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Revealing the Efficacy of Thermostable Biosurfactant in Heavy Metal Bioremediation and Surface Treatment in Vegetables
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Biosurfactants are amphiphilic molecules which showed application in the food, medical, and cosmetics industries and in bioremediation. In this study, a marine sponge-associated bacteria (MSI 54) was identified as a biosurfactant producer which showed high emulsification and surface tension-reducing property. The isolate MSI 54 was identified as Bacillus sp. and the biosurfactant was chemically characterized as a lipopeptide analog based on the spectral data including Fourier transform infrared spectroscopy and nuclear magnetic resonance spectroscopy. The MSI 54 lipopeptide biosurfactant was an anionic molecule which showed high affinity toward cationic heavy metals including Pb, Hg, Mn, and Cd. The heavy metal bioremediation efficacy of the biosurfactant was evaluated using atomic absorption spectroscopy, scanning electron microscopy/energy-dispersive X-ray spectroscopy, and high-resolution transmission electron microscopy analysis. When MSI 54 lipopeptide biosurfactant was added to heavy metals, this resulted in a white co-precipitate of the metal–biosurfactant complex. The heavy metal remediation efficacy of the biosurfactant at a 2.0 × critical micelle concentration (CMC) showed removal of 75.5% Hg, 97.73% Pb, 89.5% Mn, and 99.93% Cd, respectively, in 1,000 ppm of the respective metal solution. The surface treatment of farm fresh cabbage, carrot, and lettuce with 2.0 × CMC of the lipopeptide showed effective removal of the surface heavy metal contaminants.
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INTRODUCTION

Biosurfactants are amphiphilic compounds which are produced by microbial cells on their surface or secreted extracellularly. They contain hydrophobic and hydrophilic moieties that decrease the surface and interfacial tension between surfaces (Maneerat, 2005). Biosurfactants possess important characteristics that offer advantages over synthetic surfactants, which include surface and interfacial activity, tolerance to temperature, pH, and ionic force, low toxicity, availability, specificity, biocompatibility, and biodegradability (Kiran et al., 2010a; Franzetti et al., 2014). Because of their promising benefits, they are extensively used for industrial and medicinal purposes (Muthusamy et al., 2008). Heavy metals are the earth metals, and some of those are important supplements for living beings. Metals accumulate in the environment as the by-product of anthropogenic developmental activities such as tanneries, manufacturing of arms and ammunition, paint, metal pipes, batteries, mining, etc. (Singh and Cameotra, 2004), and their high accumulation can lead to serious intoxication (Mao et al., 2016). Heavy metal accumulations in the environment are persistent to degradation, but can be converted to less toxic forms (Santona et al., 2006). Biosurfactants enhance the solubility of hydrophobic compounds in the polluted environment and helps in bioremediation (Cameotra and Makkar, 2010). Among the lipopeptide biosurfactants, surfactin and its analogs are the most widely studied, and they consist of a lipid chain connected to a short linear or cyclic peptide (Peypoux et al., 1991). Our previous reports on the production of biosurfactants by marine actinobacteria showed that metal ions such as FeCl3, CuSO4, MnCl2, and MgSO4 significantly influenced biosurfactant production (Kiran et al., 2010b). A study by Cameotra and Makkar (2010) reported that the addition of metal ions increased biosurfactant production. Heavy metal remediation by a biosurfactant occurs either by association of the complex with the free-form metal residues or by accumulation at a solid solution interface, which leads to the direct interaction of the metal and the biosurfactant (Miller, 1995). By the process of desorption, the biosurfactant–metal complex leaves the soil surfaces and form micelles. The biosurfactant can be further precipitated and separated from the metals (Lee et al., 2008). According to Mulligan et al. (2001), a surfactant can be recovered from the metal complex by lowering the pH below 5. The heavy metals recovered in the bioremediation process can be reused, which reduces the need for ore mining or synthesis of heavy metals.

In this study, a biosurfactant produced by a marine sponge-associated bacteria, MSI 54, was chemically characterized as a lipopeptide. The produced MSI 54 lipopeptide was anionic and effectively remediates cationic heavy metals such as Cd2+, Pb2+, Hg2+, and Mn2+. The heavy metal remediation efficacy of the biosurfactant on the surface treatment of fresh vegetables and wastewater was evaluated using atomic absorption spectroscopy (AAS), scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDX), and high-resolution transmission electron microscopy (HRTEM) analysis.



MATERIALS AND METHODS


Collection and Isolation of Sponge-Associated Bacteria

The marine sponge used in the study was collected from the coastal regions of Palk Bay, Rameswaram, at a depth of 2 M. The sponge samples were stored in Ziploc bags and then immediately placed in an icebox. The box was then transferred to the laboratory for the isolation of bacteria (Selvin et al., 2009). Briefly, a 1-cm3 portion of sponge tissue was washed with sterile water, homogenized, and then serially diluted with phosphate-buffered saline (pH 7.0). The aliquots were spread plated on nutrient agar with 2% NaCl and incubated at 27°C for 48 h. The colonies obtained were stored under −20°C.



Screening for Biosurfactant Production

All the isolates obtained were inoculated on minimal media with 2% NaCl and incubated for a period of 5 days. After incubation, cell-free broth was obtained by centrifugation at 10,000 rpm for 15 min. The supernatant was then screened for drop collapse activity (Youssef et al., 2004), oil displacement (Gandhimathi et al., 2009), lipase (Kiran et al., 2009), hemolytic activity (Carrillo et al., 1996), emulsification index (Paraszkiewicz et al., 2002), and surface tension determination using a tensiometer.



Identification of Biosurfactant Producer

The isolate MSI 54 was selected for further characterization studies based on the stable emulsification activity. Morphological and biochemical characteristics were studied and identified using Bergey’s Manual of Determinative Bacteriology and molecular identification based on 16S ribosomal DNA (rDNA) analysis. The DNA of the isolate MSI 54 was isolated and PCR amplification was performed using the 16S rDNA primer (5′-GAGTTTGATCCTGGCTCAG-3′; 5′-AGAAAGGAGGTGATCCAGCC-3′). The gene sequence obtained was blasted using NCBI MegaBLAST and phylogenetic trees were constructed in MEGA 7 version 2.0 using the neighbor joining (NJ) method.



Optimization of Biosurfactant Production

To maximize the production of biosurfactant, a one-factor-at-a-time experiment was performed. The factors optimized include carbon, nitrogen, salt, pH, temperature, and time. The isolate MSI 54 was grown in nutrient agar media supplemented with 1% of different carbon and nitrogen sources. The carbon sources used include glucose, fructose, lactose, and starch; the organic and inorganic nitrogen sources used were beef extract, yeast extract, peptone, and ammonium chloride. Effective concentrations of the carbon (lactose) and nitrogen (peptone) sources were optimized in the range 1–5%. Production media were maintained at temperatures of 4, 28, 30, and 37°C, pH values of 2, 4, 6, 7, 8, and 10, and salt concentrations of 2–5%. All the optimization experiments were performed in triplicate.



Extraction and Purification of the Biosurfactant

The isolate MSI 54 was inoculated into optimized production media maintained at a pH of 7.0 and incubated at 28°C on a shaker incubator (Orbitek) for 5 days. To extract the biosurfactant, the bacterial cells were separated by centrifugation and the filtrate was acidified to pH 2.0 using 2N HCl and was kept at 4°C overnight. The precipitate obtained was washed with sterile water until it reaches the pH of 7.0. The biosurfactant thus obtained was purified using column chromatography, followed by high-performance liquid chromatography (Kiran et al., 2017). Column chromatography was performed using silica gel (60–120 mesh) and elution was performed using the solvents of methanol and water (65–100, v/v) with a flow rate of 0.5 ml/min. The purity and the Rf value of the compound were checked on thin layer chromatography (TLC) with the solvent system of chloroform/methanol/water (65:25:10).



Chemical Characterization of the Biosurfactant

The functional groups of the purified biosurfactant were determined using a Fourier transform infrared (FTIR) spectrophotometer (Bruker IFS113v FTIR spectrometer), in the range 4,000–400 cm–1. Gas chromatography–mass spectrometry (GC-MS) of MSI 54 was performed on PerkinElmer (GC model 680) with an oven initial temperature of 60°C for 2 min, ramp 10°C/min to 300°C, and hold 6 min. Further characterization of MSI 54 was performed using 1H NMR and 13C NMR (Bruker AVANCE III 500 MHz) and then analyzed for proton and carbon shifts.



Determination of Ionic Characteristic of the Biosurfactant

The nature of the MSI 54 biosurfactant was analyzed using the agar double diffusion method (Van Oss, 1968). Briefly, two wells were made on 1% of soft agar and wells of the first row were filled with ionic charge. The anionic and cationic standards used were 20 mM of sodium dodecyl sulfate (SDS) and 50 mM barium chloride, and the line of precipitation was observed after incubation at 37°C for 48 h.



Determination of the Critical Micelle Concentration (CMC)

The CMC was determined by plotting surface tension as a function of the concentration of the MSI 54 biosurfactant. It was determined as the concentration of the biosurfactant required to form micelles. The surface tension was measured using a Du Nouy ring tensiometer (Carrillo et al., 1996).



Stability of the MSI 54 Biosurfactant

Stability of the MSI 54 biosurfactant was determined in varying temperatures, salt concentrations, and pH using column purified fraction. To evaluate stability, 0.4% (w/v) of the biosurfactant was used and the assays were performed within the ranges of pH (4.0–9.0), NaCl concentration (2–16%), and temperature (4–121°C) (Kiran et al., 2010c, 2017).



Effect of the Biosurfactant on Heavy Metal Remediation

The heavy metals selected in this study was mercury, lead, manganese, and cadmium. For metal remediation assay, respective metal solutions of 1 g/L were prepared and treated with 0.5 × CMC, 1 × CMC, and 2 × CMC of the MSI 54 lipopeptide and incubated overnight at 37°C. The metal–biosurfactant co-precipitate obtained was separated by centrifugation at 10,000 rpm for 30 min. The residual metal contents in the treated and untreated (control) solutions were analyzed using AAS. The effective concentration of 2 × CMC of the biosurfactant and the heavy metals Pb and Cd were chosen for SEM-EDX. Quantitative elemental analysis of heavy metals in the biosurfactant–heavy metal co-precipitate was determined using SEM-EDX. To further confirm the precipitation of heavy metals, HR-TEM was performed (Tecnai G2-F30STwin, FEI, United States).



Analysis of Heavy Metal Contamination in Vegetables

Vegetables such as cabbage, carrot, and lettuce were selected to study the effect of biosurfactant on heavy metal remediation. The vegetables were procured from the local market in Pondicherry, washed under tap water, and then cut into pieces. The vegetable pieces were soaked for 20 min in the respective wash solutions containing 2.0 × CMC of the MSI 54 lipopeptide in 1 L of distilled water and served as the test; distilled water without lipopeptide served as the control. The treated vegetables were blended in a commercial blender to yield a homogeneous paste, followed by drying completely at 80°C in a hot air oven. Dried samples of 1 g were transferred into a 50-ml glass beaker, to which 10 ml of concentrated HNO3 was added and incubated overnight, followed by heating on a hot plate to facilitate dryness (Nwajei, 2009). Then, 5 ml of perchloric acid was added and the supernatant was collected and diluted to 50 ml with distilled water and then subjected to AAS for the analysis of heavy metals in the vegetables.



Heavy Metal Analysis in Wastewater

Wastewater was collected from an industry in Pondicherry. To 1 L of water, 2 × CMC of the biosurfactant was added with continuous stirring. After 48 h of treatment, the formed biosurfactant–metal co-precipitate was separated by centrifugation and the precipitate thus obtained was collected by centrifugation at 10,000 rpm for 10 min. The residual metal contents in the treated and untreated (control) samples were analyzed using UV/Vis and AAS.



RESULTS


Isolation and Screening of Biosurfactant-Producing Sponge-Associated Bacteria

A total of 57 discrete bacterial colonies were isolated from the marine sponge Agelas clathrodes. Among the isolates, nine isolates showed positive on the drop collapse test and oil displacement activity. Out of which, the isolate MSI 54 showed the highest emulsification index of 60% and surface tension reduction of 30 mN/m; thus, MSI 54 was selected for further characterization studies.



Identification of Biosurfactant Producer

The morphological and phenotypic identification of the isolate MSI 54 was performed and was identified as Gram-positive cocci. The 16S rDNA sequence showed closest matches with Bacillus cereus and strains, and therefore, the isolate MSI 54 was taxonomically identified as Bacillus sp. (Figure 1). The sequence thus obtained was deposited in GenBank with the accession number MN342149.
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FIGURE 1. Phylogenetic tree of MSI 54 constructed using the neighbor joining (NJ) method showing representatives of Bacillus sp.




Optimization of Biosurfactant Production

Optimization of the factors influencing the growth of MSI 54 was performed by using the one-factor-at-a-time procedure. The biosurfactant production and the emulsification index were higher in 1% lactose, followed by glucose, fructose, and starch at the same concentration. Peptone was found to be the most effective nitrogen source, followed by yeast extract, beef extract, and ammonium chloride (Figure 2). The optimum yield of biosurfactant was achieved at 5% of peptone and 3% lactose. Among the salt concentrations used, 2% NaCl, a temperature of 28°C, and an incubation period of 5 days yielded an optimum emulsification activity of 81% (Figure 3).
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FIGURE 2. Optimization of various carbon and nitrogen sources and the effect of lactose and peptone on the cell dry weight of MSI 54 and emulsification index.
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FIGURE 3. Optimization of temperature, time, and salt concentrations for the production of the MSI 54 biosurfactant.




Structural Characterization of the Biosurfactant

The purified MSI 54 biosurfactant showed a single spot in TLC with an Rf value of 0.86. The infrared spectrum showed a characteristic broad absorption peak at 3,395.8 cm–1, which indicates the presence of a N–H stretching mode, and a peak at 3,057.3 cm–1, which may be due to the presence of unsaturated alkenes and/or aromatic rings. The characteristic peak at 1,636 cm–1, attributed to stretching of the CO–N bond vibrations, may be due to the stretching in the peptide bond of the lipopeptide molecule (Figure 4). The peak at 1,410.6 cm–1 may be due to the presence of a methyl group (CH3), and 1,110.6 cm–1 indicates the C–O–C stretching of ethers. The fatty acid moiety of MSI 54 was predicted through a GC-MS analysis as a palmitic acid vinyl ester (C18H34O2) with a mass of 282.46 (Supplementary Figure S1).
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FIGURE 4. Fourier transform infrared (FTIR) spectra of the column-purified active fraction of the biosurfactant produced by MSI 54.




Nuclear Magnetic Resonance of MSI 54

The 1H NMR spectra showed that the peaks in the range 2.24–1.5 ppm represent the presence of aliphatic -CH2 protons. The peaks at 4.791 and 4.165 ppm represent the CH2OH group of amino acids. Several multiplicity peaks were present in the range 6.01–8.97 ppm, which show the presence of aromatic amide protons. The signals in the range 2.19–2.26 ppm show the presence of alpha carbon protons attached to the carbonyl group (Figure 5A). The presence of carbonyl groups at 2.19–2.26 ppm and the amide group in the range 7.397–7.778 ppm confirms the conjugation of the amino and carboxyl groups. The peak at 7.397 ppm confirms the presence of an aromatic ring.
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FIGURE 5. 1H NMR (A) and 13C NMR (B) spectra of MSI 54.


13C NMR also confirms the presence of the functional groups obtained in 1H NMR. The peaks ranging between 20.83–30.80 and 20.83–55.19 ppm confirm the presence of primary, secondary, tertiary, and quaternary alkyl groups. The peaks at 40.15 and 55.19 ppm reveal the presence of alpha carbon protons attached to oxygen molecules (Figure 5B). The peak at 66.27 ppm represents the carbon atoms attached to hydroxyls or amines, the peaks at 174.29 and 177.02 ppm show the presence of carboxylic acid, and the peaks at 207.81 ppm indicate the presence of an aldehyde or a ketone group.



Nature of the Lipopeptide and Critical Micelle Concentration of MSI 54

Agar double diffusion assay showed the formation of precipitation lanes between the MSI 54 lipopeptide and the cationic barium chloride, while no precipitation lane was formed between the MSI 54 lipopeptide and the anionic SDS, which demonstrates the anionic nature of the biosurfactant. The CMC of the MSI 54 biosurfactant was 10 mg/L. At this concentration, the surface tension of water dropped from 69.0 to 30.0 mN/m, beyond which the surface tension remained the same.



Stability Studies

The stability of the MSI 54 biosurfactant determined in varying salt concentrations, pH, and temperatures showed an emulsification activity similar to that of the control. The emulsification index (81%) was retained even at higher and lower pH levels of 4.0–9.0 and salt concentrations of 2–12%. The MSI 54 lipopeptide biosurfactant was found to be thermostable in all the ranges of temperature tested, from 4 to 121°C, with a slight change in emulsification of 79% achieved at 121°C (Figure 6).
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FIGURE 6. Stability of the MSI 54 lipopeptide at varying temperature, pH, and salt concentrations.




The Effect of Biosurfactant on Heavy Metal Remediation

Biosurfactant-mediated heavy metal remediation was observed by AAS. The results obtained showed a reduction in the heavy metals when treated with various concentrations of the MSI 54 biosurfactant. The heavy metals, when treated with the MSI 54 biosurfactant, resulted in a white co-precipitate of the metal–biosurfactant complex. The percentage remediation of various metals varied with the concentration of the MSI 54 biosurfactant. The results obtained in AAS showed that a 0.5 × CMC of MSI 54 aided in the removal of 15% Hg, 42.2% Pb, 22.3% Mn, and 48.7% Cd. When the concentration of the biosurfactant was increased to 2.0 × CMC, higher remediation efficiencies were obtained—75.5% Hg, 97.73% Pb, 89.5% Mn, and 99.93% Cd—in the 1,000-ppm of respective metal solution. The obtained AAS results revealed that 2.0 × CMC of the MSI 54 lipopeptide remediated nearly 100% of Pb and Cd, followed by Mn and Hg (Supplementary Figure S2). The results showed that the addition of a higher concentration of the biosurfactant to the metal solution reduces the surface tension and, subsequently, the biosurfactant aggregate with the metal solutions and forms a precipitate.



SEM-EDX and TEM Analysis

The 2.0 × CMC of the MSI 54 lipopeptide biosurfactant was selected for the analysis of heavy metals such as Pb and Cd in SEM-EDX analysis. When heavy metals were treated with the biosurfactant, it forms a complex association of metals and the biosurfactant by the process of electrostatic interaction. The elemental composition of heavy metals and the remediation rate were analyzed using EDX spectra. EDX analysis of the MSI 54 biosurfactant and heavy metal solutions treated with the biosurfactant was shown in Figure 7. The SEM image analysis showed that the heavy metals were reduced upon treatment with the biosurfactant. The TEM analysis showed efficient entrapment of the heavy metals with the biosurfactant. The entrapped metals were observed as electron-dense dark spots surrounded by the biosurfactant.
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FIGURE 7. EDX and TEM image analysis. (A) EDX of the control Pb solution. (B) EDX of the Pb solution treated with MSI 54 biosurfactant. (C) EDX of the control Cd. (D) EDX of the Cd solution treated with MSI 54 biosurfactant. (E) TEM image of the MSI 54 biosurfactant. (F) A representative image of Cd solution treated with biosurfactant.




Effect of the MSI 54 Lipopeptide on Heavy Metal Removal From Vegetable Surfaces

The surface treatment of fresh cabbage, carrot, and lettuce was performed using 2.0 × CMC of the lipopeptide and the leachate was analyzed on AAS. The results obtained showed that surface treatment of cabbage, carrot, and lettuce with the MSI 54 lipopeptide effectively remediated the surface contaminants, the heavy metals. Atomic absorption analysis of the nitric acid-digested samples of vegetables (control) showed the presence of heavy metals such as copper, lead, and cadmium (Figure 8). The results of the cabbage samples treated with the biosurfactant solution showed that the concentrations of copper reduced by 71.4%, lead 86.79%, and cadmium 62.93%. Similarly, carrots treated with the biosurfactant solution showed a reduction in copper by 63.74%, lead 83.4%, zinc 62.2%, and cadmium 69.5%; in lettuce, there were reductions of copper 62.4%, lead 80.77%, cadmium 66.77%, and nickel 59%. The study revealed that the vegetables were heavily contaminated with heavy metals, which were absorbed on the plant surface from the soil, and water and biosurfactant could be used as a wash solution to remove the heavy metal contaminants from the surface of vegetables.
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FIGURE 8. MSI 54 lipopeptide in surface treatment of vegetables showed heavy metal remediation in the vegetables treated with MSI 54.




Biosurfactant MSI 54 in Wastewater Heavy Metal Remediation

Wastewater treated with 2 × CMC of the MSI 54 lipopeptide biosurfactant showed a reduction in heavy metal concentrations. Atomic absorption spectroscopy showed the remediation of heavy metals in the biosurfactant-treated wastewater. Similar results were obtained in UV spectroscopy, with absorption peaks at 515 nm for Pb and Cd, 560 nm for Cu, and 620 nm for Zn, with reduction in the metals Cu (76.07%), Zn (95.1%), Pb (95.28%), and Cd (93.13%) when compared to the untreated water (Figure 9).
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FIGURE 9. (A) Atomic absorption spectroscopy and (B) UV/Vis analysis of wastewater and its heavy metal remediation using MSI 54 lipopeptide.




DISCUSSION

Marine microorganisms are well known for the production of bioactive compounds, and the biosurfactants produced from those are known for biofilm disruption, antimicrobial compounds, hydrocarbon degradation, and as emulsifiers in the food industry (Kiran et al., 2010a, b, 2017). In this study, a marine sponge-associated bacteria, MSI 54, was selected for biosurfactant production based on the stable emulsification activity. The 16S rDNA sequence of MSI 54 was analyzed using the MegaBLAST tool and was identified as a Bacillus sp. Numerous studies reported lipopeptide production from marine Bacillus sp. (Dhasayan et al., 2015; Chen et al., 2017; Rozas et al., 2017; Wang et al., 2019; Wu et al., 2019). The chemical characterization of MSI 54 using FTIR and NMR showed that the biosurfactant was a lipopeptide analog (Peypoux et al., 1991; Chen and Juang, 2008; Kiran et al., 2017; da Rocha et al., 2018). The anionic characteristics of the lipopeptide MSI 54 were confirmed using the agar double diffusion technique. The lipopeptides from Bacillus species are known for their anionic nature (Varadavenkatesan and Murty, 2013). The CMC of the MSI 54 biosurfactant was found to be 10 mg/L, which reduced the surface tension from 69.0 to 30.0 mN/m, and the CMC of the lipopeptide from Bacillus subtilis K1 was found to be 17.5 μg/ml (Pathak and Keharia, 2014). Stability studies showed that the activity of the MSI 54 biosurfactant was not affected at higher temperature, pH, and salt concentrations, suggesting its environmental applications such as heavy metal remediation and metal recovery from the complex using ultrafiltration (Ferella et al., 2007). Several lipopeptide biosurfactants from marine sponge-associated bacteria have been reported (Gandhimathi et al., 2009; Kiran et al., 2010b, 2017; Sharafi et al., 2014). However, the MSI 54 lipopeptide biosurfactant seems to be unique based on GC-MS analysis; its stability and emulsification index were found to be higher than those reported. The GC-MS analysis showed the fatty acid moiety as a palmitic acid vinyl ester (C18H34O2) with a mass of 282.46. The Rf value of MSI 54 was found to be 0.86, which was different from the Rf value of surfactin reported as 0.72 (Yakimov et al., 1995), 0.35–0.45 (Zeriouh et al., 2011), and 0.5–0.55 (Kowall et al., 1998). Palmitic acid vinyl esters are known for the production of sucrose monoesters which are used in the food industry as emulsifiers (Yoko and Inge, 2011). The emulsification index reported for surfactin produced by B. subtilis were 68% with kerosene (Haddad et al., 2009), 69% with crude oil (Nitschke and Pastore, 2006), 59.1% with kerosene (de Faria et al., 2011), and 55% with hexadecane (Gudiña et al., 2015). For Bacillus brevis, this was 71.89 ± 0.56% with crude oil (Mouafi et al., 2016). The stability of MSI 54 was higher than that reported (Gandhimathi et al., 2009; Sharafi et al., 2014; Jha et al., 2016). The MSI 54 lipopeptide effectively remediated heavy metals such as mercury, lead, cadmium, and manganese at 2.0 × CMC. The concentration of the biosurfactant used in this study for heavy metal removal was lower when compared to the 10 × CMC reported (Das et al., 2008). Experiments were performed by Mulligan et al. (2001) for the remediation of heavy metals using surfactin, rhamnolipid, and sophorolipid and observed that surfactin remediated 15% of copper and 6% of zinc in metal-contaminated soil. According to Açıkel (2011), anionic surfactants showed more affinity to form complex with metal ions by the process of surface sorption or precipitation of the complexes. TEM image analysis showed the heavy metal biosurfactant association as an electron-dense metal visualized as dark spots engulfed by the biosurfactant. The chemical groups and a few heteroatoms such as amine/carbonyl and hydroxyl present in the functional groups of biosurfactant participate in the formation of a metal complex (Ławniczak et al., 2013). The data obtained by AAS were further confirmed on SEM-EDX for the representative metals such as Pb and Cd, and the result obtained showed that the MSI 54 lipopeptide was highly effective in the bioremediation of these heavy metals. Zhu et al. (2013) demonstrated the use of a lipopeptide biosurfactant to improve the adsorption and desorption capability for various metal ions of Na-MMT clay. The MSI 54 biosurfactant effectively remediated the Cu (76.07%), Zn (95.1%), Pb (95.28%), and Cd (93.13%) present in wastewater. The use of the MSI 54 lipopeptide as a surface treatment of farm-fresh cabbage, carrot, and lettuce showed effective removal of the surface-bound heavy metals. The permissible limits of copper, lead, and cadmium recommended by the WHO/FAO in vegetables and fruits are 40, 0.3, and 0.2 mg/kg (Husain et al., 1995). The study revealed that the amounts of heavy metals found in vegetables such as carrot, lettuce, and cabbage were much more than the permissible limits determined by the WHO/FAO. The accumulation of heavy metals in the vegetables indicates heavy metal contamination. They were directly incorporated into the human food chain and cause serious health problems, such as kidney and gastrointestinal failure, depression, osteoporosis, cardiovascular problems, hematous, tubular and glomerular dysfunction, cancers, etc. (Agency for Toxic Substances and Diseases Registry [ASTDR], 2005; World Health Organization [WHO], 2009). This study suggests the use of biosurfactant as a surface treatment solution for vegetables as well as for the removal of heavy metals in polluted areas.



CONCLUSION

In this study, MSI 54 Bacillus sp. was isolated from a marine sponge (A. clathrodes). The anionic lipopeptide biosurfactant produced by this Bacillus strain showed high affinity against cationic heavy metals such as Pb, Cd, Hg, and Mn. Based on the stable emulsification activity of this biosurfactant at high temperature, pH, and salt concentrations, we explored possible environmental applications for the remediation of heavy metal contamination. The EDX and AAS analyses revealed the effective removal of Pb and Cd by the MSI 54 lipopeptide. The study concludes that this biosurfactant could be used as a surface treatment solution for the removal of heavy metals from vegetables as well as for the remediation of heavy metal contamination of different environments.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

AR performed the experiment. AS and GP helped in sponge collection and screening assays. GK wrote the manuscript. JS designed the work.



ACKNOWLEDGMENTS

GK is thankful to Department of Science and Technology. GK and JS thankfully acknowledge Department of Biotechnology, New Delhi, for the grant.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.00222/full#supplementary-material



REFERENCES

Açıkel, Y. S. (2011). “Use of biosurfactants in the removal of heavy metal ions from soils,” in Biomanagement of Metal-Contaminated Soils, eds M. Khan, A. Zaid, R. Goel, and J. Mussarrat (Cham: Springer), 183–223. doi: 10.1007/978-94-007-1914-9_8

Agency for Toxic Substances and Diseases Registry [ASTDR] (2005). Toxicological Profile for Lead. Washington, DC: U. S. Department of Health and Human Services.

Cameotra, S. S., and Makkar, R. S. (2010). Biosurfactant-enhanced bioremediation of hydrophobic pollutants. Pure Appl. Chem. 82, 97–116. doi: 10.1351/pac-con-09-02-10

Carrillo, P. G., Mardaraz, C., Pitta-Alvarez, S. I., and Giulietti, A. M. (1996). Isolation and selection of biosurfactant-producing bacteria. World J. Microbiol. Biotechnol. 12, 82–84. doi: 10.1007/bf00327807

Chen, H.-L., and Juang, R.-S. (2008). Recovery and separation of surfactin from pretreated fermentation broths by physical and chemical extraction. Biochem. Eng. J. 38, 39–46. doi: 10.1016/j.bej.2007.06.003

Chen, Y., Liu, S. A., Mou, H., Ma, Y., Li, M., and Hu, X. (2017). Characterization of Lipopeptide biosurfactants produced by Bacillus licheniformis MB01 from marine sediments. Front. Microbiol. 8:871. doi: 10.3389/fmicb.2017.00871

da Rocha, J. R. B., Meira, H. M., Almeida, D. G., Rufino, R. D., Luna, J. M., Santos, V. A., et al. (2018). Application of a low-cost biosurfactant in heavy metal remediation processes. Biodegradation 30, 215–233. doi: 10.1007/s10532-018-9833-1

Das, P., Mukherjee, S., and Sen, R. (2008). Antimicrobial potential of a lipopeptide biosurfactant derived from a marine Bacillus circulans. J. Appl. Microbiol. 104, 1675–1684. doi: 10.1111/j.1365-2672.2007.03701.x

de Faria, A. F., Teodoro-Martinez, D. S., de Oliveira Barbosa, G. N., Vaz, B. G., Silva, ÍS., Garcia, J. S., et al. (2011). Production and structural characterization of surfactin (C14/Leu7) produced by Bacillus subtilis isolate LSFM-05 grown on raw glycerol from the biodiesel industry. Process Biochem. 46, 1951–1957. doi: 10.1016/j.procbio.2011.07.001

Dhasayan, A., Selvin, J., and Kiran, S. (2015). Biosurfactant production from marine bacteria associated with sponge Callyspongia diffusa. 3 Biotech 5, 443–454. doi: 10.1007/s13205-014-0242-9

Ferella, F., Prisciandaro, M., and De Michelis, I. (2007). Removal of heavy metals by surfactant-enhanced ultrafiltration from wastewaters. Desalination 207, 125–133. doi: 10.1016/j.desal.2006.07.007

Franzetti, A., Gandolfi, I., Fracchia, L., Van Hamme, J., Gkorezis, P., Marchant, R., et al. (2014). Biosurfactant use in heavy metal removal from industrial effluents and contaminated sites. Biosurfactants Prod. Util. Technol. Econ. 159, 361–369.

Gandhimathi, R., Kiran, G. S., Hema, T. A., Selvin, J., Raviji, T. R., and Shanmughapriya, S. (2009). Production and characterization of lipopeptide biosurfactant by a sponge-associated marine actinomycetes Nocardiopsis alba MSA 10. Bioprocess. Biosyst. Eng. 32, 825–835. doi: 10.1007/s00449-009-0309-x

Gudiña, E. J., Fernandes, E. C., Rodrigues, A. I., Teixeira, J. A., and Rodrigues, L. R. (2015). Biosurfactant production by Bacillus subtilis using corn steep liquor as culture medium. Front. Microbiol. 6:59. doi: 10.3389/fmicb.2015.00059

Haddad, N. I. A., Wang, J., and Mu, B. (2009). Identification of a biosurfactant producing strain: Bacillus subtilis HOB2. Protein Pept. Lett. 16, 7–13. doi: 10.2174/092986609787049358

Husain, A., Baroon, Z., Al-Khalafawi, M., Al-Ati, T., and Sawaya, W. (1995). Toxic metals in imported fruits and vegetables marketed in Kuwait. Environ. Int. 21, 803–805. doi: 10.1016/0160-4120(95)00093-6

Jha, S. S., Joshi, S. J., and Geetha, S. J. (2016). Lipopeptide production by Bacillus subtilis R1 and its possible applications. Braz. J. Microbiol. 47, 955–964. doi: 10.1016/j.bjm.2016.07.006

Kiran, G. S., Hema, T. A., Gandhimathi, R., Selvin, J., Thomas, T. A., Rajeetha Ravji, T., et al. (2009). Optimization and production of a biosurfactant from the sponge-associated marine fungus Aspergillus ustus MSF3. Colloids Surfaces B Biointerfaces 73, 250–256. doi: 10.1016/j.colsurfb.2009.05.025

Kiran, G. S., Priyadharsini, S., Sajayan, A., Priyadharsini, G. B., Poulose, N., and Selvin, J. (2017). Production of lipopeptide biosurfactant by a marine Nesterenkonia sp. and its application in food industry. Front. Microbiol. 8:1138. doi: 10.3389/fmicb.2017.01138

Kiran, G. S., Sabarathnam, B., and Selvin, J. (2010a). Biofilm disruption potential of a glycolipid biosurfactant from marine Brevibacterium casei. FEMS Immunol. Med. Microbiol. 59, 432–438. doi: 10.1111/j.1574-695x.2010.00698.x

Kiran, G. S., Thomas, T. A., and Selvin, J. (2010b). Production of a new glycolipid biosurfactant from marine Nocardiopsis lucentensis MSA04 in solid-state cultivation. Colloids Surfaces B Biointerfaces 78, 8–16. doi: 10.1016/j.colsurfb.2010.01.028

Kiran, G. S., Thomas, T. A., Selvin, J., Sabarathnam, B., and Lipton, A. P. (2010c). Optimization and characterization of a new lipopeptide biosurfactant produced by marine Brevibacterium aureum MSA 13 in solid state culture. Bioresour. Technol. 101, 2389–2396. doi: 10.1016/j.biortech.2009.11.023

Kowall, M., Vater, J., Kluge, B., Stein, T., Franke, P., and Ziessow, D. (1998). Separation and characterization of Surfactin isoforms produced by Bacillus subtilis OKB 105. J. Colloid Interface Sci. 204, 1–8. doi: 10.1006/jcis.1998.5558

Ławniczak, Ł, Marecik, R., and Chrzanowski, Ł (2013). Contributions of biosurfactants to natural or induced bioremediation. Appl. Microbiol. Biotechnol. 97, 2327–2339. doi: 10.1007/s00253-013-4740-1

Lee, Y.-J., Choi, J.-K., Kim, E.-K., Youn, S.-H., and Yang, E.-J. (2008). Field experiments on mitigation of harmful algal blooms using a Sophorolipid—Yellow clay mixture and effects on marine plankton. Harmful Algae 7, 154–162. doi: 10.1016/j.hal.2007.06.004

Maneerat, S. (2005). Biosurfactants from marine microorganisms. Songklanakarin J. Sci. Technol. 27, 1263–1272.

Mao, X., Yu, Z., Ding, Z., Huang, T., Ma, J., Zhang, G., et al. (2016). Sources and potential health risk of gas phase PAHs in hexi corridor, Northwest China. Environ. Sci. Pollut. Res. 23, 2603–2612. doi: 10.1007/s11356-015-5495-2

Miller, R. M. (1995). Biosurfactant-facilitated remediation of metal-contaminated soils. Environ. Health Perspect. 103, 59–62. doi: 10.1289/ehp.95103s159

Mouafi, F. E., Elsoud, M. M. A., and Moharam, M. E. (2016). Optimization of biosurfactant production by Bacillus brevis using response surface methodology. Biotechnol. Rep. 9, 31–37. doi: 10.1016/j.btre.2015.12.003

Mulligan, C. N., Yong, R. N., and Gibbs, B. F. (2001). Remediation technologies for metal-contaminated soils and groundwater: An evaluation. Eng. Geol. 60, 193–207. doi: 10.1016/S0013-7952(00)00101-0

Muthusamy, K., Gopalakrishnan, S., Ravi, T. K., and Sivachidambaram, P. (2008). Biosurfactants: properties, commercial production and application. Curr. Sci. 94, 736–747.

Nitschke, M., and Pastore, G. M. (2006). Production and properties of a surfactant obtained from Bacillus subtilis grown on cassava wastewater. Bioresour. Technol. 97, 336–341. doi: 10.1016/j.biortech.2005.02.044

Nwajei, G. E. (2009). Trace elements in soils and vegetations in the vicinity of shell Petroleum Development Company operating area in Ughelli, delta state of Nigeria. Am. Eurasian. J. Sustain. Agric. 3, 574–578.

Paraszkiewicz, K., Kanwal, A., and Długoński, J. (2002). Emulsifier production by steroid transforming filamentous fungus Curvularia lunata. Growth and product characterization. J. Biotechnol. 92, 287–294. doi: 10.1016/s0168-1656(01)00376-5

Pathak, K. V., and Keharia, H. (2014). Identification of surfactins and iturins produced by potent fungal antagonist, Bacillus subtilis K1 isolated from aerial roots of banyan (Ficus benghalensis) tree using mass spectrometry. 3 Biotech 4, 283–295. doi: 10.1007/s13205-013-0151-3

Peypoux, F., Bonmatin, J., Labbé, H., Das, B. C., Ptak, M., and Michel, G. (1991). Isolation and characterization of a new variant of surfactin, the [Val7] surfactin. Eur. J. Biochem. 202, 101–106. doi: 10.1111/j.1432-1033.1991.tb16349.x

Rozas, E. E., Mendes, M. A., Nascimento, C. A. O., Espinosa, D. C. R., Oliveira, R., Oliveira, G., et al. (2017). Bioleaching of electronic waste using bacteria isolated from the marine sponge Hymeniacidon heliophila (Porifera). J. Hazard. Mater. 329, 120–130. doi: 10.1016/j.jhazmat.2017.01.037

Santona, L., Castaldi, P., and Melis, P. (2006). Evaluation of the interaction mechanisms between red muds and heavy metals. J. Hazard. Mater. 136, 324–329. doi: 10.1016/j.jhazmat.2005.12.022

Selvin, J., Shanmughapriya, S., Gandhimathi, R., Kiran, G. S., Ravji, T. R., Natarajaseenivasan, K., et al. (2009). Optimization and production of novel antimicrobial agents from sponge associated marine actinomycetes Nocardiopsis dassonvillei MAD08. Appl. Microbiol. Biotechnol. 83, 435–445. doi: 10.1007/s00253-009-1878-y

Sharafi, H., Abdoli, M., Hajfarajollah, H., Samie, N., Alidoust, L., Abbasi, H., et al. (2014). First report of a lipopeptide biosurfactant from thermophilic bacterium Aneurinibacillus thermoaerophilus MK01 newly isolated from municipal landfill site. Appl. Biochem. Biotechnol. 173, 1236–1249. doi: 10.1007/s12010-014-0928-9

Singh, P., and Cameotra, S. S. (2004). Enhancement of metal bioremediation by use of microbial surfactants. Biochem. Biophys. Res. Commun. 319, 291–297. doi: 10.1016/j.bbrc.2004.04.155

Van Oss, C. J. (1968). Specifically impermeable precipitate membranes formed through double diffusion in gels: behavior with complex forming and with simple systems. J. Colloid Interface Sci. 27, 684–690. doi: 10.1016/0021-9797(68)90102-1

Varadavenkatesan, T., and Murty, V. R. (2013). Production of a lipopeptide biosurfactant by a novel Bacillus sp. and its applicability to enhanced oil recovery. ISRN Microbiol. 2013:621519.

Wang, M., Ma, Y., Mou, H., and Kong, Q. (2019). Bacillomycin D lipopeptides from marine Bacillus megaterium as antimicrobial and preservative agents for large yellow croaker, Larimichthys crocea. J. Food Saf. 39:e12652.

World Health Organization [WHO] (2009). Quantifying Environmental Health Impacts. Global Estimates of Burden of Disease Caused by Environmental Risks. Geneva: World Health Organization.

Wu, S., Liu, G., Zhou, S., Sha, Z., and Sun, C. (2019). Characterization of antifungal lipopeptide biosurfactants produced by marine bacterium Bacillus sp. CS30. Mar. Drugs 17:199. doi: 10.3390/md17040199

Yakimov, M. M., Timmis, K. N., Wray, V., and Fredrickson, H. L. (1995). Characterization of a new lipopeptide surfactant produced by thermotolerant and halotolerant subsurface Bacillus licheniformis BAS50. Appl. Environ. Microbiol. 61, 1706–1713. doi: 10.1128/aem.61.5.1706-1713.1995

Yoko, K., and Inge, M. (2011). Sucrose Monoesters of Lauric, Palmitic or Stearic Acid (CTA). Rome: FAO.

Youssef, N. H., Duncan, K. E., Nagle, D. P., Savage, K. N., Knapp, R. M., and McInerney, M. J. (2004). Comparison of methods to detect biosurfactant production by diverse microorganisms. J. Microbiol. Methods 56, 339–347. doi: 10.1016/j.mimet.2003.11.001

Zeriouh, H., Romero, D., García-Gutiérrez, L., Cazorla, F. M., de Vicente, A., and Pérez-García, A. (2011). The iturin-like lipopeptides are essential components in the biological control arsenal of Bacillus subtilis against bacterial diseases of cucurbits. Mol. Plant Microbe Interact. 24, 1540–1552. doi: 10.1094/mpmi-06-11-0162

Zhu, Z., Gao, C., Wu, Y., Sun, L., Huang, X., Ran, W., et al. (2013). Removal of heavy metals from aqueous solution by lipopeptides and lipopeptides modified Na-montmorillonite. Bioresour. Technol. 147, 378–386. doi: 10.1016/j.biortech.2013.08.049


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ravindran, Sajayan, Priyadharshini, Selvin and Kiran. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-00222-g001.jpg
(33)

B34

(27)

ﬂz(”) MK414674.1_Bacillus_cereus_strain_SCAB1
0.3 (16) MK271736.1_Bacillus_sp._strain_XZM

0.2

0.1

ey | °° o= (6) MF948358.1_Bacillus_sp._strain_FJAT-29907
LS 4{25].{1(7) KU955350.1_Bacillus_cereus_strain_BF2
1.2 (4) MH371009.1_Bacillus_sp._strain_QCG2
(21) (3) MK889232.1_Bacillus_paramycoides_strain_PJH_PC2
(31 T:(z) MH569425.1_Bacillus_sp. strain_GIm17
() L — (15) MK560080.1_Bacillus_amyloliquefaciens_strain_EPP102
0.2 1) o1 ' (18) KM373322.1_Bacillus_cereus_strain_Sn49
20 23 =5 (10) MN081699.1_Bacillus_toyonensis_strain_X21
0.7 22) (13) MF576499.1_Bacillus_sp. strain_C

0.0
0.0 @ (1) MSI54

(29) J—(S) KP795877.1_Bacillus_sp._Bac355K

0.8

(30)

;(11)MN0323641 Bacillus_paranthracis_strain_NSB4

i':(S) MG430181.1_Bacillus_sp._strain_KF-11
2.3 (14) MK729024.1_Bacillus_cereus_strain_B001

0.50

0.4

ﬂz(g) JN713900.1_Bacillus_sp._PAM-1
L5 o5 (12) MK910101.1_Bacillus_albus_strain_WS11





OPS/images/fmicb-11-00222-g002.jpg
100%

Emulsification index(%)

80%

60%

40%

20%

0%

I Emulsification index(E24(%))

B Emulsification index(E24(%))

2
.
= T T T
Lactose Glucose Starch Fructose
Carbon source(1%)

Peptone

YeastExtract Ammonium  Beef extract
Chloride
Nitrogen Source (1%)

rd
F o9
L o8 £

[
o7 E
-o.s"g
o5 X
L 04 3
o3 2
Lo2 2
o1 &
- o

—o—Cell dry weight (mg/ml)

0.9

0.8

07 _
06 E
05 E
0.4 %
03 ‘o
0.2 ;
01 =
o 8

=@==Cell dry weight (mg/ml)

Emulsification Index (%)

Emulsification index(%)

90% r 0.9
80% - r 08
70% - - 0.7
60% - - 0.6
50% - - 05
40% - - 04
30% - - 03
20% - r 0.2
10% - r 01
0% -1 T T T T -0
1 2 3 4 5
Lactose(%)

mm Emulsification index (E24(%)) —@—Cell dry weight (mg/ml)
90% - r 0.9
80% - r 08
70% - F o7’
60% - r 0.6
50% - - 05
40% - r 04
30% - r 03
20% - r 0.2
10% - r 01

0% T T T T r 0
2 3 4 5

Peptone (%)

B Enmulsification Index(E24(%))

——Cell dry weight (mg/ml)

Cell dry weight{mg/ml)

Cell dry weight(mg/ml)





OPS/images/fmicb-11-00222-g003.jpg
(w/3w) 3ySm Aip 112D

0 wn n

Lo § ] /]
T ®m MmN NN N O O

SRR EER
(%) Xopuy uopress|NW3

(1wi/3w) 3ySm Asp 112
" L] ]
PR IV -
AR :

1
"

120

96

72

48

24

FEEEEEEE R

BEEZZEREE
(%)¥opul uopedyyisinwy

(1w/3w) 3ySem Aip 1122
o

: | - i TR
W ®w © 6 © ©° o

EEEEEEEELS
(%) xopuj uonzedyisNwiy

30 37

28
Temperature (°C)

Salt concentration(%)

Time (h)

—#— Cell dry weight (mg/ml)

= Emulsification index (E24(%)) —@—Cell dry weight (mg/ml) ' Emulsification index(E24(%)

—o— Cell dry weight (mg/ml)

= Emulsification index(E24(%))





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Revealing the Efficacy of Thermostable Biosurfactant in Heavy Metal Bioremediation and Surface Treatment in Vegetables



		INTRODUCTION



		MATERIALS AND METHODS



		Collection and Isolation of Sponge-Associated Bacteria



		Screening for Biosurfactant Production



		Identification of Biosurfactant Producer



		Optimization of Biosurfactant Production



		Extraction and Purification of the Biosurfactant



		Chemical Characterization of the Biosurfactant



		Determination of Ionic Characteristic of the Biosurfactant



		Determination of the Critical Micelle Concentration (CMC)



		Stability of the MSI 54 Biosurfactant



		Effect of the Biosurfactant on Heavy Metal Remediation



		Analysis of Heavy Metal Contamination in Vegetables



		Heavy Metal Analysis in Wastewater







		RESULTS



		Isolation and Screening of Biosurfactant-Producing Sponge-Associated Bacteria



		Identification of Biosurfactant Producer



		Optimization of Biosurfactant Production



		Structural Characterization of the Biosurfactant



		Nuclear Magnetic Resonance of MSI 54



		Nature of the Lipopeptide and Critical Micelle Concentration of MSI 54



		Stability Studies



		The Effect of Biosurfactant on Heavy Metal Remediation



		SEM-EDX and TEM Analysis



		Effect of the MSI 54 Lipopeptide on Heavy Metal Removal From Vegetable Surfaces



		Biosurfactant MSI 54 in Wastewater Heavy Metal Remediation







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-00222-g004.jpg
33UBRILISURIL %

1500

Wavenumbers (cm-1)






OPS/images/fmicb-11-00222-g005.jpg
62 VLT~
Z0TLLT

£8°L0Z—

SOV'E

Pom

T T
180 160

T
200

10





OPS/images/fmicb-11-00222-g006.jpg
E24%

82.0

81.5 -

81.0 -

80.5

80.0 -

79.5

79.0 1

78.5

78.0

T T T T

T

T

4 10 30 50 90 100 121 Control
Temperature (°C)
4 6 7 8 9 Control
pH
2 4 8 10 12 14 16 Control

Salt Concentration (%)

® Temperature
® pH
@ Salt concentration






OPS/images/fmicb-11-00222-g007.jpg
c

1204

100
80
60
40
20

keV'

120+

100

60
40
20+

CA—

o

e

co

a

1204
100
80
60
0]
20|

200

150+

00
50






OPS/images/fmicb-11-00222-g008.jpg
Concentration (mg/kg)

120

8

[e
o

(2]
o

8

20

Cabbage treated
with biosurfactant

Cabbage control

Lettuce treated
with biosurfactant

666666666064

Lettuce control Carrot treated with  Carrot control
biosurfactant

BCu EPb NCd ENi HZn





OPS/images/fmicb-11-00222-g009.jpg
<

8

o

2 8 B
- -
(8%/8w) uoneszusouo)y

o

Cu

Zn

Pb

Metals

—— Control

[——Test

1.0+

0.8

T T
© -
o o

(N°v) Ausuayu|

0.2

0.0

600 800

Wavelength (nm)

400





OPS/images/cover.jpg
, frontiers
in Microbiology

Revealing the Efficacy
of Thermostable Biosurfactant
in Heavy Metal Bioremediation
and Surface Treatment
in Vegetables









OPS/images/logo.jpg
, frontiers
in Microbiology





