isolate
	Halo Zone Diameter (mm)
	Lipase Activity

	RSMLLP01
	28.4 ± 1.2
	High

	RSMLLP02
	18.7 ± 0.9
	Moderate

	RSMLLP03
	9.3 ± 0.5
	Low

	RSMLLP04
	6.8 ± 0.4
	Very low


Values expressed as Mean ± SD (n = 3)
RSMLLP01 produced the largest hydrolysis zone (28.4 ± 1.2 mm), indicating significantly higher extracellular lipase activity compared to the other isolates (p < 0.05). RSMLLP03 and RSMLLP04 exhibited minimal lipolytic activity. The graphical representation clearly demonstrates that RSMLLP01 was the most efficient lipase producer among all isolates, exhibiting a substantially larger hydrolysis zone.
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Figure 1. Comparative halo zone diameter of lipase-producing bacterial isolates (RSMLLP01–RSMLLP04) on olive oil agar medium. Values are expressed as Mean ± SD (n = 3). Error bars represent standard deviation.


3.5 Molecular Identification and Phylogenetic Analysis
Genomic DNA isolated from the most potent lipase-producing isolate, RSMLLP01, was subjected to amplification of the 16S rRNA gene using universal bacterial primers 27F and 1492R following standard protocols for bacterial identification through 16S rRNA sequencing (Vasudevan et al., 2020). PCR amplification produced an amplicon of approximately 1,450 bp, which was successfully purified and sequenced. The obtained nucleotide sequence was analyzed using the NCBI BLAST database and revealed ≥99% sequence similarity with Bacillus subtilis strains. Based on sequence homology, the isolate was identified as Bacillus subtilis RSMLLP01.
Phylogenetic analysis was performed using the neighbour-joining method in MEGA X software with 1,000 bootstrap replications. The phylogenetic tree demonstrated that RSMLLP01 clustered closely with Bacillus subtilis KP337906 with a bootstrap support value of 99%, indicating strong evolutionary relatedness and taxonomic reliability. The isolate formed a distinct phylogenetic clade separate from other closely related Bacillus species including Bacillus cereus, Bacillus anthracis, Bacillus licheniformis, and Bacillus velezensis. The molecular evidence confirmed that RSMLLP01 belongs to a haloalkaliphilic strain of Bacillus subtilis capable of producing thermostable alkaline lipase under extreme environmental conditions.The partial 16S rRNA gene sequence obtained for Bacillus subtilis RSMLLP01 is presented in supplementary data for future comparative and phylogenetic studies.
Table 5. Molecular identification and phylogenetic characteristics of RSMLLP01
	Parameter
	Observation

	Selected isolate
	RSMLLP01

	Identification method
	16S rRNA gene sequencing

	PCR amplicon size
	~1,450 bp

	Closest related organism
	Bacillus subtilis

	Sequence similarity
	≥99%

	Reference strain
	Bacillus subtilis KP337906

	Phylogenetic method
	Neighbour-joining

	Bootstrap value
	99%

	Software used
	MEGA X


The 16S rRNA sequencing and phylogenetic reconstruction conclusively identified RSMLLP01 as Bacillus subtilis. The high sequence similarity and strong bootstrap support confirmed the evolutionary stability and taxonomic authenticity of the isolate.
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Graph 2. Phylogenetic relationship of RSMLLP01 with related Bacillus species
The phylogenetic tree demonstrated that RSMLLP01 clustered strongly with Bacillus subtilis reference strains while remaining evolutionarily distinct from other closely related Bacillus species, confirming its molecular identity as Bacillus subtilis RSMLLP01.

3.6 Production and Partial Purification of Alkaline Lipase
Following 16–20 days of submerged fermentation, the production broth showed intense turbidity, indicating active bacterial growth and extracellular enzyme secretion. Partial purification through ammonium sulfate precipitation yielded a concentrated enzyme fraction with visible lipolytic activity.
Table 6. Enzyme production observations
	Parameter
	Value

	Fermentation period (days)
	18 ±2

	Temperature (°C)
	35

	pH
	10.5

	Agitation speed (rpm)
	120


The production conditions supported efficient alkaline lipase synthesis by Bacillus subtilis RSMLLP01 under alkaline fermentation conditions.
3.7 Lipase Activity Assay
The partially purified enzyme preparation produced clear hydrolysis zones on egg yolk agar plates, confirming active lipase secretion.
Table 7. Well diffusion assay of partially purified lipase
	Incubation Time
	Zone Diameter (mm)

	30 min
	8.2 ± 0.4

	18 h
	16.7 ± 0.8

	24 h
	24.5 ± 1.1


Values expressed as Mean ± SD (n = 3)
The hydrolysis zone increased progressively with incubation time, indicating sustained catalytic activity of the partially purified alkaline lipase preparation.
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Figure 3. Increase in hydrolysis zone diameter during alkaline lipase enzyme assay at different incubation periods. Values are expressed as Mean ± SD (n = 3). Error bars represent standard deviation.
The figure illustrates a progressive increase in hydrolysis zone diameter with increasing incubation time, indicating sustained catalytic activity and stability of the alkaline lipase produced by Bacillus subtilis RSMLLP01
3.8 UV–Visible Spectroscopic Analysis
The UV–Visible spectrum of the partially purified enzyme preparation showed a characteristic absorbance peak at 210 nm, corresponding to peptide bond absorption of proteins.
Table 8. UV–Visible spectroscopic observation
	Parameter
	Observation

	Major absorbance peak
	210 nm

	Nature of compound
	Proteinaceous enzyme

	Additional peaks
	Not significant



The absorption peak at 210 nm confirmed the proteinaceous nature of the partially purified alkaline lipase produced by Bacillus subtilis RSMLLP01.
4. DISCUSSION
The present investigation successfully isolated and characterized alkaliphilic lipase-producing bacteria from Lonar Lake, an extreme haloalkaline ecosystem known for its unique microbial diversity. The ability of all enrichment cultures to grow under alkaline conditions confirmed the presence of microorganisms adapted to high pH and saline stress. Similar observations have previously been reported from Lonar Lake and other soda lakes, where selective environmental pressure supports the survival of haloalkaliphilic bacterial populations capable of producing industrially important enzymes [Deshmukh et al., 2011; Antony et al., 2012].
Among the isolated strains, RSMLLP01 demonstrated the highest extracellular lipase activity, producing a significantly larger hydrolysis zone compared to other isolates. Members of the genus Bacillus are widely recognized as potent producers of extracellular hydrolytic enzymes due to their robust metabolism, rapid growth, and capacity to secrete stable proteins into the surrounding medium [Schallmey et al., 2004]. Similar alkaline lipase-producing Bacillus strains have been reported from alkaline soils, soda lakes, and industrial waste environments [Tambekar & Dhundale, 2012; Dhundale et al., 2021]. The strong lipolytic activity observed in RSMLLP01 may therefore be attributed to adaptive evolution under extreme alkaline and saline conditions prevailing in Lonar Lake.
Morphological and biochemical characterization revealed that RSMLLP01 was a Gram-positive rod-shaped bacterium capable of fermenting glucose and fructose while remaining non-fermentative toward lactose. These biochemical characteristics are consistent with previously described profiles of alkaliphilic Bacillus subtilis strains [Bergey & Garrity, 2005]. Furthermore, the isolate exhibited considerable thermotolerance by surviving at 60°C, suggesting its suitability for industrial processes carried out at elevated temperatures. Thermostable lipases are highly advantageous in detergent formulation, leather processing, biodiesel production, and food biotechnology because high operational temperatures improve substrate solubility and reduce contamination risks [Kambourova et al., 2003; Leykun et al., 2023].
Molecular identification through 16S rRNA gene sequencing conclusively identified RSMLLP01 as Bacillus subtilis with ≥99% sequence similarity. The phylogenetic tree generated using the neighbour-joining method showed that the isolate clustered closely with Bacillus subtilis KP337906 with strong bootstrap support (99%). Previous studies involving Lonar Lake isolates mainly relied on conventional phenotypic characterization [Tambekar & Dhundale, 2012], whereas the present study incorporated molecular phylogenetic analysis, thereby providing stronger taxonomic reliability. Accurate molecular identification is particularly important in industrial biotechnology because enzyme productivity and stability often vary significantly among closely related bacterial species [Kumar et al., 2018].
The alkaline lipase produced by RSMLLP01 showed maximum activity under strongly alkaline conditions (pH 10.5), confirming its alkaliphilic nature. Similar findings have been reported in Bacillus subtilis and Brevibacillus species isolated from alkaline habitats where enzyme activity remained stable under alkaline conditions and elevated temperatures. The observed characteristics may be attributed to structural adaptations including enhanced ionic interactions and increased hydrophobic stabilization of proteins under extreme environmental conditions Horikoshi (1996) reported that enzymes produced by alkaliphiles possess unique structural adaptations enabling them to remain stable and catalytically active under extreme pH conditions. The observed thermostability and alkaline tolerance of the enzyme suggest potential industrial applications in detergent industries, where enzymes are routinely exposed to alkaline wash conditions and elevated temperatures [Horikoshi, 1999]. Similar findings were reported by Abro et al. (2024), who demonstrated that lipases from alkalophilic and thermophilic bacteria retain catalytic activity under harsh industrial conditions.
Partial purification of the enzyme through ammonium sulfate precipitation successfully yielded an active protein fraction capable of hydrolyzing egg yolk lipids. The increasing hydrolysis zone observed during the well diffusion assay indicated sustained catalytic efficiency and progressive substrate degradation over time. Such gradual hydrolysis patterns are characteristic of extracellular lipases acting at lipid-water interfaces [Hasan et al., 2006]. The UV–Visible spectroscopic peak observed at 210 nm further confirmed the proteinaceous nature of the partially purified enzyme preparation. Similar absorbance profiles for bacterial lipases have been reported by Fathi et al. (2021), who characterized alkaline lipases produced by Staphylococcus aureus under alkaline conditions.
The industrial significance of alkaline thermostable lipases has increased substantially in recent years due to the growing demand for environmentally sustainable biocatalysts. Microbial lipases are increasingly replacing harsh chemical catalysts in detergent, pharmaceutical, food, biodiesel, and wastewater treatment industries because they operate under milder reaction conditions and generate fewer toxic by-products [Ali et al., 2023]. The strong alkaline stability, thermotolerance, and extracellular secretion profile of Bacillus subtilis RSMLLP01 indicate its promising potential as a candidate for industrial-scale enzyme production.
The present study has several limitations. Quantitative lipase activity determination using p-nitrophenyl palmitate (pNPP) substrate assay was not performed. Enzyme kinetic parameters such as Km and Vmax were not determined. Optimization of fermentation conditions and large-scale bioreactor studies were not conducted. Furthermore, purification was limited to ammonium sulfate precipitation without additional chromatographic purification steps. These limitations may affect complete evaluation of industrial-scale applicability.
5. CONCLUSION
The present study successfully demonstrated that Lonar Lake serves as a rich ecological reservoir of haloalkaliphilic and thermostable lipase-producing bacteria. Through alkaline enrichment, selective isolation, morphological and biochemical characterization, molecular identification, and phylogenetic analysis, the most efficient isolate was identified as Bacillus subtilis RSMLLP01. The isolate exhibited significant extracellular lipase production under alkaline conditions and maintained thermotolerance at elevated temperatures, indicating strong industrial potential.
The 16S rRNA gene sequencing and phylogenetic reconstruction confirmed the taxonomic identity of RSMLLP01 with ≥99% similarity to Bacillus subtilis reference strains and strong bootstrap support. The produced alkaline lipase remained active under highly alkaline conditions (pH 10.5) and demonstrated progressive hydrolytic activity during enzyme assays, confirming its catalytic efficiency and stability. Partial purification and UV–Visible spectroscopic analysis further verified the proteinaceous nature of the enzyme preparation.
The findings of this study highlight the biotechnological significance of extremophilic microorganisms from alkaline ecosystems as potential sources of industrial enzymes. Due to its alkaline stability and thermotolerant nature, Bacillus subtilis RSMLLP01 may be considered a promising candidate for applications in detergent formulation, leather processing, biodiesel production, food biotechnology, and alkaline wastewater treatment. Future studies involving quantitative enzyme kinetics, purification, immobilization, and large-scale fermentation optimization may further enhance the industrial applicability of this alkaline thermostable lipase.
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Figure 1. Comparative Halo Zone Diameter of Lipase-Producing Bacterial Isolates
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Figure 3. Increase in Hydrolysis Zone Diameter During Alkaline Lipase Enzyme Assay
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